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Department of Health
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Medical Marijuana Registry

Instructions
1. ALLitems on the form MUST be completed.

2. Petitions and any supporting documents may be submitted as follows:

a.

Email to: medicalmarijuana@doh hawail.gov before the close of business (4:30 PM) on Friday, June 16, 2017. Please use the
subject line: Petition to Add New Condition. Note that the DOH will not make public any information that is protected
pursuant to Chapter 92F, HRS, the Uniform Information Practices Act.

Postal mail to: 4348 Waialae Avenue, #648, Honolulu, Hawaii 96816. Mailed petitions must be recelved by June 16, 2017.

Hand delivered to: Kinau Hale at 1250 Punchbowl| Street, Honolulu, Hawaii 96813 before the close of business (4:30 PM) on
Friday, June 16, 2017. Hand delivered petitions must be left with the security guard and addressed to the Medical Marijuana
Registry Program ATTH: Petition to Add New Condition.

3. For best results, complete and thorough petitions that include substantiated and reputable research have the best chance of
succeeding. DOH recommends that you do the following for items #2 - #8 on the petition form:

e,

Please cite research, published evidence, or findings using the standard American Medical Association (AMA) format for each
piece of research, published evidence, or findings that you reference in your submittal or at a minimum the following:

Author's Name; Title Qf Article; Name of Publication; Date of Publication: Volume/Seciion/Chapter/Page/Line as
applicable; and URL (if applicable). .

Please attach a PDF copy of the cited material to your submittal. These documents will NOT be returned.

Please be sure 1o indicate the specific section, page(s), lines, etc,, of the attachment that you want reviewed/considered as
evidence.

4, Toview a list of current conditions click here: Current Debilitating Medical Conditions
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Petitioner Content:

(1) Statethe specific medical condition orits treatment for which the petition is being made.

Amyofrophic lateral sclerosis {ALS).

(2) Statethereason(s)whythe medicalcondition orits treatment should be added to the list of qualifying debilitating
medical conditions for which medical marijuana may be used. For best results, please cite research, published
evidence, or scientific findings AND attach a PDI copy to your submittal. Indicate specific lines, page, section. Please
usestandard AMAformatasoutlinedintheinstructions.

Reason #1: Pre-clinical research has shown that the administration of Delta-8-THC in a mouse model for
ALS can delay motor impairment and prolong survival (Reference #1, Page 38). '

Reason #2: The mechanisms of pathogenesis in ALS, including excitotoxicity, inflammation, and oxidative
stress, have been well characterized and support the medical use of Cannabis for this condition (Reference
#2, Page 2311).

Reason #3: In addition to potentially delaying motor impairment and prolonging survival, the medical use of
Cannabis also holds potential for relieving the disabling symptoms associated with ALS, such as pain,
spasticity, wasting, respiratory failure, dysphagia, depression, and dysautonomia (Reference #3, page 267).

Reason #4: A survey of AL.S patients found the medical use of Cannabis to be moderately effective at
reducing symptoms of appetite loss, depression, pain, spasticity, and drooling (Reference #4, page 95).

Reason #5: With the potential for the medical use of Cannabis to delay the progression of ALS, It is
medically inappropriate to wait for the debilitating symptoms of this disease to become manifest before
allowing certification to occur. Once the diagnosis of ALS is made, the option to engage in the medical use
of Cannabis should be made available immediately,

Reason #6: ALS is already a recognized debilitating condition in the following states/districts: AR, AZ, CA,
DE, D.C., FL, GA, I, ME, MA, MI, MN, ND, NH, NJ, NM, NY, OH, PA,

Reason #7: Cannabidiol (CBD), another component of Cannabis, has been shown to have anti-
inflammatory, anti-oxidant, and neuro-protective properties that may be ideal for treating the neuro-toxicity
associated with ALS (Reference #5, Pages 138 and 17S).

(3) Describethe extent to which the medicai conditionis generally accepted by the medical community as a valid,
existing medicai condition. For best results, please cite research, published evidence, or scientific findings AND attach
a PDF copy to your submittal. Indicate specific lines, page, section. Please use standard AMA format as outlined in the
instructions.

ALS is an established diagnosis in the medical community, and well characterized in the scientific literature
(Reference #6, Page 942).
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(4) Describe the symptoms and other physiological or psychological effects experienced by an individual suffering from
the medical condition or its treatment and the extent to which these symptoms and physiological or psychological
effectsare debilitating. Note: "Debilitating" generallymeans impairing the ability of a persontoaccomplish activities
of daily living. For best results, please cite research, published evidence, or scientific findings AND attach a PDF copy
to your submittal. Indicate specific lines, page, section. Please use standard AMA format as outlined in the instructions.

Debilitating symptom #1: Muscle spasticity - caused by loss of motor neuron inhibition as motor neuron
degeneration progresses, which, in addition to loss of muscle mass, leads to worsening immobility and exacerbation
of Debilitating symptom #2 (Reference #7, page 350).

Debilitating symptom #2: Pain - experienced by a majority of ALS patients with significant suffering and decrease in
quality of life, due to immobility which causes adhesive capsulitis, mechanical back pain, pressure sores, and
neuropathic pain, in addition to the excruciating pain from muscle spasms that result from Debilitating symptom #1
(Reference #7, page 350).

Debilitating symptom #3: Loss of appetite - causes what is known as "ALS cachexia”, which results in loss of body
mass in excess of what would be expected from muscle atrophy and decreased calorie intake, further worsening
immobility and the resuiting pain issues described in Debilitating symptom #2 (Reference #7, page 351).

Debilitating symptom #4. Drooling - caused by difficulty controlling and swallowing saliva that is normally produced
in the mouth, causing increased discomfort and the risk of aspiration pneumonia (Reference #7, page 351 ).

(5) Ifoneormoretreatments for the medical condition, rather than the condition itself, are alleged to be the cause of
a person's suffering, describe the extent to which the treatments causing suffering are generally accepted by the
medical community as valid treatments for the medical condition. For best results, please cite research, published
evidence, or scientific findings AND attach a PDF copy to your submittal. Indicate specific lines, page, section. Please
usestandard AMAformatasoutlinedintheinstructions.

N/a.

(6) Describetheavai!abifityofconventionaimedicaltherapiesotherthanthosethatoausesuﬁer]ngtoalleviate
symptoms caused by the medical condition or its treatment. For best results, please cite research, published evidence,
or scientific findings AND attach a PDF copy to your submittal. Indicate specific lines, page, section. Please use
standard AMAformatas outlinedintheinstructions.

Currently, the enly FDA-approved drug treatment for ALS is Riluzole, which is believed to function by means of
decreasing glutamate neuro-toxicity, and which has been shown to minimally prolong survival in clinical trials
(Reference #8, Page 182). However, Riluzole only appears helpful in the early stages of the disease, with a
favorable effect that was transient and iost in prolonged follow-up (Reference #9, page 262).
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(7} Describethe extent to which evidence supports afinding thatthe use of marijuana alleviates symptoms caused
by the medical condition or its treatment. For best results, please cite research, published evidence, or scientific
findings AND attach a PDF copy to your submittal. Indicate specific lines, page, section. Please use standard AMA
format as outlined inthe instructions.

A survey of ALS patients found the medical use of Cannabis to be moderately effective at reducing
symptoms of appetite loss, depression, pain, spasticity, and drooling {Reference #4, page 95).

(8) Provide any information, studies, or research reports regarding any beneficial or adverse effects from the use of
marijuana in patients with the medical condition. For best results, piease cite research, published evidence, or
scientific findings AND attach a PDF copy to your submittal. Indicate specific fines, page, section. Please use standard
AMAformatasoutlinedintheinstructions.

See #7 above.

(9) Attachlettersofsupportfromphysiciansorotherlicensedhealthcare professionalsknowledgeable aboutthe
medical condition.

See attached letter of support from Gregory Carter, MD (Reference #10).

You MUST provide aNumberand Name foreach Attachmentreferenced above and provide alist ofthese attachments
here. Thiswaywe canensure thatyour petition was submitted with all of the applicable attachments:
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Effective treatment for amyotrophic lateral
sclerosis (ALS) remains elusive. Two of the
primary hypotheses underlying motor neuron
vulnerability are susceptibility to excitotoxi-
city and oxidative damage. There is rapidly
emerging evidence that the cannabinoid
receptor system has the potential to reduce
both excitotoxic and oxidative cell damage.
Here we report that treatment with A°-
tetrahydrocannabinol (A%-THC) was effective
if administered either before or after onset of
signs in the ALS mouse model (hSOD®%*A
transgenic mice). Administration at the onset
of tremors delayed motor impairment and
prolonged survival in A®-THC treated mice
when compared to vehicle controls. In

addition, we present an improved method
for the analysis of disease progression in the
ALS mouse model. This logistic mode! pro-
vides an estimate of the age at which muscle
endurance has declined by 50% with much
greater accuracy than could be attained for
any other measure of decline. In vitro, A®-THC
was extremely effective at reducing oxidative
damage in spinal cord cultures. Additionally,
A*THC is anti-excitotoxic in vitro. These
cellular mechanisms may underlie the pre-
sumed neuroprotective effect in ALS, As A®-
THC is well tolerated, it and other cannabi-
noids may prove to be novel therapeutic
targets for the treatment of ALS. (ALS 2004; 5:
33-3

I(eywords' amyotrophlc lateral scteroms = A"-THC - cannablnmd ant:-mudant = i

antl-exc1totomczty neuroprotection

Introduction

Amyotrophic lateral sclerosis (ALS) is the third most common
neurodegenerative cause of adult death, after Alzheimer's
disease and Parkinson’s disease.’ ALS results in the degenera-
tion of motor neurons in the cortex, brainstem and spinal
cord.® Most causes of ALS are presenily unknown and
several mechanisms of insult to motor neurons have been
suggested.’™ Two of the primary theories underlying motor
neuron vulnerability are susceptibility to excitotoxicity and
oxidative damage.* Cannabinoid agonists have been reported
1o reduce both excitotoxic and oxidative cell damage.®’
A’.tetrahydrocannabinol (A% THC), in particular, is anti-
excitotoxic and antioxidant in cellular and animal models.”~*
This potentially synergistic action of a single compound may
lead to an improved therapeutic effect as compared to con-
ventional glutamate antagonisis or antioxidants. Moreover,
cannabinoid agonists modulate tremor and spasticity in a
mouse model of multiple sclerosis.’’!? Furthermore, ALS
patients taking Marinol report a lessening of spasticity.'

Mutations in Cu/Zn superoxide dismutase (SOD1) are
the primary cause of up to 20% of familial ALS cases."
DOI: 19.1080/146608203106016813

Transgenic mice expressing human SOD1 mutations have
been generated. These hSOD1 mutant transgenic mice exhibit
pathological and cytological npeuromuscular degeneration
similar to patients with familial and some forms of sporadic
ALS.">"'7 The hSOD1%%* mice are used for preclinical testing
of compounds for treating ALS, since the disease in these
animals follows a consistent onset, progression and outcome
that mimics human ALS."#?® We previously showed that A”-
THC was anti-excitotoxic in spinal cord cultures in vitro.!°
Here we report that A’-THC slows disease progression in
h$OD1%*** mice when administered either before or after
onset of signs. Furthermore, we demonstrate that A*THC is
extremely effective at reducing oxidative damage in spinal
cord cultures, providing a cellular mechanism for its
neuroprotective effect,

Materials and methods

Transgenic mice

Male transgenic mice expressing the human SOD1%%%4

(BGSJL-TgN[SOD1-G93A]1Gur)( hSOD1%** mice) were
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bred with background matched B6SIL wild type females
(Jackson Laboratories, Bar Harbor, ME). The total DNA was
isolated from tail clips of the progeny by proteinase K
digestion and subsequent phenol-chloroform extraction. The
progeny were genotyped using primers specific to exon 4 of
the human SOD1 gene within the transgenic construct and
segregated and used for subsequent studies. Transgenic mice
were housed in micro-isolator cages in a barrier facility and
were seronegative for mouse hepatitis virus, Sendat virus and
other common viral and bacterial pathogens. The mice were
observed twice a week during the first 60 days of age and
subsequently monitored every day for general health and
signs of illness. Body weight was taken once a week and every
day after the onset of disease.

Treatment protocols

Male hSOD1%** miice were injected intraperitoneally with
vehicle (18:1:1 ratio of normal saline: emulphor; ethanol} or
5 ot 10 mg/kg body weight A>THC (Research Triangle Park,
NIDA/NIH) dissolved in the same vehicle, daily from day 60
of their age. Alternatively, mice were administered 20 mg/kg
A*THC or vehicle beginning on day 75 when tremors were
first observed. Mice were given ad libitum access to food and
water, including moistened food on the floor after the onset
of disease.

Evaluation of motor function

Motor neuron function in mice was evaluated using a rotarod
{Accuscan Instruments, Columbus, OH). Mice were trained
on the rotarod for 10 minutes at speeds of 5 and 10rpm
beginning at 40 days of age. After the treatment started the
mice were evaluated on the rotarod at 10pm on a weekly
basis. The time they remained on the rotarod was registered
automatically. If the mouse remained on the rod for
10 minutes, the test was completed and scored as 10 minutes.
Mice were tested on the rotarod at Srpm after failing at
10rpm in order to follow the decrement in motor function.

Clinical end points

The dinical condition of mice was monitored twice a
week after entry into each protocol and observed daily after
entering into the treatment schedule. The earliest clinical signs
observed were tremors and shaking of their limbs when mice
were suspended briefly in the air by their tails. Progression of
disease was measured by the decrement in the ability of
mice to remain on the rotarod. To determine ‘mortality’ as an
independent measure and humanely, mice were euthanized
when they could not right themselves within 3 seconds after
being placed on their sides.*®

Oxidative damage in mixed spinal cord cultures

Mixed spinal cord cultures were prepared from 13-day-old
mouse embtyos using methods previously described.!®%?
Experiments were performed after 1 week in culture. To
induce oxidative damage, cultures were treated for 5 hours in
the presence of 200 pM tert-butyl hydroperoxide {TBH).?* The

compounds evaluated were added at the same time as TBH.
A’THC {0.51M) and SR14716A (1pM) were diluted from
1mM stock solutions in ethanol; the final concentration of
ethanol was kept constant in all treatments (0.1%). After the
5-hour treatment, cell viability was quantified by a combina-
tion of lactate dehydrogenase (LD} activity and visually
confirmed by propidium iodide fluorescence.'®

Statistical analysis

A logistic response curve was fitted to the endurance time for
each mouse using a nonlinear mixed effects model.** The
model is described by the equation:
Time =10(1+ exp{(Age—A)/B)) ™",

where Time is rod endurance time (range 0-10 mins), Age is
mouse age in days, and A and B are constants representing
day at which endurance is reduced to 50% (A} and rate of
decline (1/B}. The fitting program allows A and B to vary
from mouse to mouse and can be used to test whether A and
B differ by drug dose, delay in treatment and rpm of the rod.
First we fitted the model allowing both A and B to vary from
mouse to mouse, but neither A nor B were dependent on
dose, delay or rpm. Next, we fitted a sequence of models
starting with A and B each a linear function of dose and rpm,
{A=A0+Al Dose+A2 delay+A3rmpm, and B=B0+B1
Dose-+B2 delay+ B3 rpm). The coefficients for A and B and
their standard errors were calculated by the program and
Wald statistics were used to test whether each of the
coefficients (A0, Al,....B3) differed significantly from zero. A
and B terms with nonsignificant (P> 0.05) coefficients were
removed and the model was refitted. This process was
repeated until all remaining terms were taken into account.
Summary fit curves were prepared for all mice in each
treatment group. Survival data were summarized by Kaplan-
Meier curves.*® For survival, a Cox proportional hazard model
was fitted to the data and the effect of dose was tested by the
likelihood ratio test and Wald statistics. First we tested for a
difference among all 3 doses (log-rank test #=0.003). Then
we tested pairwise differences finding that each dose effect on
survival was significantly different from vehicle {0) dose
(P=0.004 for 10mg and P=0.01 for 20 mg) but that there
was no difference between 10 and 20 (P=0.56). All
calculations were carried out in S-Plus version 6. Mortality
results are expressed as means of individual animals with
s.e.m. per group. Results of in wire experiments are expressed
as means of culturests.e.m. per group. These data were
assessed using an unpaired t-test with GraphPad Prism
software {GraphPad, San Diego, CA).

Results

A°-THC delays disease progression and improves
survival

The primary aim of this study was to evaluate the effec-
tiveness of a cannabinoid in the treatment of a mouse model
of ALS. A second aim was to improve the analysis of disease
progression in the mouse model of ALS by using a more
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powerful statistical model. h$OD15%* mice were adminis-
tered A THC (5 and 10mg/kg body weight) or vehicle
beginning at 60 days of age, i.e., prior to onset of motor
dysfunction. The earliest clinical signs of disease observed
were tremors and shaking of their limbs when mice were
suspended briefly in the air by their tails.'® These signs were
never seen in non-transgenic littermates, but were always seen
in h§OP®®** mice after 75 days. In a subsequent set of
experiments, mice were administered 20mg/kg A’-THC
beginning on day 75 when tremors were first observed, i.e.,
after onset of disease signs. Mice were evaluated on a rotarod
to follow disease progression. No changes in motor behavior
were observed in the A>THC treated animals at any of the
doses given, confirming earlier reports.”’"*® Furthermore, no
significant difference in weights was observed between the
treatment groups.

In order to assess the effect of A>THC on disease pro-
gression, a logistic response curve was fitted to the endurance
time for each mouse using a nonlinear mixed effects model.>*
For these experiments, each mouse was assessed on the
rotarod at 5 and 10 rpm.?7 Figure 1A shows the observed data
and fitted endurance curves at 10rpm for each mouse. The
results from the nonlinear mixed effects model showed that
both dose and rpm (but not delay in treatment initiation)
significantly affected age at which endurance declined 1o 50%
(L.e., 5minutes, abbreviated as A50% henceforth). These
results are summarized in Table1 and shown graphically in
Figure 1B. We found that A50% increased 3.3 days (1.1 day)
per 10mg/kg of THC {2-sided P=0.003). In other words,
disease progression as assessed by rotarod performance was
delayed 3.3 days in the 10 mg/kg and 6.6 days in the 20 mg/kg
group as compared to the vehicle treated animals. This
represents a 3% increase in motor performance endurance in
the 10 mg/kg group and a 6% increase in the 20 mg/kg group.

‘We were able to assess animals [ater in the disease by testing
them at the slower rotarod speed (5 rpm). In the data analysis,
we found that A50% increased 6.5 days {+0.4 day) when
changing from 10rpm to 5 rpm. However, compared with the
rate of 10 rpm, the rate at 5 rpm was increased by a factor of 2.
This rate of decline can also be inferred by expressing it as
number of days to decline from 9minutes to 1minute
endurance, based on the fitting equation, i.e, at 1Grpm, it
took 17.1 {*1.76) days to decline from 9 to 1minute
compared with 8.55 {£0.88) days at 5 rpm. These results are
summarized in Table 2 and shown graphically in Figure 1B.

In these experiments, the treatment effect was to slow the
progression of disease (Figure 1b). Furthermore, treatment
with A’THC improved survival. Treatment with 10 mg/kg
A’THC extended mean survival from 125.9%1.6 days
{vehicle, n=15) 10 131.8:2.4 days (A*-THC, n=8, P=0.004)
(Figure 2a, c). This represents a 4.9 day (4.6%) increase in
survival in the 10 mgfkg A>-THC-treated group. At a (delayed)
dose of 20mg/kg the increase in mean survival was 6.4 days
(5.1%) (P=0.01, Figure2a,c).

A®-THC is anti-oxidant and anti-excitotoxic in vitro

A®-THC is known to be effective in attenuating in vitro excito-
toxic and oxidative cell damage. Both of these mechanisms
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Figure 1

A-THC delays progression of disease in hSOD1%%A mice. Motor function
was tested weekly on the rotarod at 10 and Srpm. The decling in endur-
ance over time for each animal at 10rpm is shown in {a). Mouse numbers
1-13 comespond to vehicle treated animals, numbers 1001-1008 come-
spond to the 10mg/kg A%-THC treatment group, and 2001-2009 comespond
to the 90mghg A’-THC treatment group. In (b) the curves show
declines based on fiting a logistic model to observed data. Solid
curves are tests at 10rpm, dashed curves for 5 rpm. The three curves
for each rpm are for doses of 0 {vehicle, blue), 10 {mgfkg A’-THC,

_ green) and 20 (mg/kg A%THC, red). Parameters for curves are Dased on a

nenlinear mixed effects model given by Time=10/1 +exp({Age — AYB)).

have been implicated in the progression of ALS. We had
previously reported that A’-THC was as effective as the anti.
excitotoxic compound NBQX, an AMDPA/Kainate receptor
antagonist, in protecting spinal cord neurons against direct
excitotoxin (kainate) exposure.’® To evaluate the possibility
that A>-THC may also have antioxidant properties in spinal
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Mortality (days) | 1259+ 16 128,4 4.3 (NS) 1318424 % 13234 1.7
Figure 2

A°-THC extends survival in hSOD15%* mice. Cumulative survival in hSOD1™ mice treated with 10mgikg A-THC, begun at 60 days of age (a) or 20mg/
kg A%-THC, started at 75 days of age. Vehicle cantrols were treated at 60 days and 75 days of age, respectively; no difference was seen in the lifespan
between the two vehicle treatment paradigms, so the clata were pooled for analysis. (b). Morality of hSOD1%%* mice trested with A%THC or vehicle
{c). Survival was significantly increased in the 10 and 920 ma/kg A°-THC treated groups compared to vehicle cortrols (*, P=0.004, P=0.01, respectively,

emor bars represent s.e.m.).



Amyotrophic lateral sclerosis: delayed disease progression in mice by treatment with 8 cannabinoid 37

cord cuhtures, we determined whether A’ THC could protect
against oxidative damage produced by direct application of
the oxidant tert-butyl hydroperoxide (TBH).>* A’-THC was
extremely effective at reducing oxidative damage produced by
TBH in mixed spinal cord cultures. Exposure to 200 M TBH
for 5hours resulted in 74 (*14) % cytotoxicity, which was
reduced to 28 (+8) % in the presence of 0.5uM A*THC
{n=4, P<0.001)(Figure3). These quantitative data were
visually confirmed by measuring propidium iodide uptake
in parallel cultures (data not shown); both neurons and glia
were affected by TBH as previously published.” To test if this
profound antioxidant effect was CB, receptor mediated, 1uM
SR141716A was used to block the receptor (Figure3). There
was no difference in the level of protection, suggesting the
antioxidant effect was not CB, receptor mediated.

Discussion

Qur study is innovative in at least two characteristics. First,
treatment at 20 mg/kg began after first appearance of disease
signs. This design more realistically mimics treatment in
humans where it is not possible to treat prior to symptom
onset. Secondly, the use of a nonlinear mixed effects mode!
for data analysis increased statistical power to detect a large
range of effects and to test separately for delayed disease onset
and rate of disease progression. Use of the model eliminates
the complication of defining an age at onset based on
observed symptoms. The use of a logistic model provides an
estimate of the age at which muscle endurance has declined
by 50% with much greater accuracy than could be attained
for any other measure of decline. This is because statistically
maximum precision is attained at the median of a logistic
regression. Use of the logistic model also allowed us to test
whether the dose effect at 20mg/kg was diminished by
delaying treatment until the first appearance of disease signs,
The results showed that endurance and survival could be
increase in the hSOD®** mice even when A’THC was
administered afier the onset of disease.

The mechanisms for neuroprotection by A*THC appear to
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Figure 3

AP-THC attenuates oxidative stress n mouse spinal cord cultures, Mouse
primary spinal cord cultures were exposed to the oxidant tert-butyl
hydroxide in vehicle (TBH), or in the presence of 0.5 M A%-THC (TBH +
THO) or 0.5uM A%THC plus 1pm SR141716A (TBH + THC + SRI),
AS-THC was extremely effective at reducing TBH cytotoxicity as assessed
by LDH release; this effect was not reversed by the CB; receptor antago-
nist SR141716A (**, P<0.001, n=3-5, eror bars represent s.e.m.),
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be multifaceted. In this study, the antioxidant neuroprotective
effect of A®-THC was not CB,-receptor mediated because the
CB; receptor antagonist SR141716A did not diminish the
antioxidant effect. CB, receptors were detected in neurons
and glia in the spinal cord cultures by immunocytochemistry
and Western blot analysis, thus the lack of effect of receptor
antagonist is not due to the absence of receptors in the
cultures.’® CB, receptor expression has not been demon-
strated in neurons or astrocytes though we can readily detect
CB, receptor expression in cells frofi the immune system,®
Other cannabinoid receptor subtypes have been proposed,
however they have not been identified. Thus while it is
possible that other cannabinoid-type receptors could be
involved with the antioxidant effect, there are no reagents
to test this possibility. Previous investigations into the poten-
tial neuroprotective effects of cannabinoids have focused on
models of cerebral ischemia™®®, multiple sclerosis!' and
epilepsy.®® Qur results are in line with the in vitro models of
cerebral ischemia in which the predominant neuroprotective
effect of cannabinoids is as an antioxidant but not CB,
receptor mediated.”*® In addition, cannabinoids were equally
effective as neuroprotective antioxidants in cultured neurons
from CB, receptor knockout mice or control wild-type litter-
mates.>® Furthermore, cannabidiol and (+)11-OH-A%THC
(HU-211) which have no CB; receptor activity are also
effective antioxidamts.” A%“THC, cannabidiol and HU-211
were found to possess greater antioxidant properties than
either ascorbate or a-tocopherol, similar to that of BHT.”

The antioxidant propersties of A™THC may also contribute
to the attenuation of excitotoxicity in primary neuronal cul-
tures.”*' We previously found that A*-THC protected against
kainate-mediated toxicity in mixed (neuronal and glial)
spinal cord cultures.'® The amount of cytotoxicity produced
by kainate was about half of that produced by the oxidative
stress paradigm described in this report, but is consistent with
a newronal toxicity (excitotoxicity) as opposed to a combined
neural and glial toxicity (oxidative stress).® That A’-THC
protects glia as well as neurons may contribute towards its
effectiveness in the hSOD%?** mice. Astrocytic cell damage is
believed to contribute to the disease process by suppressing
the activity of EAAT2 glutamate transporters that are necessary
for recovering synaptic glutamate and/or preventing repetitive
motor neuron firing.?

A potential therapeutic application of A’THC for the
symptoms of ALS includes the relief of spasticity.532-3
Similar results were found in a mouse model of multiple
sclerosis in which cannabinoids quantitatively ameliorate
both tremor and spasticity.'! Recently, increased levels of the
endogenous ligands anandamide, 2-arachidonylglycerol and
palmitoylethanolamide were found in the brain and spinal
cord, areas associated with the induced nerve damage.'? The
endogenous ligands were also anti-spastic; in addition, inhi-
bitors of re-uptake and hydrolysis were shown to significantly
attenuate spasticity. '

In order for a pharmacological treatment to be clinically
effective for ALS, it must be able to protect the remaining
motor neurons (as up to 50% aie lost at the time of clinical
diagnosis).*” Other treatments to date have focused on anti-
oxidants, neurotrophic, immunosuppressive and neuroprotective



C Raman, 5D McAllister, G Rizvi et a!

Criginal Research

agents, most of which have been shown to be neuroprotective
in cellular and animal models of ALS.>® Nevertheless, over 25
large clinical studies based on these strategies have shown no
benefit, apant from riluzole.*3® As a result, riluzole is the
only drug approved and marketed for the treatment of ALS.*?
However, candidate compounds are usually tested in the
mouse model by administration prior to the onset of disease
signs, which may explain their failure in clinical trials.

An important additional consideration is that ALS is a
chronic disease, therefore long-term toxicity of treatment
drugs becomes an important issue. A’~THC is well tolerated
and already in clinical usage for nausea associated with cancer
chemotherapy and appetite stimulation with the AIDS
wasting syndrome. In a pilot siudy of the safety and
tolerability of A THC in ALS patients, symptomatic benefits
were seen in insomnia, appetite and spasticity.'* A%-THC is
effective in a pre-clinical model of ALS, suggesting it could be
evaluated for its effectiveness in the human disease.

Conclusion

The data presented here indicate that A*-THC delays pro-
gression of disease and increases survival time in hSODS?3*
mice even when administered afier onset of signs. Our
finding that A THC is both anti-excitotoxic and antioxidant
in vitro suggests it may act additively towards its therapeutic
effect in the hSOD%*** mice.
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The Endocannabinoid System in Amyotrophic Lateral Sclerosis
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Abstract: Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative condition characterised by the selective loss
of motor neurons from the spinal cord, brainstem and motor cortex. Although the pathogenic mechanisms that underlie
ALS are not yet fully understood, there is significant evidence that several neurotoxic mechanisms including excitotoxic-
ity, inflammation and oxidative stress, all contribute to disease pathogenesis. Furthermore, recent results have established
that aithough primarily a motor neuron specific disorder, ALS is not cell-autonomous and non-neuronal cells including as-
troglia and microglia play a eritical role in mechanism of disease. Currently the only licensed therapy available for the
treatment of ALS is the anti-glutamatergic agent Riluzole, which has limited therapeutic effects. However, there is in-
creasing evidence that cannabinoids and manipulation of the endocannabinoid system may have therapeutic value in ALS,
in addition to other neurodegenerative conditions. Cannabinoids exert anti-glutamatergic and anti-inflammatory actions
through activation of the CB) and CB, receptors, respectively. Activation of CB, receptors may therefore inhibit gluta-
mate release from presynaptic nerve terminals and reduce the postsynaptic calcium influx in response to glutamate recep-
tor stimulation. Meanwhile, CB; receptors may influence inflammation, whereby receptor activation reduces microglial
activation, resulting in a decrease in microglial secretion of neurotoxic mediators. Finally, cannabinoid agents may also
exert anti-oxidant actions by a receptor-independent mechanism. Therefore the ability of cannabinoids to target multiple
neurotoxic pathways in different cell populations may increase their therapeutic potentiat in the treatment of ALS. Recent
studies investigating this potential in models of ALS, in particular those that focus on strategies that activate CB; recep-

tors, are discussed in this review,

Key Words: Neurodegeneration, excitotoxicity, inflammation, oxidative stress, SOD1, neuroprotection, motor neuron, therapy.

INTRODUCTION

Originally described in 1869 by the French physician
Jean-Martin Charcot, Amyotrophic Lateral Sclerosis (ALS)
is the most common adult motor neuron disease in humans.
ALS is characterised by the progressive degeneration of
lower motor neurons in the spinal cord and brainstem, and
the large pyramidal neurons in the motor cortex and associ-
ated corticospinal tracts. ALS is predominantly a sporadic
disorder, although approximately 10% of cases have a famil-
tal history consistent with Mendelian inheritance. Following
the discovery that a subset (approximately 20%) of famiiial
ALS is caused by mutations in the Cu/Zn superoxide dismu-
tase (SOD1) enzyme [1], transgenic mice expressing various
mutant human SODI genes have been generated and have
been widely used as a model for the disease. These trans-
genic mice develop a motor neuron disease with many of the
pathological features seen in humans including neurofila-
ment inclusions, ubiquitinylated aggregates and selective
motor neuron loss, accompanied by severe muscle paralysis
and premature death. These mice therefore providing a valu-
able research tool for the study of ALS pathogenesis and
preclinical testing of potential therapies (reviewed in [2]).

Extensive research using SOD! mice, in combination
with analysis of post-mortem tissue from ALS patients has
provided insight into the neurotoxic mechanisms that are
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versity College London, Queen Square, Loadon, UK; Tel: +44 207 676
2161; Fax: +44 207 813 1673; E-mail: | greensmith@jion.uel.ac.uk

1381-6128/08 $55.00+.00

involved in ALS. There is now strong evidence that impli-
cates glutamate excitotoxicity, inflammation and oxidative
stress, amongst other mechanisms, in ALS pathogenesis (re-
viewed in [2]). In this Review, we will discuss the evidence
for the involvement of these mechanisms in ALS pathogene-
sis and then summarise the actions of the endocannabinoid
system in targeting these mechanisms (see Fig. 1), in order to
assess the therapeutic potential of modulation of the endo-
cannabinoid system as a strategy for the treatment of ALS. A
summary of the various studies in which the endocannabi-
noid system has been manipulated in models of ALS is
shown in Table 1.

TARGETING OF GLUTAMATE EXCITOTOXICITY
BY THE ENDOCANNABINOID SYSTEM IN ALS

Glutamate is the most abundant excitatory neurotransmit-
ter in the CNS [3]. However, there is substantial evidence to
suggest that over-activation of glutamate receptors can result
in neuronal damage, a process termed ‘excitotoxicity’. Ele-
vated extracellular glutamate, either due to an increase in
release or a reduction in uplake, can activate glutamate re-
ceptors on the postsynaptic cell, thus enhancing calcium in-
fiux. Excessive postsynaptic calcium can subsequently acti-
vate neurotoxic cascades such as activation of calpains, en-
donucleases and phospholipases, ultimately leading to neu-
ronal death [4].

Motor neurons receive glutamatergic inputs from the
descending corticospinal tracts, from collaterals of the Ag
fibres innervating muscle fibres and Golgi tendon organs and

© 2008 Bentham Science Publishers Ltd.
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Fig. (1). Summary of the potential neuroprotective mechanisms of the endocannabinoid system in ALS.

Endocannabinoids may exert neuroprotective actions in ALS by targeting two main neurotoxic mechanisms; excitotoxicity and inflamma-
tion. This illustration gives a basic overview of the potential neuroprotective actions of endocannabinoids in ALS, and shows the actions of
endocannabinoids against excitotoxicity on the left hand side and against inflammation on the right hand side. Activation of CB; receptors by
cannabinoids may alter the calcium and potassium permeability of the pre- and postsynaptic neuron reducing their excitability. This will
result in the inhibition of glutamate release, causing a reduction in postsynaptic calcium influx, thereby minimising the effects of excitotoxic-
ity. Meanwhile CB; receptor activation wifl similarly act to reduce cellular excitability and the localisation of the CB;, receptor to glial cells
will result in a reduction in the release of proinflammatory cytokines such as TNFa and IL-1B, thereby inhibiting further propagation of the
inflammatory response, so that for example COX-2 levels do not increase. The endocannabinoid system may alse exert neuroprotective ef-
fects in a non-receptor mediated manner, although these mechanisms are not depicted in this diagram.

Abbreviations: K': potassium; Ca™: calcium; CB): cannabinoid receptor 1; CBy: cannabinoid receptor 2; cAMP: cyclic AMP.

from excitatory interneurons in the spinal cord [3]. There-
fore, abnormalities in glutamate neurotransmission may have
a particularly significant impact on motor neurons and may
thereby contribute to motor neuron degeneration in ALS.
Indeed, an elevation in cerebrospinal fluid glutamate levels
occurs in approximately 40% of sporadic ALS patients {5, 6]
and transcranial magnetic stimulation studies in ALS pa-
tients reveal that cortical motor neurons are hyperexcitable
[7]. Furthermore, it has been reported that there is an in-
crease in firing frequency and a reduction in action potential
duration in embryonic motor neurons in vifro, which further
indicates that there may be an increase in motor neuron ex-
citability in ALS [8, 9].

In addition to an increase in motor neuron excitability, a
reduction in glutamate uptake may also contribute to excito-

toxicity in ALS. Reduced expression of the main excitatory
amino acid transporter-2 (EAAT-2, also known in mice as
glutamate transporter-1, GLT-1) and a decrease in glutamate
transport has been found in 60-70% of sporadic ALS post-
mortem spinal cord and motor cortex tissue [10, [1]. A mu-
tation in EAAT-2 has also been identified in a sporadic ALS
patient and was associated with a reduction in glutamate
uptake [12]. Similarly, glutamate uptake is diminished in
symptomatic SOD1 mice, and this is reflected in a reduction
in EAAT2 (GLT-1) expression [13-15]. Recently, mutant
SOD1 has been shown to have the ability to induce caspase-
3 mediated cleavage of EAAT-2 (GLT-1) [16]. Indeed, an
inactive, truncated form of EAAT2 (GLT-1) is found in spi-
nal cords of presymptomatic SOD1 mice [16]. This fragment
is sumoylated and accumulates in promyelocytic leukaemia
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Tablel. Summary of Studies Manipulating the Endocannabinoid System in J52 Vitro and I Vivo Models of ALS
Manipulation of
D t of
Endocannabinoid ose and Onset o Potential Mechanism of Action Effects in ALS Models Ref.
Treatment
System
In vivo: . Delayed disease progression in SOD1 mice | [87]
WIN-55.212-2 hvive Activation of CB, and CB. receptors.
Smgfkg from symptom onset 4% increase in lifespan of SOD1 mice [84]
i vive: . . Extended lifespan of SOD1 mice by 11%
AM-1241 i vivo: 3mgkg Selective CB, receptor agonist . . 4 [84]
0.3mg/kg from symptom onset Extended lifespan of SOD1 mice by 7%
ivo: a/K| to- - . . Lo .
AM-1241 b vivo 1::;?;3:};&““1]3 o Selective CB, receptor agonist Delayed disease progression in SOD1 mice | [38)
ATHC Invivo: Activation of CB, and CB, receptors, afso recep- | Delayed disease progression in SOD1 mice (85]
20mg/kg from symptom onset tor independent anti-oxidative actions and extended lifespan by 5%
ATHC I vitro: 0.5M Activatio.n of CB, and Cl?.z rejcep_tors, aE.so recep- Neurop'roliec.tive against kainat.e m‘ediated [53]
tor independent anti-oxidative actions foxicity in motor neurons in vifro
, It vivo: Non-psychoactive cannabinoid. Binds to CB, and . . .
N Delayed d t 4
Cannabinol Smg/kg presymptomatically | CB; receptors but with lower affinity than A*-THC elayed discase onset in SODI mice [145]
Faalt ablation In vivo: From conception Elevated AEA levels Delayed disease progression in SOD1 mice | [87)
X lat tential i ibuti . . .
CB. re(ieptor In vivo : From conception Ablates potential neuroprotective cotribution of Extended lifespan in SOD1 mice by 13% | [87]
ablation CB, receptors

Several manipulations of the cndecannabineid system have been tested in models of ALS, with varying results. This table summarises the results of these studies to date.

nuclear bodies, which may interfere with their normal regu-
latory role in gene transcription [17]. In vifro, in organotypic
spinal cord cultures, chronic inhibition of glutamate transport
induces selective motor neuron degeneration [18], whereas
restoration of EAAT2 (GLT-1) activity either by pharmacol-
ogical enhancement {19] or by the introduction of glial pro-
genitor cells over-expressing EAAT2 (GLT-1), significantly
increases motor neuron survival [20].

Glutamate-mediated excitotoxicity in ALS is thought to
result from activation of calcium permeable AMPA/KA re-
ceptors [18, 21-23]. Indeed, activation of AMPA/KA recep-
tors induces selective degeneration of motor neurons in vitro
[18, 24, 25] and in mice in vivo [26]. This effect is inhibited
by selective AMPA/KA receptor antagonists in vitre [21-23,
27] and treatment of SODI mice with AMPA/KA receptor
antagonists in vivo, significantly extends their lifespan [27-
29].

AMPA receptors mediate fast neurotransmission and are
composed of 4 different subunits, GluR1-4, which confer
different functional characteristics [30]. The absence of the
GluR2 subunit renders the AMPA receptor calcium perme-
able [30]. Expression of GluR2 in motor neurons is regulated
by surrounding astrocytes, which therefore play an important
role in determining the vulnerability of motor neurons to
excitotoxicity [31]. A large number of studies have shown
that motor neurons express GluR2-containing AMPA recep-
tors [23, 32-35], although there is some evidence for the co-
localisation of GluR2-containing and GluR2-lacking AMPA
receptors on the same motor neurons [36]. However, defec-
tive GluR2 editing, which would render the receptor calcium
permeable, has been found selectively in motor neurons in

post-mortem spinal cord tissue from ALS patients [37]. Fur-
thermore, a specific reduction in GluR2 expression was re-
cently identified in motor neurons from presymptomatic
SOD1 mice, which may render them more susceptible to
excitotoxicity {29, 38].

It is likely that the selective vulnerability of motor neu-
rons to excitotoxicity may be related to a higher density of
calcium-permeable AMPA receptors, which will result in an
increase in agonist-induced calcium influx into these neurons
[23, 24, 27, 39]. Reducing the calcium permeability of
AMPA/KA receptors by crossing SOD! mice with mice
over-expressing the GIluR2 subunit, significantly delays
symptom onset and extends their lifespan f40]. In contrast,
acceleration in disease course and a shortening of lifespan is
seen in SOD1 mice following manipulations that result in an
increase in calcium permeability or the total ablation of the
GIluR2 subunit [41, 42]. However, there is no motor neuron
loss in GluR2 knock-out mice, suggesting that either the ab-
sence of the GluR2 subunit alone is not sufficient to induce
ALS [43] or that compensatory mechanisms can ameliorate
the effects of the lack of GluR2 expression in motor neurons.

The vulnerability of specific populations of motor neu-
rons to glutamate-induced excitoxicity is further exacerbated
by a reduced ability to bind calcium. Thus, specific motor
neuron populations that appear to be selectively vulnerable
to degeneration in ALS, do not express the calcium binding
proteins calbindin-D(28k) and parvalbumin, whereas dis-
ease-resistant motor neurons, such as occulomotor neurons
and motor neurons in the Onuf’s nuclens [44, 45} express
high levels of these calcium binding proteins [46, 471, Motor
neurons with a low expression of calcium binding proteins
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may therefore have to depend to a greater extent on mito-
chondrial calcium uptake in order to buffer excess calcium,
and this may render their mitochondria more susceptible to
damage, a common feature in ALS. In support of the pro-
posal that a decrease in calcium buffering capacity contrib-
utes to the selective vulnerability of motor neurons in ALS,
it has been found that over-expression of parvalbumin pro-
tects motor neurons in vitre against KA-induced calcium
influx [48], and protects neonatal motor neurons from injury-
induced motor neuron death in parvalbumin over-expressing
transgenic mice [49]. Furthermore, the survival of SODI
mice crossed with parvalbumin over-expressing transgenic
mice is also extended [50].

Together, these findings highlight excitotoxicity as a sig-
nificant pathogenic mechanism in motor neuron degenera-
tion in ALS and, as discussed above, strategies that reduce
the effects of excitotoxicity by antagonising AMPA/KA re-
ceptors or by elevating the expression of EAAT-2 (GLT-1)
or calcium binding proteins, have beneficial effects in mod-
els of ALS. However, despite the fact that cannabinoids have
been shown to be neuroprotective in a number of experimen-
tal models of excitotoxicity [51-59], until recently, few stud-
ies have examined the possible beneficial effects of cannabi-
noids in ALS. Indeed, due to the activity-dependent nature of
their synthesis, it is possible that endocannabinoid synthesis
represents an endogenous defence mechanism that is upregu-
lated under excitotoxic conditions [60, 61]. Following injec-
tion of excitotoxins into the CNS of mice, levels of the endo-
cannabinoids, N-arachidonoylethanolamine (AEA) and 2-
arachidonoylglycerol (2-AG) significantly increase [55, 62-
64]. This effect may be mediated by activation of postsynap-
tic group I metabotropic glutamate receptors (mGIuR),
which will elevate intracelluiar calcium levels and activate
phospholipase C, subsequently inducing endocannabinoid
formation (reviewed in [65]). Elevations in endocannabi-
noids in response to excitotoxicity suggest an adaptive role
for endocannabineids in protection against excitotoxicity.
These anti-excitotoxic actions represent a very significant
mechanism by which the endocannabinoid system may have
therapeutic value in ALS.

Cannabinoid-mediated neuroprotection against excitotox-
icity is predominantly the result of activation of CB, recep-
tors [66] (see Fig. 1} CB; receptors are coupled to inhibitory
GTP binding proteins Gy,. Thus their activation can inhibit
adenylate cyclase. The resultant reduction in cyclic AMP
levels and subsequent inhibition of protein phosphorylation,
may irhibit neuronal activity via activation of A-type potas-
sium channels [67]. Furthermore, activation of CB; receptors
mediates inhibition of voltage gated N- and P-/Q- type cal-
cium channels [68-71] and activation of inwardly rectifying
potassium channels {70], independently of adenylate cyclase
inhibition. This presynaptic regulation of calcium and potas-
sium permeability will raise the threshold for neurotransmit-
ter release, thereby decreasing overall release. Indeed in vi-
fro, cannabinoids have been shown to inhibit the release of
neurotransmitters [72-74]. In addition, activation of postsyn-
aptic CB, receptors may also reduce excitotoxicity-induced
postsynaptic calcium influx vig inhibition of voltage gated
N- and P/Q- type calcium channels [53, 68-71, 75]. There-
fore under conditions of excitotoxicity, activation of CB,
receptors may reduce both presynaptic glutamate release and
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the excitability of the postsynaptic cell. Furthermore, the
endogenous ligand AEA and the synthetic cannabinoid re-
ceptor agonist WINS55,212-2, have been shown to directly
interact with and inhibit, sodium channels and T-type cal-
cium channels, actions which would also reduce neuronal
excitability and further hinder action petential propagation
[74, 76].

Several other signalling pathways may also contribute to
the effects of CB, receptor activation. Activation of the CB,
receptor leads to induciion of mRNA expression of immedi-
ate carly genes, such as c-fos, involved in neuroprotection
against excitotoxicity [55], and Krox 24, a growth related
gene [77], an effect that is mediated by G; protein-dependent
activation of extracellular signal regulated kinase [55] and
mitogen activated protein kinase respectively [77].

Thus, CB; receptor activation can potentially inhibit the
release and postsynaptic effects of excitotoxic levels of glu-
tamate, therefore providing protection against excitotoxicity.
In support of this, it has been shown that injection of kainate
(KA} into the central nervous system (CNS) of CB; receptor
knock-out mice produces a more extreme behavioural reac-
tion and a greater mortality than in wild-type (WT) mice [55,
57}, More specifically, Marsicano ef al, (2003) generated a
conditional knock—out mouse model in which only CB, re-
ceptors on glutamatergic neurons of the forebrain were de-
leted. Administration of KA to these mice induces seizures
that are significantly worse than in mice with a full comple-
ment of CB, receptors. These results imply that CB, recep-
tors, particularly those located on glutamatergic neurons,
play a role in endogenous protection against excitotoxicity
and represent a system that may be suitable for therapeutic
manipulation by administration of exogenous cannabinoid
agonists.

The CB, receptor is the most predominant cannabinoid
receptor subtype in the CNS [78] with the highest densities
found in areas including the basal ganglia, the molecular
layers of the cerebellum and in portions of the hippocampus
[79]. In cultured motor neurons, CB; receptors are expressed
on the cell soma and neurites [53], although the levels of
expression in the ventral horn of the spinal cord are rela-
tively low compared to the basal ganglia {79]. Cultured as-
trocytes and microglial have also been shown to express CB,
receptors [80-82], suggesting that during disease progres-
sion, overall CB; receptor density in the spinal cord may
increase due to the influx of microglia to areas affected in
ALS (reviewed in [83]). Indeed, CB,; receptor mRNA ex-
pression is significantly increased at a symptomatic stage of
disease in SOD1 mice, although this is not maintained at
disease end-stage [38, 84].

In view of the significant role that excitotoxicity plays in
ALS pathogenesis together with the ability of the endocan-
nabineid system to modulate excitotoxic mechanisms, it has
been suggested that cannabinoids may have significant neu-
roprotective effects in ALS. Certainly, there is now signifi-
cant evidence to suggest that in models of ALS, cannabi-
noids can be neuroprotective through anti-excitotoxic mech-
anisms. Treatment with A’-tetrahydrocannabinol (A°-THC)
protects mouse spinal cord neurons in wvifro against direct
KA-induced toxicity, an effect blocked by SR141716A4, a
selective CB, receptor antagonist [53]. Furthermore, treat-
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ment of SODI1 mice with A>THC in vivo, delays disease
progression [85] (see Table 1). Interestingly, in the spinal
cord of SOD1 mice, levels of AEA and 2-AG increase from
symptom onset [86, 87]. This increase may be due, at least in
part, to an up-regulation in expression of functional mGluR35
on SODI astrocytes compared to normal astrocytes, which
or: activation would lead to significant elevations in endo-
cannabinoid levels [65, 88]. This is likely to be an adaptive
response aimed at counteracting excitotoxicity, similar to
that observed in the hippocampus of mice treated with KA
[55].

Cannabinoids may also exert anti-excitotoxic effects in a
non-CB, receptor dependent manner. In the brain of CB,
receptor knock-out mice, an as yet unidentified, G-protein
coupled cannabinoid “CB;” receptor has been pharmacologi-
cally characterised [89, 90L. This receptor is activated fo the
same extent by AEA and synthetic cannabinoid WIN55,212-
2, but not by other synthetic cannabinoids or A*~THC. It is
insensitive to CB; and CB, receptor antagonists and is not
coupled to the inhibition of adenylate cyclase [90], unlike the
existing cannabinoid receptors. There is, however, evidence
to suggest that this receptor may be selectively coupled to
the inhibition of glutamate release in the mouse hippocam-
pus [91]. Further investigation is required to confirm
whether activation of this receptor may also have beneficial
effects under excitotoxic conditions in models of ALS.

However, despite the established anti-excitotoxic effects
of endocannabinoids, there is also evidence that suggests that
the endocannabinoid system may be capable of exacerbating
excitotoxicity. For example, in hippocampal neurons, endo-
cannabinoids are released in response to depolarisation and
activate CB, receptors on neighbouring astrocytes. In this
case, CB; receptors coupled to G; proteins elevate cyclic
AMP levels causing an increase in intracellular calcium lev-
els, thereby stimulating the release of gilutamate [92, 93]
This glutamate can subsequent activate N-methyl D-
aspartate {NMDA) receptors on neighbouring pyramidal
neurons [94]. These results show that potentially hyperexcit-
able motor neurons can release elevated levels of endocan-
nabinoids [86, 87], which under conditions where Gy, pro-
tein signal transduction pathways are inhibited, may ulti-
mately contribute to neuronal degeneration, albeit indirectly.
This finding may explain the general inability of cannabi-
noids, which have an element of CB,; receptor activation in
their mechanism of action, to extend the lifespan of SOD1
mice despite initially displaying a neuroprotective effect [85,
87].

TARGETING OF INFLAMMATION BY THE ENDO-
CANNABINOID SYSTEM IN ALS

Over recent years, increasing evidence has highlighted
the significant contribution that inflammation plays in ALS
pathogenesis. Examination of post-mortem spinal cord tissue
from ALS patients shows that there are substantial signs of
inflammation including significant proliferation and accumu-
lation of activated microglia, reactive astrocytes and CD4"
and CD8" lymphocytes in areas of motor neuron degenera-
tion (reviewed in [83]). Furthermore, increases in mRNA,
and protein levels of inflammatory markers such as COX2
and PGE, are also seen in post-mortem spinal cord tissue
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{95, 96]. Similar neuroinflammatory changes are also seen in
SOD1 mice and these appear to correlate with disease pro-
gression, so that for example reactive astrogliosis increases
steadily from symptom onset. However, microglial activa-
tion is evident from a presymptomatic age and continues to
increase in intensity throughout disease progression, parallel-
ing the loss of motor neurons {97-99]. In fact, increased ex-
pression of intracellular adhesion molecule-1 (ICAM-1) and
NADPH oxidase, the main reactive oxygen species (ROS)
producing enzyme in inflammation, on microglia are some
of the earliest pathological changes seen in the SODI1 mice,
and this up-regulation may be important in the induction of
inflammatory processes {98, 100, 101].

Activated microglia and astrocytes release a variety of
neurotoxic mediators including pro-inflammatory cytokines,
such as tumour necrosis factor o (TNFo) and interleukin-15
(IL-1B}, as well as ROS and glutamate [81, 102, 103], These
neurotoxic agents elicit cellular damage and initiate the re-
cruitment and activation of further glial cells, thus propagat-
ing the inflammatory response [81, 104]. Microglia from
SOD1 mice have been shown to secrete significantly more
TNFuo than microglia from age-matched WT mice [99]. This
is reflected in an up-regulation of TNFo. mRNA and protein
in the CNS of SODI1 mice [105]. Pro-inflammatory cytoki-
nes can induce COX2 expression, via activation of the tran-
scription factor NF-xB [106]. COX2 activation will then
increase production of prostaglandins, including PGE,,
which may actually contribute to excitotoxicity by stimulat-
ing the release of glutamate from astrocytes [107]. In addi-
tion, COX2 activation releases ROS, which may further
propagate the inflammatory process [106].

An elevation in COX2 and NF-xB levels has been ob-
served in post-mortem spinal cord tissue from ALS patients
in reactive astrocytes [96, 108]. I» vitro, in response to cyto-
kine stimulation, SOD1 astrocytes produce substantially
more nitric oxide (NO) than WT astrocytes [109]. NO can
exert significant neuronal toxicity, vig inhibition of mito-
chondrial respiration, the release of glutamate and subse-
quent depletion of cellular ATP [110]. Furthermore, NO re-
acis with superoxide radicals to generate peroxynitrite,
which can nitrate tyrosine residues exerting substantial cellu-
lar damage. Accordingly, levels of 3-nitrotyrosine are ele-
vated in motor neurons in post-mortem spinal cord tissue
from ALS patients [111].

Therapeutic targeting of inflammation has been shown to
be particularly effective in models of ALS. Minocycline and
nordihydroguaiaretic acid (NDGA), both potent inhibitors of
microglial activation and pioglitazone, an agonist of perox-
isome proliferator-activated receptor v, exert anti-inflamma-
tory effects and significantly extend the survival of SOD1
mice {112-116]. Furthermore, selective inhibitors of COX2
delay disease onset [117] and also extend the lifespan of
SODI1 mice [118]. Cannabinoids may also exert significant
anti-inflammatory effects, mediated primarily by activation
of CB, receptors. Indeed, cannabinoids have been shown to
be neuroprotective in several experimental models of in-
flammation [56, 57, 102, 104, 119]. Interestingly, COX2 acts
to degrade endocannabinoids [120], therefore it is possible
that the neuroprotective effect of COX2 inhibitors in ALS
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may be at least partly attributable to reduced degradation of
endocannabinoids [121].

CB: receptors were originally regarded as peripheral
cannabinoid receptors with high expression levels in the
spleen and thymus [122-124]. Recently, however CB, recep-
tors have been identified on neurons throughout the CNS,
although at significantly lower levels than CB,; receptors
[123, 124]. CB, receptors are also expressed by microglia
[81, 82, 119]. Interestingly, in response to peripheral nerve
injury there is a simultaneous increase in the presence of
activated microglia and the expression of CB; receptors in
the rat spinal cord [125]. CB. receptor expression is also
upregulated in microglia in post-mortem spinal cord tissue
from ALS patients [126].

CB: receptors, like CB; receptors, are coupled to inhibi-
tory Gy, proteins. Therefore, activation of CB, receptors acts
to inhibit cellular activity via stimulation of A-type potas-
sium channels [67]. As illustrated in Fig. (1)}, cannabinoids
acting via a CB, receptor dependent mechanism can there-
fore limit the propagation of the inflammatory response by
inhibiting microglial activation {127, 128] and subsequently
reducing the expression and release of pro-inflammatory
cytokines {81, 104]. Stimulation of microglia in vitre with
lipopolysaccahride induces an up-regulation of TNFo and
IL-1B mRNA expression in microglia [81, 104]. Treatment
with cannabinoid receptor agonists, however, dose-depend-
ently reduces the expression and release of pro-inflammatory
cytokines, via a CB; receptor-mediated mechanism [119].

In SOD1 mice, treatment with WIN-55,212-2, a cannabi-
noid agonist which has a slightly higher affinity for CB; re-
ceptors than CB; receptors [129], significantly delayed the
onset of motor deficits and motor neuron degeneration [§7]
and extended lifespan, albeit to a small extent [84] (Table 1).
Similarly, ablation of the fatty acid amide hydrolase (Faah)
enzyme, which acts to hydrolyse AEA, and subsequent ele-
vation of endocannabinoid levels [130] also delays disease
progression in SOD1 mice [87]. However, it is likely that the
beneficial effects of both the exogenous cannabinoid WIN-
55,212-2 as well as elevated endocannabinoid levels are me-
diated via the CB, receptor. Indeed, genetic ablation of the
CB; receptor in SODI mice has no effect on the disease
symptoms and yet significantly extends their lifespan (Table
1). This suggests that the CB; receptor may not be involved
in the neuroprotective effects mediated by cannabinoids in
SOD1 mice and that blockade of the CB; receptor may actu-
ally have beneficial effects. In support of this, the effects of a
selective CB, receptor agonist, AM-1241, were recently ex-
amined in SOD1 mice. Functional CB; receptor expression is
up-regulated in the lumbar spinal cord of SOD1 mice from a
presymptomatic stage of disease and this up-regulation is
maintained with further disease progression [84]. Intraperi-
toneal administration of the CB» receptor agonist AM-1241,
which has been shown to be effective in inflammatory mod-
els [131], significantly delayed disease onset in SOD1 mice,
although this effect was only seen in male mice {132}, with a
moderate extension in lifespan [84] (Table 1). These results
suggest that cannabinoids, acting via the CB; receptor, may
exert therapeutic effects in ALS models most likely by inhib-
iting microglial activation and reducing inflammation,
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TARGETING OF OXIDATIVE STRESS BY THE EN-
DOCANNABINOID SYSTEM IN ALS

Several lines of evidence indicate the involvement of
oxidative stress in the pathogenesis of ALS. In motor neu-
rons in post-mortem spinal cord tissue from sporadic ALS
and familial ALS patients, levels of 3-nitrotyrosine are ele-
vated [111, 133] and in SOD1 mice, free 3-nitrotyrosine im-
munoreactivity and markers of lipid peroxidation are ele-
vated even at a presymptomatic stage [97, 134]. Further-
more, evidence from SODI mice suggests that oxidative
damage occurs to both mitochondria [135] as well as
EAAT2 (GLT-1} glutamate transporter proteins [136, 137].
In contrast, there is no evidence of protein bound nitroty-
rosine in either SOD1 mice or post-mortem tissue from ALS
patients [134]. Similarly no increase in hydroxyl radical pro-
duction can be detected in SOD1 mice [134]. Therefore, al-
though there is evidence for oxidative damage in ALS, the
mechanism by which it arises remains unknown. In familial
ALS, mutations in the SOD1 enzyme structure may increase
aberrant interactions with abnormal substrates such as per-
oxynitrite or hiydrogen peroxide, or alternatively impede the
binding of copper or zinc ions to the enzyme, although re-
search in this field is conflicting (reviewed in [2]).

It is therefore possible that anti-oxidant agents that re-
duce oxidative stress may be an effective therapy in ALS, In
1998, Hampson and colleagues reported a potent anti-
oxidant capacity of A>-THC and cannabidiol (CBD), via a
cannabinoid receptor-independent mechanism, comparable
to the anti-oxidant butylated hydroxytoluene. Furthermore
CBD, a non-receptor binding cannabinoid, has greater neu-
roprotective effects following an excitotoxic insult than vi-
tamin E, an established anti-oxidant [138]. Meanwhile, A°-
THC and CP 55,940 show receptor-independent anti-oxidant
activity in vifre, in response to oxidative stress mediated by
serum deprivation or hydrogen peroxide exposure, respec-
tively [55, 139]. The therapeutic benefits mediated by this
anti-oxidant action of cannabinoids have vyet to be estab-
lished in models of ALS,

CONCLUSIONS

At the current time the only therapy licensed for use in
ALS patients is Riluzole, an anti-glutamatergic agent, which
unfortunately has only limited therapeutic effects, extending
patient lifespan by 2-4 months [140, 141]. In addition to ex-
citotoxicity, several other neurotoxic pathways are impli-
cated in ALS pathogenesis including inflammation and oxi-
dative stress as discussed above. However, ALS is a particu-
larly complex, multi-factorial disorder, which evidence now
shows also involves deficits in axonal transport, mitochon-
drial damage and protein aggregation (reviewed in [2]). This
multi-factorial nature of ALS pathogenesis suggests that
strategies that target multiple pathways in multiple cell popu-
lations, including neurons and glia, may have greater thera-
peutic benefit than strategies that target individual mecha-
nisms within specific cells types. It is becoming an increas-
ing widely held view that “cocktail” or “combination”™ thera-
pies will be necessary if a disease modifying therapy for
ALS is to be developed. This proposition is supported by
results that show that the combination of riluzole, mino-
cycline, an inhibitor of microglial activation, and nimodip-
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ine, a blocker of voltage-gated calcium channels, delays dis-
ease onset and extends survival in SOD1 mice to a greater
extent than achieved individually with these agents [142],

In this regard, agents that are capable of modulating sev-
eral pathogenic mechanisms may be particularly effective in
complex neurodegenerative disorders such as ALS. Can-
nabineids have been shown to exert anti-excitotoxic, anti-
inflammatory and anti-oxidative effects in several experi-
mental neurodegenerative models (for example, [51-59, 102,
104, 119, 138, 139]). In view of the involvement of these
mechanisms in ALS, it is possible that agents that target the
endocannabinoid system may be particularly effective in this
disorder. However, although agents acting at the CB; recep-
tor delay disease progression in SOD1 mice, it is only activa-
tion of the CBa receptor, i.e primarily targeting inflamma-
tion, which significantly extends their lifespan (Table 1) [84,
132]. This may be related to the fact that although up-
regulation of CB, receptors occurs in symptomatic SODI1
mice, this is not maintained at end-stage, in contrast to the
maintained elevation in CB, receptor levels throughout dis-
ease duration [84]. Further investigation is however required
to evaluate the full neuroprotective potential of agents that
target the CB, receptor in order to establish whether the use
of cannabinoids as a multi-targeted therapy is more effective
in ALS than selective targeting of the CB; receptor. Fur-
thermore, it will be important to establish whether the in-
crease in endocannabinoid levels that occurs during disease
progression in ALS represents an adaptive endogenous neu-
roprotective mechanism. To assist in this, pharmacological
agents that inhibit endocannabinoid uptake (VDMI11; [1437),
and AEA hydrolysis (Faah inhibitor, URBS597; [144]), are
available. In view of the increasing body of evidence that
demonstrates the neuroprotective potential of the endocan-
nabinoid system in ALS, a full investigation of the therapeu-
tic potential of these agents in ALS is now justified.
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ABBREVIATIONS

2-AG = 2-Arachidonoylglycerol

AEA = Anandamide

ALS = Amyotrophic Lateral Sclerosis

AMPA = o-Amino-3-hydroxy-5-methylisoxazole-4-
propionic acid hydrate

ATP = Adenosine triphosphate

CBD = Cannabidiol

CNS = (Central nervous system

COX2 = Cycloxygenase?2

EAAT2/ = Excitatory amino acid transporter 2/glutamate

GLT-1 transporter -1

Bilstand and Greensmith

FAAH = Fatty acid amide hydrolase
ICAM-1 = Intracellular adhesion molecule-1
IL-1p = Inferleukin-1B

KA = Kainate

mGluR = Metabotropic glutamate receptors
NDGA = Nordihydroguaiaretic acid
NMDA = N-methyl D-aspartate

NO = Nitric oxide

ROS = Reactive oxygen species

S0D1 = Superoxide dismutase

TNFo = Tumour necrosis factor ¢

WT = Wild-type
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Abstract

Marijuana has been proposed as
treatment for a widening spectrum of
medical conditions. Marijuana is a sub-
stance with many properties that may be
applicable to the management of amy-
otrophic lateral sclerosis (ALS). These
include analgesia, muscle relaxation,
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bronchodilation, saliva reduction, ap-
petite stimulation, and sleep induc-
tion. In addition, marijuana has now
been shown to have strong antioxida-
tive and neuroprotective effects, which
may prolong neuronal cell survival. In
areas where it is legal to do so, mari-
Juana should be considered in the
pharmacological management of
ALS. Further investigation into the
usefulness of marijuana in this setting
iswarranted,

Keywords: ALS, cannabidiol, canna-
binoids, cannabinol, marijuana, symp-
tom management
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This paper is dedicated
to the memory of Linda Santos.

Over the past few decades, there has
been widening interest in the viable
medicinal uses of marijuana.! The
National Institutes of Health (NIH), the
Institute of Medicine (IOM), and the
Food and Drug Administration (FDA)

have all issued statements calling for
further investigation.* There is a large
bedy of literature on the effects of can-
nabincids on chemotherapy-induced
nausea and vomiting, lowering intracc-
ular pressure in patients with glaucoma,
and freating anorexia in patients with
cancer and AIDS-associated weight
loss.>® Beyond these clinical applica-
tions, there is limited literature describ-
ing other appropriate uses for medicinal
marijuana. The intent of this article is to
provide an overview of the potential
pharmacological role marijuana may
have in the management of amyotroph-
ic lateral sclerosis (ALS).

To date, clinical studies on the medic-
inal value of marijuana have ofien
reached differing conclusions. Some of
this inconsistency in the scientific litera-
ture likely results from the fact that mari-
Jjuana is a complex plant, containing over
400 chemicals.? Approximately 60 are
cannabinoids, chemically classified as
21 carbon terpenes.*'? Among the most
psychoactive of these is delta-9-tetrahy-
drocannabinol (THC).>!® Because of
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this biochemical complexity, charac-
terizing the clinical pharmacology of
marijuana is difficuit. Further compli-
cating the evaluation of marijuana is
the variable potency of the plant mate-
rial used in research studies. The clini-
cal pharmacology of marijuana con-
taining high concentrations of THC
may well differ from plant material
containing small amounts of THC and
higher amounts of the other cannabi-
noids. Moreover, the bioavailability
and pharmacokinetics of inhaled mar-
ijjuana are substantially different than
those taken by ingestion. THC is not
soluble in water, but is lipid soluble.!!
Varying proportions of other cannabi-
noids, mainly cannabidiol (CBD) and
cannabinol (CBN), are also present in
marijuana, sometimes in quantities
that might modify the pharmacology
of THC or have distinct effects of their
own. CBD is not psychoactive, but
has significant anticonvulsant, seda-
tive, and other pharmacologic activity
likely to interact with THC.'213 The
concentration of THC and other can-
nabinoids in marijuana varies greatly,
depending on growing conditions,
plant genetics, and processing after
harvest.!* 1n the usual mixture of
leaves and stems distributed as mari-
juana, concentration of THC ranges
from 0.3 percent to 4 percent by
weight.!*'" However, specially grown
and selected marijuana can contain 15
percent or more THC. Thus, one gram
of marijuana might contain as liitle as
3 mg or more than [50 mg of THC."?
THC is a potent psychoactive drug,
and large doses may produce mental
and perceptual effects similar to hallu-
cinogenic drugs.'>!% Despite this,
THC and other cannabinoids have
remarkably low toxicity and lethal
doses in humans have not been de-
scribed.!’18

Prior to the last decade, there was
little known about the specific pharma-
cological and molecular effects of mar-
ijuana. However, important advances
have recently taken place that have
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greatly increased the understanding of
the receptors and ligands composing
the cannabinoid system. Research has
shown that two major cannabinoid
receptor subtypes exist, and subtype |

(CB1) is expressed primarily in the
brain, whereas subtype 2 (CB2) is
expressed primarily in the periph-
ery.'?? A variety of ligands for these
receptors, based on the cannabinoid
structure, have been synthesized and
studied. These novel ligands are of
interest as both experimental tools and
lead compounds for therapeutic agents.
Experiments performed with several
types of neural cells that endogenously
express the CB1 receptor suggest the
activation of protein kinases may be
responsible for some of the cellular
responses elicited by the CB1 cannabi-
noid receptor.?! The recent discovery of
the endocannabinoids, i.e. endogenous
metabolites capable of activating the
cannabinoid receptors, and the under-
standing of the molecular mechanisms
leading to their biosynthesis and inacti-
vation, has created a new area in
research on the pharmaceutical appli-
cations of cannabinoids ?

The characterization of endocanna-
binoids, such as anandamide, and the
detection of widespread cannabinoid
receptors in the brain and peripheral
tissues, suggests that the cannabinoid
system represents a previously unrec-
ognized, ubiquitous network in the ner-
vous system. Cannabinoid receptors are
protein-coupied, transmembrane nu-
cleotides, similar to the receptors of
other neurotransmitters such as dopa-
mine, serotonin, and norepinephrine.?%%
Dense receptor concentrations are
found in the cerebelium, basal ganglia,
and hippocampus, likely accounting for
the effect of marijuana on motor tone
and coordination as well as mood
state.2%2% Low concentrations are found
in the brainstem, accounting for the low
potential for lethal overdose.?'?? A
growing number of strategies for sepa-
rating sought-afier therapeutic effects
of cannabinoid receptor agonists from

the unwanted consequences of CBI
receptor activation are now emerging.
Recently, ligands have been developed
that are potent and selective agonists for
CBI1 and CB2 receptors as well as
potent CB2-selective antagonists and
inhibitors of endocannabinoid uptake
or metabolism.*'** This knowledge
may lead to the design of synthetic can-
nabinoid agonists and antagonists with
high therapeutic potential.

Current pharmacological
management of ALS

Amyotrophic lateral sclerosts, with
an incident rate of five to seven per
100,000 population, is the most com-
mon form of adult motor neuron dis-
ease. 20 ALS is a rapidly progressive
neuromuscular disease that destroys
both upper and lower motor neurons,
resulting in weakness, spasticity, and
ultimately death from respiratory fail-
ure. The vast majority of ALS cases
are acquired and occur sporadically.
Emerging evidence suggests that in-
creased oxidative stress from free rad-
ical toxicity or excessive glutamate
activity is what leads to motor neuron
cell death in the brain and spinal
cord. 2?7

There is not yet a known cure for
ALS, although significant research
advances are being made. Riluzole is
approved by the FDA for treatment of
ALS.* This drug inhibits the presynap-
tic release of glutamate and reduces
neuronal damage in experimental mod-
els of ALS. In 1995, two clinical trials
showed that riluzole slowed disease
progression.”” Both of these studies
showed prolonged survival for patients
taking riluzole as opposed to placebo,
although the benefit was modest.
However, there are serious, but rare,
complications of riluzole treatment,
including renal tubular impairment,
hepatitis, and pancreatitis.”

Because oxidative stress is one of
the proposed pathogenic factors in
ALS, antioxidants are recommended,



Table 1. Properties of marijuana applicable
to ALS symptom management

ALS symptom Marijuana effect
Pain Nonopioid analgesia and anti-in{lammatory
Spasticity Muscle relaxant
Wasting Appetite stimulant
Dyspnea Bronchodilation
Drooling Dry mouth
Depression Euphoria
Dysautonomia Vasodilation
Neuronal oxidation Neuroprotective antioxidant

including vitamin E, vitamin C, coen-
zyme Q, B-carotene, and N-acetyicys-
teine. % Creatine, an amino acid natu-
rally found in skeletal muscle and other
tissues, may also have some benefit in
ALS. Creatine given to “ALS mice,” a
transgenic mouse model of ALS, im-
proved motor performance, prolonged
survival, and slowed loss of motor neu-
rons.® At present, trials of neurotrophic
factors, anti-oxidants, glutamate antago-
nists, and creatine are ongoing. It is cur-
rently felt that a “cocktail™ approach may
be the ideal treatment strategy, including
glutamate antagonists, antioxidants,
and neurotrophic factors.

Application of marijuana for
symptom management of ALS

Amyotrophic lateral sclerosis pre-
sents a multitude of difficult clinical
probiems. This section will overview
these problems and discuss the poten-
tial role marijuana may play in their
managernent. There are both direct and
theoretical applications for using mari-
juana to manage ALS symptoms. Mari-
juana has easily observable clinical
effects with rapid onset (e.g., anaigesia,
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muscle relaxation, dry mouth, ete.). It
also has neuroprotective properties
that may help prolong neuronal cell
survival over extended use. This next
section will delineate specific clinical
problems encountered in ALS and
describe the potential use of marijuana
to address these.

Pain and immobifity

The majority of ALS patients expe-
rience significant pain.?* The pain is
due largely to immobility, which can
cause adhesive capsulitis, mechanical
back pain, pressure areas on the skin,
and, more rarely, neuropathic pain. 3!
Synthetic cannabinoids have been
shown to produce an anti-inflammatory
effect by inhibiting the production and
action of tumor necrosis factor {TNF)
and other acute phase cytokines.*
Additionally, marijuana may reduce
pain sensation, likely through a brain-
stem circuit that also contributes to the
pain-suppressing effects of morphine.
Cannabinoids produce analgesia by
modulating rostral ventromedial me-
dulla neuronal activity in a manner sim-
ilar to, but pharmacologically distinct

from, that of morphine. This analgesic
effect is also exerted by some endoge-
nous cannabinoids (anandamide) and
synthetic cannabinoids (methanan-
damide), and may be prevented by the
use of selective antagonists.™ Thus,
cannabinoids are centrally acting anal-
gesics with a different mechanism of
action than opioids, although the artal-
gesia produced by cannabinoids and
opioids may involve similar pathways
at the brainstem fevel 33" Despite this
promising basic science research, no
clinical trials currently involving mari-
juana have been performed in patients
with naturally occurring pain, There are
two well-controlled clinical studies
using marijuana in cancer pain that
show significant evidence of analgesic
efficacy, although these studies indicate
there is a narrow therapeutic margin
between the doses that produce usefu!
analgesia and those producing euphoria
and other CNS effects. 3837

Concern for drug overuse, within
reason, is pointless in a terminal disease,
and the medication should be given ona
regular dosing schedule and titrated to
the point of comfort.*® Concomitant use
of narcotics may also be beneficial,
since the opioid receptor system appears
to be separate and distinct from the
cannabinoid system. In that regard, the
anti-emetic effect of marijuana may
help with the nausea sometimes associ-
ated with narcotic medications. Un-
toward effects are the possibly signifi-
cant psychoactive effects of marijuana,
which may include euphoria, but can
also include confusion and paranoia (see
Mood state). Some of these side effects,
such as euphoria, may be quite accept-
able in the final phases of life, when res-
piratory insufficiency or severe pain
require increased doses of analgesia. ¥
However, patients and caregivers should
be made aware of these issues and mon-
itor for unwanted effects.

Spasticity

Spasticity in ALS is induced at
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both the motor cortex and the spinal
cord level through the loss of motor
neuron inhibition.2? Marijuana has an
inhibitory effect on the gamma-
amino-butyric acid (GABA) pathways
in the central nervous system.*! This
produces motor neuron inhibition at
spinal levels in mice.*** Baclofen
also works via the GABA pathways
and would theoretically be potentiated
by marijuana, Tizanidine, another
commonly used anti-spasticity drug,
works as an alpha-2 agonist, which is
a different mechanism. Like baclofen
and tizanidine, marijuana does not
cause respiratory depression. This is a
distinct advantage of these drugs over
the benzodiazepines. Despite this,
clinical evidence that marijuana re-
lieves spinal cord spasticity is largely
anecdotal. Large-scale trials or con-
trolled studies to compare marijuana
or THC with currently available thera-
pies have not been performed and
there is no published evidence that
cannabinoids are necessarily superior
to available therapies.

ALS wasting

The term “ALS cachexia” refers to
a phenomenon experienced by some
patients in which weight loss occurs in
excess of that caused by muscle atro-
phy and reduced caloric intake.? Both
subcutaneous fat and peritoneal fat are
lost, presumably because of accelera-
tion of the basal metabolic rate.? In
patients with ALS cachexia, greater
than 20 percent of body weight is typi-
cally lost over a six-month period.
Clinical studies and survey data in
healthy populations have shown a
strong relationship between marijuana
use and increased eating %447 Mari-
Jjuanais reported to increase food enjoy-
ment and the number of times individu-
als eat per day.'4* Mechanistic studies
of marijuana on taste and satiety have
shown that it does not affect taste or
produce a collapse of normal satiety
mechanisms.” Dronabino} has been
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shown to increase appetite and pro-
duce weight gain in AIDS and cancer
patients, although the weight gain is
not in lean body mass.*” Dronabino! is
approved for the treatment of anorexia
in patients with AIDS-associated
weight loss.*?

Respiratory failure

The terminal event in ALS is usually
directly related to respiratory failure,
Restrictive breathing problems usually
develop in ALS and are due (o weak-
ness of the diaphragm, chest wall, and
abdominal musculature.2*?* Although
cannabinoids will not likely improve
respiratory muscle performance, the
cannabinoids are strong bronchodila-
tors, and pharmacologically active,
aerosolized forms of THC have re-
cently been developed.*® This was
done via a small particle nebulizer that
generated an aerosol, which could
penetrate deeply into the lungs, In-
halation exposure to aerosolized THC
in mice elicited anti-nociceptive and
bronchedilation effects that were de-
pendent on concentration and expo-
sure time. The anti-nociceptive and
bronchodilation effects occurred with-
in five minutes of exposure. Canna-
binoid receptor antagonists, but not
naloxone, blocked these effects, again
indicating a cannabinoid receptor
mechanism of action separate from
that of the opioids."*"® These results
demonstrate that the development of
an aerosolized form of cannabinoids
for human medicinal use is feasible.

Dysphagia

Patients with ALS and bulbar symp-
toms also usually have difficuity control-
ling and swallowing the amounts of sali-
va that are normally present in the oral
cavity. Marijuana is a polent anti-
salivatory compound that swiftly dries
the oral cavity and upper airway.*s>
Marijuana may be used alone or in con-
Jjunction with other anti-cholinergic

medications to help dry up secretions.
This potentially reduces the risk for
aspiration pneumonia and may make
the patient more comfortable.

Mood statfe

Reactive clinical depression is ex-
pected in ALS, Marijuana will improve
appetite and sleep, two problems that
may be related to depression. Mari-
juana is often used recreationaliy for
the “euphoria”-inducing properties,
but, in some patients, it may exacerbate
depression.® Further, it is not clear
what effect marijuana will have on the
pseudobulbar palsy or emotional
lability of ALS. Usually, the mental
and behavioral effects of marijuana
consist of a sense of well-being (often
termed a “high™), feelings of relax-
ation, altered perception of time and
distance, intensified sensory experi-
ences, laughter, talkativeness, and
increased sociability when taken ina
social setling.*'"** Impaired memory
for recent events, difficulty concen-
trating, dreamlike states, impaired
motor coordination, impaired driving
and other psychomotor skills, slowed
reaction time, impaired goal-directed
mental activity, and altered peripheral
vision are commonly associated ef-
feets.™ With repeated exposure, vary-
ing degrees of tolerance rapidly devel-
op to many subjective and physiologic
effects, 3¢ Thus, intensity of acute
effects is determined not only by THC
dose, but also by past experience, set-
ting, expectations, and poorly under-
stood individual differences in sensi-
tivity. Large inhaled or oral marijuana
doses or even ordinary doses taken by
a sensitive, inexperienced, or predis-
posed person can produce transient
anxiety, panic, feelings of depression
and other dysphoric mood changes,
depersonalization, bizarre behaviors,
delusions, illusions, or hallucina-
tions.% Depending on the mix of
symptoms and behaviors, the siate has
been termed an acute panic reaction,
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toxic delirium, acute paranoid state, or
acute mania. These unpleasant effects
are usually of sudden onset, during or
shortly after smoking, or appear more
gradually an hour or two after an oral
dose, often lasting a few hours, and
completely clear without any specific
treatment other than reassurance and a
suppoitive environment. Subsequent
marijuana doses may be better tolerat-
ed_56.57

Dysautonomia

Although dysautonomia is not gen-
erally a predominant feature of ALS,
it can cause some unique clinical
problems. Patients may complain of
feeling quite hot, due to alterations in
the autonomic control of peripheral
circulation and perspiration, Mari-
juana produces a transient hypother-
mia and vasodilation, which may ease
these symptoms. Skin temperature
may drop four to six degrees centi-
grade.***? However, marijuana is
also a mild divretic and may produce
dehydration and hypotension. Thus,
blood pressure and fluid intake need
to be monitored in ALS patients that
use marijuana and have dysautono-
mia.SS,ﬁ‘J

Neuroprotective
and antioxidant effects

Cannabinoids have significant neuro-
protective and antioxidative effects.
Recent studies have demonstrated the
neuroprotective effects of synthetic,
nonpsychotropic cannabinoids, which
appear to protect neurons from chermi-
cally-induced excitotoxicity.5*¢* Direct
measurement of oxidative stress re-
veals that cannabinoids prevent cell
death by antioxidation. The antioxida-~
tive property of cannabinoids is con-
firmed by their ability to antagonize
oxidative stress and consequent cell
death induced by the powerful oxi-
dant, retinoid anhydroretinol. Can-
nabinoids also modulate cell survival
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and growth of B-lymphocytes and
fibroblasts.®

The neuroprotective actions of
cannabidiol and other cannabinoids
were examined inrat cortical neuron cul-
tures exposed to toxic levels of the
excitatory neurotransmitter glutamate,
known to be increased in the spinal cords
of ALS patients. Glutamate toxicity was
reduced by both cannabidiol, a nonpsy-
choactive constituent of marijuana, and
the psychotropic cannabinoid THC.%
The neuroprotection observed with
cannabidiol and THC was unaffected by
cannabinoid receptor antagonist, indicat-
ing it to be cannabinoid receptor inde-
pendent. Cannabidiol was more protec-
tive against glutamate neurotoxicity than
either ascorbate (vitamin C) or alpha-
tocopherol (vitamin E).%6%

Cannabinoids have shown efficacy
as immune modulators in animal mod-
els of newrological conditions, such as
experimental allergic encephalomy-
elitis (EAE) and neuritis.*® These data
suggest that cannabinoids might modi-
fy the presumed autoimmune cause of
other neurological diseases, including
muitiple sclerosis (MS). Current data
suggest that the naturally occurring,
nonpsychotropic cannabinoid (canna-
bidiol) may have a potential role as a
therapeutic agent for the neurodegener-
ative disorders produced by excessive
cellujar oxidation, such as ALS.

Using marijuana

Smoking anything, inctuding mari-
juana, is not healthful for the lungs
and airway system.*¢ Despite risk for
bronchitis, the main advantage of
smoking is rapid onset of effect and
easy dose titration. When marijuana is
smoked, THC in the form of an aero-
sol in the inhaled smoke is rapidly
absorbed and delivered to the brain, as
would be expected of a highly lipid-
soluble drug.™* A healthier option is
vaporization. Because the cannabi-
noids are volatile, they will vaporize
al a temperature much lower than

actua) combustion.'s Heated air can be
drawn through marijuana and the
active compounds will vaporize, which
can then be inhaled. This delivers the
substance in a rapid manner that can
be easily titrated to desired effect.®?
Theoretically, this removes most of
the health hazards of smoking, ai-
though this has not been studied.
Additionally, marijuana can be ingest-
ed orally or through a feeding tube,
although oral ingestion is quite differ-
ent than inhalation, The onset of ac-
tion is much slower and titration of
dosing is more difficult.’®* Maxi-
mum THC and other cannabinoid
blood levels are only reached one to
three hours after an oral dose.*® The
same is true of dronabinol capsules,
which also have the disadvantage of
containing only synthetic THC and
none of the other cannabinoids.*’

For ALS patients with severe dys-
phagia, the inhalation route offers addi-
tional advantages beyond rapid onset of
action, particularly compared to the
currently available capsule formulation,
This raises many issues concerning the
best modc of administration, Ideally,
drug administration would be via a
delivery route that is safe, easy to titrate,
and readily dispersed in the body.
Smoking or vaporizing plant material
for inhalation poses difficulties in stan-
dardizing testing paradigms. The devel-
opment of alternative dosage forms,
including an inhaler form into which a
controlled unit dose could be placed
and volatilized would make clinical use
much easier. Aerosolized cannabinoids
have been developed, as described ear-
lier, although they are not yet commer-
cially availabie.

Legal issues

An in-depth discussion of the legal
ramifications of using medicinal mari-
juana is beyond the scope or intent of
this paper. In some states, it is current-
Iy legal to use marijuana for medicinal
purposes.”™ In Washington state, a
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not-for-profit cooperative organiza-
tion, the Green Cross, provides high-
quality, medicinal marijuana to pa-
tients for a minimal donation, and
delivers the marijuana to homebound
patients. However, in other states, the
use of marijuana for any purpose
remains illegal. Health care providers
need to know the local laws before
recommending medicinal marijuana
to avoid legally endangering their pa-
tients and themselves.” % All deci-
sions on the ultimate usefulness of a
medical intervention should be based
on a benefit/risk calculation, and mar-
ijuana is no exception to this principle.

Conclusion

Marijuana is a substance with many
properties that are directly applicable
to the management of ALS. These
include analgesia, muscle relaxation,
bronchodilation, saliva reduction, ap-
petite stimulation, sleep induction,
and euphoria. In addition, marijuana
has now been shown to have strong
antioxidative and neuroprotective ef-
fects, which may prolong neuronal
cell survival. From a pharmacological
perspective, marijuana is reasenably
safe with minimal possibility of over-
dose. In states where it is legal to do
so, marijuana should be considered in
the pharmacelogical management of
ALS,

Moreover, the scientific process
should be allowed to evaluate the
potential therapeutic effects of mari-
juana for ALS and other disorders,
detached from the societal debate over
any potential harmful effects of non-
medical marijuana use.
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Abstract

Cannabis (marijuana) has been
proposed as treatment for a widening
spectrum of medical conditions and
has many properties that may be
applicable to the management of amy-
ofrophic lateral sclerosis (ALS). This
study is the first, anonymous survey of
persons with ALS regarding the use of
cannabis. There were 131 respondents,
13 of whom reported using cannabis
in the last 12 months. Although the
small monber of people with ALS that
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reported using cannabis limits the
interpretation of the survey findings,
the results indicate that cannabis
may be moderately effective ar re-
ducing symptoms of appetite loss,
depression, pain, spasticity, and
drooling. Cannabis was reported
ineffective in reducing difficulties
with speech and swallowing, and
sexual dysfunction. The longest re-
lief was reported for depression (ap-
proximately two to three hours).

Key words: pain, palliative care,
cannabis, medicinal marijuana, amy-
otrophic lateral sclerosis

Introduction

Amyotrophic lateral sclerosis (ALS),
with an incident rate of five to seven
per 100,000 population, is the most
common form of adult motor neuron
disease.'* ALS is a rapidly progres-
sive neuromuscular disease that
destroys both upper and lower motor
neurons, ultimately causing death,
typically from respiratory failure. The
vast majority of ALS is acquired and
occurs sporadically. There is not'yet a
known cure for ALS.*5
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ALS patients may present with any
number of clinical symptoms, includ-
ing weakness, spasticity, cachexia,
dysarthria and drooling, and pain sec-
ondary to immobility, among others.”®
Previous studies have reported both
direct and theoretical applications for
using cannabis to manage some of
these ALS symptoms.*!! Cannabis
has easily observable clinical effects
with rapid onset {(e.g., analgesia, mus-
cle relaxation, dry mouth), Moreover,
some components of marijuana (not
inhaled smoke) have been shown in
laboratory studies to have neuropro-
tective properties that may help pro-
long neuronal cell survival over ex-
tended time, 1216

Marijuana is a complex plant, con-
taining over 400 chemicals.!” Ap-
proximately 60 are cannabinoids,
chemically classified as 21 carbon ter-
penes.'™13 Among the most psychoac-
tive of these is delta-9-tetrahydro-
cannabinol (THC).'%-18 Because of this
biochemical complexity, characteriz-
ing the clinical pharmacology of mari-
juana s difficult. The clinical pharma-
cology of marijuana containing high
concentrations of THC may well
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differ from plant material containing
small amounts of THC and higher
amounts of the other cannabinoids.
The bioavailability and pharmacoki-
netics of inhaled marijuana are also
substantially different from those
taken by ingestion. The cannabinoids
are all lipid soluble compounds and
are not soluble in water.'” Besides
THC, which is the active ingredient in
dronabinol, varying proportions of
other cannabinoids, mainly cannabidi-
ol (CBD) and cannabinol (CBN), are
also present in marijuana and may
modify the pharmacology of THC as
well as have distinct effects of their
own. CBD is not psychoactive but has
significant anticonvulsant and seda-
tive pharmacologic properties and
may interact with THC.2%2!

The concentration of THC and other
cannabinoids in marijuana varies
greatly depending on growing condi-
tions, plant genetics, and processing
after harvest.! In the usual mixture of
leaves and stems distributed as mari-
juana, concentration of THC ranges
from 0.3 percent to 4 percent by
weight.2?* However, specially grown
and selected marijuana can contain 15
percent or more THC. Thus, one gram
of marijuana might contain as little as
three milligrams of THC or more than
150 mg.?! THC is a potent psychoac-
tive drug, and large doses may produce
mental and perceptual effects similar
to hallucinogenic drugs.?*2 Despite
this, THC and other cannabinoids
have low toxicity, and lethal doses in
humans have not been described >0

Despite risk for bronchitis, the
main advantage of smoking is rapid
onset of effect and easy dose titration.
‘When marijuana is smoked, cannabi-
noids in the form of an aerosol in the
inhaled smoke are rapidly absorbed
and delivered to the brain, as would be
expected of a highly lipid-soluble
drug.?’*8 However, smoking anything,
including marijuana, carries health
risks for the lungs and airway system.
A healthier option is vaporization.

96

Because the cannabinoids are volatile,
they will vaporize at a temperature
much lower than actual combustion.?*
Heated air can be drawn through mari-
juana and the active compounds will
vaporize, which can then be inhaled.
This delivers the substance in a rapid
manner that can be easily titrated to
desired effect.?® Vaporization there-
fore removes most of the health haz-
ards of smoking.?’

The medicinal use of cannabis is
better documented in multiple sclero-
sis (MS) than in other clinical condi-
tions, although evidence tends to be
anecdotal, and no controlled clinical
trials of medicinal marijuana use in
MS have been published.?®3? With
respect to pain, the concomitant use of
cannabis with narcotics may be bene-
ficial, because the cannabinoid recep-
tor systemn appears to be discrete from
that of opioids.*0-® In that regard, the
antiemetic effect of cannabis may also
help with the nausea sometimes asso-
ciated with narcotic medications.
Untoward effects of cannabis include
potentially significant psychoactive
properties, which may produce a
sense of well-being or euphoria but
can also induce anxiety, confusion,
paranoia, and lethargy.*®

To date there have not yet been any
empirical studies to investigate the use
of cannabis for medicinal purposes in
ALS. The purpose of this survey was
to gather preliminary data on the
extent of use of cannabis among per-
sons with ALS (PALS) and to learn
which of the symptoms experienced
by PALS are reported to be alleviated
by the use of cannabis,

Methodology

Participants in this survey were
recruited from the ALS Digest (the
Digest), an electronic discussion list
published weekly to serve the world-
wide ALS community, including
patients, families, caregivers, and
providers. The Digest serves as a

forum for discussion of issues related
to ALS and is not intended to provide
medical advice on individual health
matters. The Digest can be viewed at
www.alslinks.com. Currently there are
over 5,600 subscribers in 80 countries
worldwide, However, the number of
subscribers with ALS is not known.
The editor is not a physician and the
Digest is not peer reviewed. An e-mail
invitation to participate was posted to
the Digest four times over two months.

The survey was available online
from January 6 through March 2,
2003, approximately eight consecu-
tive weeks. Any subscriber with ALS
was invited to participate on a volun-
tary and anonymous basis. The spon-
soring institution human subjects
review board approved the study pro-
tocol. A Web-based survey too! devel-
oped by the University of Washington
was used to collect responses. The
tool uses SSL encryption for trans-
ferred data, and all identifying infor-
mation was stored in a code transla-
tion table separate from the actual data
to protect the privacy of respondents.
The University of Washington human
subjects review board has approved
this tool for research purposes.

PALS who wanted to participate
were given a Web site address that
introduced the survey and provided a
link to the survey site. The invitation
to participate did not mention can-
nabis or marijuana, in order to dis-
courage participation by individuals
who do not have ALS but might other-
wise be interested in promoting legal-
ization of marijuana. The survey was
titled “A survey of ALS Patients Who
Use Alternative Therapies to Treat
Symptormns.”

It was presumed by the investiga-
tors that the diagnostic information
provided by the survey participants
was accurate (i.e., no medical records
were reviewed to confirm their diag-
nosis). In addition to a series of ques-
tions related to the ALS symptoms, the
use of cannabis, and its effectiveness in
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alleviating the symptoms of ALS, par-
ticipants were also asked to provide
demographic and diagnostic informa-
tion. The survey was anonymous and
it is therefore impossible to conclu-
sively determine whether all respon-
dents were individuals with ALS.
However, the first six questions of the
survey asked about how and when the
respondent was diagnosed with ALS
and specifically asked those who were
not diagnosed with ALS by a physi-
cian to not fill out the survey. The
authors carefully studied the demo-
graphic and diagnostic information
provided by each respondent for com-
pleteness, consistency, and plausibili-
ty. Records with the diagnostic infor-
mation missing were excluded from
the analysis. Many participants of-
fered extensive information about
other alternative therapies they use,
and the general comments appeared to
reflect experiences of individuals Tiv-
ing with ALS.

Resulis

A total of 137 responses were
received. Four responses were exclud-
ed becanse of duplicate submission
(i.e., the same person inadvertently
submitting more than one survey by
hitting the submit key more than once)
and two because of failure to complete
most of the questions of the survey.
Electronic logs of all submissions were
inspected for repeated entries from the
same Internet protocol (IP) address.
None were found. A total of 131
responses were retained for analysis.

The demographics of the sample are
shown in Table 1. Seventy-five percent
of the respondents were male and 90
percent were Caucasian, The average
age of participants was 54 years [stan-
dard deviation (SD) = 11], with no sig-
nificant difference between the genders
[Mean (M) = 54 for males, SD=10.7; M
= 53 for females, SD = 12.5]. Eighty-
four percent of the respondents were
married or living with a significant

other, 17 percent were employed (full
time or part-time), 64 percent were
unemployed or retired due to disability,
and 18 percent were retired due to age.
Respondents reported high levels of
education, with only 13 percent with
high school education or less and 62
percent with college education or high-
er. The time since ALS diagnosis
ranged from one month to 24 years.
The median time since diagnosis (i.e.,
duration) was three years, the mean
duration was approximately four years
(M =44, 8D =4.0). About a half of the
sample reported they used a wheelchair
usually or always, and about 20 percent
reported no restrictions in mobility.
Eighty-one percent of the respondents
filled out the survey independently
while 19 percent reported that they
required assistance from others. One-

~half of the participants were taking

Riluzole. The majority of participants
{69 percent) reported that they live in
the United States, 8 percent in Canada,
and 5 percent in Australia. Six percent
of the participants live in Europe, while
the rest (12 percent) of the respondents
reported that they were from Africa,
India, Israel, Brazil, Ecuador, Guate-
mala, or Argentina. Fifty-three partici-
pants (41 percent} reported drinking
alcohol, 14 (11 percent) reported that
they used tobacco, and four (3 percent)
reported consuming both alcohol and
tobacco.

Use of cannabis

Seventy-seven respondents (60
percent) reported that they never used
cannabis, and 41 (31 percent) used
cannabis in teenage or college years
only. Thirteen respondents (10 per-
cent) reported using cannabis in the
last 12 months, and their demograph-
ics are outlined in Table 2.

Those who reporied using cannabis
in the last 12 months were all male and
all lived in the US. Ten of those who
reported using cannabis in the last 12
months also responded affirmatively
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to the question that asked about the
use of cannabis during the teenage, col-
lege, and adult years. All of those who
reported using cannabis in the last 12
months also reported that they used
cannabis at some point in their lives
before they were diagnosed with ALS.
Six of the cannabis users reported that
they lived in a state where medical
cannabis is legal, and four lived in a state
where medical cannabis is illegal. The
remaining three respondents were not
sure whether medical cannabis was legal
in their state. There were no statistically
significant differences between the
cannabis users and non-users (see Table
2) on any demographic variable (age,
marital status, employment status, edu-
cation level, time since diagnosts, mobil-
ity status).

None of those who reported using
cannabis in the past 12 months report-
ed tobacco use, but all reported drink-
ing alcohol,

Eight cannabis users reported
smoking cannabis in the last three
months. Two respondents reported
smoking cannabis infrequently (less
often than once a month), one reported
smoking one to two times a week, and
three reported daily use.

No respondents reported only
breathing vaporized cannabis, although
one participant reported using vapor-
ized cannabis in addition to smoking
and using medicinal cannabis. Two par-
ticipants reported eating cannabis, one
in addition to smoking it. Three respon-
dents used medicinal cannabinoids (i.e.,
Dronabinol). Of the three respondents
who used medicinal cannabinoids, one
reported using only medicinal cannabi-
noids, one also smoked cannabis, and
one both smoked as well as breathed
vaporized cannabis.

Symptoms
The intensity of ALS-related symp-
toms was quantified by asking respon-

dents to rate how much they experi-
ence each of the symptoms on a
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Table 1. Sample demographics

Minimuimn Maximum
Age 25 82
Duration of ALS in years .05 23.43
Number Percent
Male 98 75
Gender Female 33 25
Total 131 100
African American 1 1
Asian 4 3
Race White 118 90
Other 8 6
Total 131 100
Full time 16 13
Part time 5 4
Retired due to disability 56 43
Employment Retired due to age 23 18
Unemployed due to disability 27 21
Homemaker 1 i
Total 128 100
Less than high school 3 2
High school graduate 14 I1
Education Vocational school/some college 33 25
College graduate 38 29
Graduate/professional degree 42 33
Total 130 100
Married/living with significant other 110 84
Marital status Single/divorced/separated/widowed 21 16
Total 131 100
Inherited 5 4
Acquired 45 35
Type of ALS Unsure 79 61
Total 129 100
No restrictions 27 21
Some difficulty walking on uneven surfaces 16 12
vre Use canes, crutches, or walkers 18 14
Mobility Usnally use wheelchair 30 23
Always use wheelchair 38 30
Total 129 100
Required assistance Yes 2 19
Wit(l]’l filling out survey No 105 81
Total 130 100
Yes 65 50
Riluzole No 66 50
Total 131 100
98 American Jounal of Hospice & Palliative Medicine
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Table 2. Demographics of cannabis users
Minimum Maximum
Age 35 59
Duration of ALS in years 2 10.4
Number Percent
Male 13 100
Gender Female 0 0
Total 13 100
African American 0 0
Asian 0 0
Race White 13 160
Other 0 0
Total 13 100
Fuli time 2 15
Part time 1 8
Retired due to disability 6 46
Employment Retired due to age 0 6
Unemployed due to disability 4 31
Homemaker 0 0
Total i3 100
Less than high school 0 0
High school graduate 1 8
E ] Vocational school/some college 4 33
ducation College graduate 6 51
Graduate/professional degree 1 8
Total 12 100
Married/living with significant other 12 92
Marital status Single/divorced/separated/widowed 1 8
Total 13 100
Inherited 0 0
Acquired 6 42
Typeof ALS Unsure 7 54
Total 13 100
No restrictions 1 8
Some difficulty walking on uneven surfaces 4 31
. Use canes, crutches, or walkers 2 i5
Mobility -
Usnally use wheelchair 2 15
Always use wheelchair 4 31
Total 13 100
Required assistance Yos 2 15
wit‘lll filling out survey No 1 85
Total 13 100
Yes 4 31
Riluzole No 9 69
Total 13 100
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Table 3. Symptoms reported by cannabis users

Cannabis nonuvsers Cannabis users

Symptom Minimum | Maximum inlrtla:lz;;y SD | N |Minimum | Maximum inﬁf:‘ity sb | N
Weakness 0 4 2.87 1.05 | 118 1 4 2.85 099 | 13
Speech difficulties 0 4 1.93 1.55 | 118 I 4 222 1.9 1 9
Drooling G 4 0.97 1.15 | 118 1 4 2.00 115 | 7
Swallowing difficulties 0 4 1.36 1.33 | 118 1 4 2.00 1.20 | 8
Shortness of breath 0 4 1.11 1.14 | 118 1 4 1.80 1.03 | 10
Pain 0 4 1.14 1.15 | 118 1 4 1.67 121 | 6
Spasticity 0 3 1.77 1.25 | 118 | 3 1.63 092 | 11
Appetite loss 0 3 0.73 1.06 | 118 L 3 1.56 088 | 9
Depression 0 3 1.20 1.07 | 118 1 3 1.50 085 | 10
Sexual dysfunction 0 2 .97 1.38 | 118 I 2 125 050 | 4

five-point scale ranging from “not at
all” (0) to “very much” (4). The most
frequent symptom was weakness
{reported by all cannabis users). The
mean intensity was highest for weak-
ness, followed by speech difficulties,
drooling, and swallowing difficulties.
The intensity of symptoms reported
by respondents who did not use
cannabis was not statistically signifi-
cantly different from the symptom
intensity reported by the cannabis
users [F(10, 120) = 1.07, P= .39]. A
summary of symptoms and their
intensity is listed in Table 3.

The amount of relief attributed to
cannabis use was assessed by asking
the respondents to rate the degree to
which cannabis alleviates each symp-
tom on a five-point scale ranging from
“not at all” (() to “completely relieves
the symptom” {4). Respondents re-
ported that the use of cannabis helped
moderately for depression, appetite
loss, spasticity, drooling, and pain. All

100

cannabis users who reported symp-
toms of appetite loss and depression
also reported that cannabis reduced
these symptoms. None of the cannabis
users reported any reduction in diffi-
culties with swallowing and speech or
sexual dysfunction.

The duration of symptom relief was
measured on a scale from 0 (no relief) to
6 (more than nine hours). Respondents
reported the most lasting relief (on aver-
age two to three hours) for depression.
The loss of appetite, drooling, shortness
of breath, spasticity, and pain were
reported to be relieved on average for
approximately one hour or less. Table 4
provides a summary of symptoms
reported by the cannabis users. Level of
relief was reported on a five-point scale
ranging from “not at all” (0} to “com-
pletely relieves the symptom” (4). The
duration of symptom relief was mea-
sured on a scale from “no relief” (0),
“less than one hour” (1), “two to three
hours” (2), “four to five hours” (3), “6 to

7 hours™ (4}, “eight to nine hours™ (5),
“more than nine hours™ (6).

Discussion

There is an increasing amount of
research concerning the medicinal
effects of cannabinoids. For example,
cannabinoids have been reported to
reduce chemotherapy-induced nausea
and vomiting, lower intraocular pres-
sure in patients with glavcoma, reduce
anorexia in patients with cancer and
AlDS-associated weight loss, and
reduce pain and spasticity in MS.30-39
Cannabinoids, the active ingredients
in marijuana, may also have proper-
ties that may be applicable to the man-
agement of ALS.>'° However, to date
no empirical studies of use and effec-
tiveness of cannabis for symptom man-
agement by PALS have been published.

Approximately 10 percent of the
survey respondents reported using
cannabis. This is a lower rate than the
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Table 4. Level and duration of relief following use of cannabis

Symptom Minimum | Maximum A::;;itg.e SD 1:}?;:;::? Percent S?;T::ﬁgf Percent To;}al
Weakness
degree of relief 0 2 0.75 071 3 37.50 5 62.50 8
length of relief 0 3 1.60 I.14 5
Speech difficulties
degree of relief 0] 0 0.00 0.00 6 100.00 0 0.00 6
length of relief
Drooling
degree of relief 0 3 1.75 1.25 1 25.00 3 75.00 4
length of relief 2 2 2.00 | 0.00 3
Swallowing difficulties
degree of relief 0 0 0.00 |0.00 6 100.0 0 0.00 6
length of relief
Shortness of breath
degree of relief 0 3 0.60 134 4 80.00 i 20.00 5
length of relief 2 2 2.00 | 0.00 1
Pain
degree of relief 0 3 1.67 1.21 1 16.67 5 83.3 6
length of relief 1 3 200 [071 3
Spasticity
degree of relief 0 4 1.86 1.46 2 28.57 5 7143 7
length of relief | 3 200 1071 5
Appetite loss
degree of relief | 4 2.13 1.13 0 0.00 8 100.00 8
length of relief 2 3 217 040 6
Depression
degree of relief 1 4 2.13 I.13 0 0.00 8 100.00 8
length of relief 1 4 2.67 1.03 6
Sexual dysfunction
degree of relief 0 0 0.00 | 0.00 3 100.00 0 0.00 3
length of relief
American Journal of Hospice & Palliative Medicine 101
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frequency of use reported by other
patient populations, including MS,
AIDS, and cancer patients,'®30.31
However, the pattern of symptom
relief reported by the small number of
PALS who reported using cannabis’?
was consistent with the reported
effects of cannabis for symptom man-
agement by people with other condi-
tions, including MS.3%3538 Cannahis
users reported that cannabis smoking
was most effective at reducing depres-
sion, appetite loss, pain, spasticity,
drooling, and weakness. The factor that
most predicted current use of cannabis
by PALS was reporied previous use
{presumably recreational).

The survey had a number of limita-
tions. First, the survey resuolts reported
here are based on a relatively small
number of respondents (131) and on
reports of 13 cannabis users, and may
not be representative of the patterns of
cannabis use in the ALS population by
people with ALS in general. Second,
75 percent of the respondents were
male, 25 percent were female, Men
appear to be about 1.5 times more
likely to be affected with ALS than
women,”® so the percentage of female
participants is slightly lower than
expected in the general ALS popula-
tion (about 33 percent). Published
studies of Internet use consistently
report that females are less likely to
use the Internet for reasons that may
be independent of income and esti-
mate that only about one-third of
Internet users are women.*# This
may account for the lower than expected
participation by women with ALS.

A third limitation of the study is
that a disproportionate number of the
survey respondents were white (90
percent) and all cannabis users were
white. There is some evidence that
whites may be at higher risk for ALS,
though most researchers agree that
ALS equally affects people of all
races.*> Racial discrepancies in rates
of ALS may be due to poorer access to
healthcare for minority populations in
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the US, particularly access to tertiary
referral centers, where the ALS diagno-
sis is often made. Published studies re-
port that over 80 percent of Internet users
are white;* this is the most likely expla-
nation for the disproportionate parti-
cipation by Caucasians in this survey.,

Pourth, Internet users tend to be
highly educated. Almost 6{ percent
report having at least one degree.*8
Those with higher education are more
likely to own computer equipment and
to use it to connect to the Internet.!
The results of the survey we report
here provide further evidence for this
trend, with only 13 respondents (10
percent) reporting having high school
education or less.

Finally, none of the participants
from the countries where cannabis use
is prevalent (India) or legal for med-
ical uses (Australia, Canada) reported
using cannabis, The most likely expla-
nation for this finding is the small
number of participants from these
countries; only one respondent was
from India, six from Australia, and
eleven from Canada.

In general, professionals with uni-
versity degrees living in households
with disposable incomes sufficient to
purchase technology tools are likely to
be over-represented in Internet sur-
veys. Women, minorities, the elderly,
those who live on social assistance
disability payments, or who earn min-
imum wages, are much less likely to
patticipate 45!

Privacy is a major issue associated
with Web-based methodology. When
the Internet is used for research, espe-
cially for research on sensitive issues
{(such as using substances that are ille-
gal under federal law and most state
laws), protecting the privacy of the par-
ticipants is paramount. By making the
survey anonymous, the authors protect-
ed the privacy of the respondents but
gave up the ability to verify respon-
dents’ diagnoses or prevent repeated
or malicious submittals. Although the
records showed that no two responses

were submitted from the same IP
address, the IP address identifies the
computer, not the user. Therefore, it
cannot be conclusively determined
that one respondent did not submit
more than one response using differ-
ent coniputers.

The low response rate might be
explained by many factors. First, we
do not know how many participants in
the electronic discussion list that was
used to recruit participants have ALS.
It is possible, even likely, that a large
majority of the participants are family
members, service providers, and ad-
vocates. Second, the respondents who
do not use alternative therapies may
have been less likely to respond, It is
unclear what percentage of people
with ALS use alternative therapies. A
recent survey from Germany suggests
that about half of the ALS patients
there use complementary and alterna-
tive medicine.’* Some respondents
who do not use alternative therapies
such as vitamins and supplements, but
do use cannabis to manage their
symptoms may not have considered
cannabis to be an “alternative thera-
py” and decided not to participate.
Many respondents provided informa-
tion on vitamins, supplements, and
other alternative therapies in the
write-in spaces of the survey even
though they were not asked about
these therapies directly, probably
because the respendents had anticipat-
ed the survey would gather informa-
tion on those topics. Third, even
though the invitation as well as the
introduction to the survey clearly stat-
ed that the survey was anonymous and
there was no way for the researchers
to associate a specific response with a
specific respondent, many may have
been individuals who are generally
suspicious of providing information
via the Internet and may have decided
not to participate for this reason.

Despite the limitations of this study
noted above, these preliminary find-
ings support the need for further
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research into the potential benefits of
cannabis use for the ciinical manage-
ment of some ALS symptoms. These
include pain, which was one of the
symptoms identified in a recent study
as not being sufficiently addressed in
ALS . Further research is needed to
see if the current findings can be con-
firmed using non-Internet-based sur-
vey methodology with a defined sam-
ple. It would also be informative to
inquire about cannabis use within the
context of subject beliefs about the
efficacy of various alternative and
complimentary approaches and their
engagement and satisfaction with those
approaches,
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Cannabidiol: An Overview of
Some Pharmacological Aspects

Raphael Mechoulam, Linda A. Parker, and Ruth Gallily

Over the puast few years, considerable attention has focused
on cannabidiol (CBD), a major nonpsychotropic constituent
of cannabis. The authors present a review on the chemistry
of CBD and discuss the anticonvulsive, antianxiety,
antipsychotic, antinausea, and antirheumatoid arthritic

properties of CBD. CBD does not bind to the known
cannabinoid receptors, and its mechanism of action is yet
unknown. It is possible that, in part at least, its effects are due
to its recently discovered inhibition of anandamide uptake
and hydrolysis and lo its antioxidative effect.

Journal of Clinical Pharmacology, 2002;42:118-19S

annabidiol (CBD) was first isolated from the can-

nabis plant in the late 1930s and early 1940s, and
its structure was elucidated in 1963. For an introduc-
tion to the chemistry of CBD, see Mechoulam and
Hanus." No pharmacological work was reported on
CBD until the early 1970s, except the determination
that it had no cannabis-like activity in vivo.?® Over the
next few years, some work was reported, particularly
on its anticonvulsive effects. Later, antianxiety effects
were noted, and some of its actions on the immune sys-
tem were explored. More recently, its effects on nausea,
as an antioxidant in biological systems and as an
antirheumatotd arthritis drug, were reported. The pres-
ent review summarizes these advances. Zuardi et al?
have recently critically discussed the effects of CBD on
some of these states. To avoid duplication, we empha-
size in this review the antinausea and immune system
effects, including rheumatoid arthritis, that are not
evaluated by Zuardi et al.
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CBD: ANTICONVULSIVE EFFECTS

In the early 1970s, several groups found that CBD was
active in reducing or blocking convulsions produced
in experimental animals by a variety of procedures.*”
The CBD effects were comparable to those of
diphenylhydantion (DPH) and other drugs, which are
clinically effective in major seizures.® CBD was also
found to enhance the anticonvulsant potency of DPH
and phenobarbital.** Karler and Turkanis' compared
the effects of CBD and THC in the maximal electro-
shock test in mice, which measures anticonvulsant ac-
tivity, The ED,, of CBD (118 mg/kg) was close to that of
ATHC (101 mg/kg). In frogs (Rana pipiens), both
cannabinoids were about 1000 times more active, but
only in the summer. In the winter, the frogs were not re-
sponsive to either cannabinoid, even at massive doses.™
However, in another assay—the pentylene tetrazol
minimal-seizure threshold test in mice—differences
between the activities of CBD and THC were noted. It
was assumed that THC and CBD act by different mech-
anisms, with CBD more closely resembling the well-
established antiepileptics at that time (e.g., phenobar-
bital and DPH) than does A®-THC. Indeed, when
conformational energy maps were computed and com-
pared for DPH and CBI, it was noted that the spatial re-
lationship between the two rings in the two drugs was
similar and close to the respective structures in the
crystal. This was supported by 'H and *C NMR mea-
surements. It was also found that both compounds ful-
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fill the stereochemical requirements suggested for
anticonvulsant drug action.'

The early preclinical anticonvulsant work is well re-
viewed."*"* Consroe," in a more recent review, has sug-
gested that CBD is largely inactive in animal models of
absence seizures produced by electroshock or
chemoshock models. However, it is active against corti-
cal focal seizures produced by topical application of
convulsant metals or limbic seizures produced by elec-
trical stimulation or kindling, as well as in generalized
maximal (tonic-clonic) seizures produced by electro-
shock or GABA-inhibiting drugs.

Both CBD enantiomers are anticonvulsive.”® It is
quite possible that they act by different mechanisms.
While the natural (-} CBD does not bind to the central
cannabinoid receptor, CB1, the synthetic {+) CBD has
recently been shown to bind to CB1."™ The mechanism
of (=) CBD anticonvulsive activity is unknown; how-
ever, it is reasonable 1o assume that (+) CBD, like THC,
acts by activation of CB1. Recently, Wallace st al”” com-
pared the anticonvulsant effects of THC with those of
CBD. The effects of THC could be blocked with a
cannabinoid receptor antagonist, while those of CBD
could not. The authors thus confirmed that the effects
of CBD are not CB1 receptor mediated. These conclu-
sions support the early observation by Karler and
Turkanis.*

CBD has very low toxicity. LD, on IV administration
to the rhesus monkey was 212 mg/kg."® The oral LD,
could not be established, but it was pointed out that
“the results obtained with prolonged oral CBD treat-
ment should be viewed with the knowledge that the
aral route requires 20-50 times larger cannabinoid dose
than the i.v. route to initiate severe intoxication.”** CBD
did not elicit signs of CNS inhibition or stimulation and
did not cause autonomic aberrations. Clinical measure-
ments, eye examinations, and EKG recordings were
normal. There were no significant alterations in growth
rates.

The pharmacckinetics of CBD is quite compli-
cated." On IV administration, CBD is rapidly distrib-
uted, followed by prolonged elimination (terminal
half-life = @ h}. CBD is barely absorbed after oral admin-
istration. The oral bicavailability ranges between 13%
and 19%, which may be due to a first-pass effect. These
observations may explain the results, described above,
by Rosenkrantz et al."

The essential lack of toxicity made possible an early
anticonvulsive elinical trial. ® After a phase I clinical
trial in healthy volunteers, 15 patients suffering from
secondary generalized epilepsy with temporal focus
were randomly divided into two groups. Each patient
received, in a double-blind procedure, 200 to 300 mg
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daily of CBD or placebo. The drugs were administered
for as long as 414, months. Clinical and laboratory exam-
inations, EEG, and ECG were performed at 15- or
30-day intervals. Throughout the experiment, the pa-
tients continued to take the antiepileptic drugs pre-
scribed before the experiment, although these drugs no
longer controlled the signs of the disease. All patients
and volunteers tolerated CBD very well, and no signs of
toxicity or serious side effects were detected on exami-
nation. Four of the 8 CBD subjects remained almost free
of convulsive crises throughout the experiment, and 3
other patients demonstrated partial improvement in
their clinical condition. CBD was ineffective in 1 pa-
tient. The clinical condition of 7 placebo patients re-
mained unchanged, whereas the condition of 1 pa-
tient clearly improved. Due to the huge amounts of
drug required, this promising clinical trial was never
continued.

CBD: SEDATIVE AND
ANXIOLYTIC EFFECTS

In the early 1980s, several groups independently dis-
covered that CBD has sedative and antianxiety proper-
ties, albeit at doses higher than those of the clinically
used drugs at that time. Pickens* compared THC and
CBD with chlorpromazine administered orally to mice
and found that the sedative potency (8D} was 1.06
mg/kg for THC, 1.26 mg/kg for chlorpromazine, and
4.72 mg/kg for CBD.”

Musty® found that CBD improved avoidance learn-
ing in a stressful situation, decreased the occurrence of
stress-induced ulcers in mice, and decreased response
suppression in a punished response fask. In a further
work, Musty et al®® showed that CBD affects condi-
tioned anxdety-like behavior in a taste aversion model.

A Brazilian group, on the basis of initial studies in
rats (unfortunately, some published in Portuguese and
not generally available), undertook an evaluation of the
action of CBD on anxiety and other effects produced by
THC in normal subjects.* They found that CBD blocks
the anxiety produced by THC. This effect also extended
to other CNS effects caused by THC; however, not all
THC effects were blocked. The effect of THC on pulse
rate was unchanged. These observed effects support
the widely held view that cannabis effects differ from
those of THC alone, as the crude drug contains both
CBD and THC. The same group later compared the
anxiolytic effects of CBD with those of ipsapirone (a
5HT,, partial agonist) and with diazepam in a double-
blind study in a simulated public speaking test.* All
three compounds were active, although the doses of
CBD needed were considerably higher than those of the
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two other drugs. No further human trials with CBD in
anxiety have been reported, and there are no publica-
tions directly comparing the action of CBD, CBD/THC,
or THC/cannabis in humans. However, the results in
humans have been confirmed in animal studies.
Guimaraes et al*® showed that CBD in doses of 2.5, 5.0,
and 10.0 mg/kg significantly increased the entry ratio
{open/total number of entries) in the elevated plus-
maze assay, an anxiolytic-like effect. CBD at a dose of
20.0 mg/kg was not effective. These results indicate
that the anxiolytic effect of CBD in the elevated
plus-maze, like many other effects of cannabinoids, is
biphasic (cf. Sulcova et al*’).

In a further publication by the same group, it was
shown that the dimethylheptyl homolog of CBD
{HU-219) is considerably more potent than CBD or di-
azepam in the same assay.”®

Onaivi et al* also reported that, in conirast to effects
seen with THC, mice treated with CBD spent a greater
amount of time in the open arm of the elevated
plus-maze, an effect similar to that produced by diaze-
pam, the reference anxiolytic agent.

CBD: HYPNOTIC EFFECT

Monti* has reported that 20 mg/kg single doses of CBD
decreased slow-wave sleep latency in rats, but higher
doses caused an increase. However, wakefulness was
decreased. This is another example of the biphasic ac-
tion of CBD.

Carlini and Cunha® reported that relatively high
doses of CBD (160 mg] caused significantly longer
sleep in insomniacs than those on placebo.

CBD: ANTIPSYCHOTIC EFFECTS

Zuardi et al* have shown that CBD is active in animal
models predictive of antipsychotic activity. Thus, CBD
(15-480 mg/kg) reduced the occurrence of stersotype
behavior induced by apomorphine and increased the
doses of apomorphine needed to cause such behavior.
The same effects were observed with haloperidol, al-
beit at much lower doses. However, haloperidol caused
catalepsy at high doses, while CBD did not.

On the basis of these preclinical experiments and
lack of toxicity (see above), a single case clinical trial
was undertaken: a young 19-year-old black woman, di-
agnosed as schizophrenic, was administered CBD (up
to 1.5 g/day). Improvement with CBD was observed in
all items of the standard Brief Psychiatric Rating Scale
(BPRS) and was essentially equivalent to that seen with
haloperidol. The authors concluded that CBD may pos-
sess an atypical antipsychotic profile.®

NOVEMBER SUPPLEMENT

A German group has looked into the effects of
nabilone (a synthetic cannabinoid drug with THC-like
properties) and CBD on binocular depth inversion.
This visual phenomenaon is a normal illusion of visual
perception and is reduced in schizophrenic patients.*
While nabilone caused impairment of binocular depth
inversion, CBD reduced this impairment.* On this ba-
sis, the same group administered CBD to schizophrenic
patients. Preliminary results, presented at a meeting,
indicate positive results.* Is CBD, or a more potent de-
rivative, going to become a new antischizophrenic
drug?

CBD: ANTI-INFLAMMATORY
EFFECTS

The pathogenesis involved in inflammatory reactions
is complex and multifunctional. It is triggered and
maintained by various intercellular mediators—the
cytokines. One of these eytokines, tumor necrosis fac-
tor (TNF), is particularly important in triggering a cas-
cade of other cytokines, which also participate in the
inflammatory process. The rise and involvement of
TNF in many pathological manifestations are well es-
tablished. Recently, very encouraging results using
anti-TNF therapy for rheumatoid arthritis and colitis
were reported.”” Potent suppression of the clinical
manifestations of these chronic diseases was noted.

It is well established that stimulation causes a respi-
ratory burst in phagocytes, characterized by a sharp in-
crease in oxygen uptake. Reactive oxygen intermedi-
ates (ROI) are formed whose antimicrobial and
antitumor activity is of major importance in the protec-
tion of body systems.*

Nitric oxide (NO) is an endogenous modulator with
diverse biological functions.® It is produced by most
mammalian cells and mediates multiple physiological
and pathological processes. For example, it is a major
endogenous regulator of vascular homeostasis and
serves as a neurotransmitter in the brain and other parts
of the body. NO has also been shown to possess antibac-
terial and antitumor activity*® and affects various as-
pects of the inflammatory cascade.

Itis well known, however, that many weapons of the
immune system, which have the capacity to eliminate
microbes and tumors, can also harm the host. For ex-
ample, high levels of TNF, ROI and NO can cause in-
flammation and damage cells and tissues and may also
contribute to septic shock. Therefore, a primary thera-
peutic goal of using drugs acting on the immune system
is to limit the effects of TNF, ROI, and NO.

A vast literature documents the immune-modulating
effects of cannabinoids, mainly of A>-THC, in vivo and
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in vitro."* A partial list of in vitro effects of A>-THC in-
cludes inhibition of the proliferative responses of T
lymphocytes, inhibition of cytotoxic T cell activity,
suppression of macrophage function and antigen pre-
sentation, and inhibition of NO production by
macrophages. CBD has been reported to cause modula-
tion of TNF, IL-1, and IFN-y production by human pe-
ripheral blood mononuclear cells.** It suppresses
chemokine production by a human B cell line.* These
potentially anti-inflammatory properties of CBD, to-
gether with the lack of psychotropic effects and low
toxicity, prompted Malfait et al*® to test the potential of
CBD as a therapeutic agent in collagen-induced arthri-
tis {CIA).

CIA is a murine model for theumatoid arthritis (RA).
1t is elicited by immunizing mice with type I collagen
(CII) in complete Freund’s adjuvant. The Cll used is ei-
ther bovine or murine, resulting in classical acute CIA
or in chronic relapsing CIA, respectively. CBD was ad-
ministered after onset of clinical symptoms, and in
both models of arthritis, the treatment blocked progres-
sion of the disease.*” CBD was effective when adminis-
tered either i.p. or orally. The dose dependency
showed a bell-shaped curve, with an optimal effect at 5
mg/kg per day i.p. or 25 mg/kg per day orally. Ex vivo,
draining lymph node cells from GBD-treated mice
showed diminished IFN-y production, as well as de-
creased release of TNF by knee synovial cells. In vitro
effects of CBD included a dose-dependent suppression
of lymphocyte proliferation and the blockade of the
Zymosan-triggered reactive oxygen burst generation by
peritoneal granulocytes. CBD markedly lowered the
production of TNF and NO in vitro by peritoneal
macrophages (our unpublished data). It also suppressed
mouse lymphocyte responses to mitogens and to
allogenic stimuli and blocked the lipopolysaccharide-
induced rise in serum TNF in mice. Taken together,
these data show that CBD, through its combined
immunosuppressive and anti-inflammatory actions,
has a potent antiarthritic effect in CIA.*

CBD: ANTINAUSEA EFFECTS

The development of chemotherapy treatment has pro-
longed the lives of many cancer patients. However, use
of these powerful drugs presents a serious challenge to
both clinicians and patients. Significant side effects of
cancer chemotherapy include nausea and vomiting,
which may last for several days. These symptoms come
to be dreaded by patients, often interfering with suc-
cessful completion of treatment. '

Although nausea often occurs prior to vomiting,
each can occur independently. Nausea is a subjective
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phenomencn, an “unpleasant, but not painful, sensa-
tion associated with a heightened awareness of the
upper gut, cold sweating and the feeling that vomiting
isimminent.”*"In contrast, vomiting is a far more vis-
ible and easily recorded indictor of chemotherapy-
induced side effects. In fact, vomiting is used in some
antiemetic trials as the sole criterion of efficacy.” How-
ever, drugs effective against vomiting may not neces-
sarily modify nausea, and drugs effective against nau-
sea may not necessarily modify vomiting.

THC as an Antiemetic

Testimony of numerous patients, including the late
Steven Jay Gould, indicates that marijuana reduces
nausea and vomiting associated with chemotherapy,
thereby maintaining the resolve to continue with ther-
apy.* A survey of more than a thousand cancer special-
ists found that 44% had recommended THC or canna-
bis to at least one patient.*®

Treatment of nansea is one of the few medical uses of
a marijuana constituent that has been evaluated with
clinical trials. The results of these trials, conducted pri-
marily in the 1970s, indicated that pure A>THC and the
synthetic cannabinoid nabilone (an analogue of THGC)
were as effective as any other antinausea agent avail-
able at the time.”™* For a review of clinical trials with
A%-THC (dronabinel), see Mechoulam et al.** There
have been no animal or clinical trials that compare the
effectiveness of cannabinoids with the powerful
antiemetic HT, antagonists, nor have there been trials
that evaluate cannabinoid use in combination with the
serotonin antagonists.®

Recent experimental evidence that marijuana inter-
feres with nausea and vomiting is limited. THC elimi-
nates vomiting produced by cisplatin and the
cannabinoid receptor antagonist SR 141716A.%*** The
mechanism of action of the antinausea properties of
THC is unknown; however, THC has been reported to
reverse the effects of 5-HT, receptor agonists {(which in-
duce vomiting) in the nucleus tractus solitarii at the
level of the area postrema, the chemoreceptor trigger
zone for emetic reflexes.™

Conditioned Rejection
Reactions as a Rat Model
of Nausea

Animal models are essential to examine the efficacy
and safety of agents used to treat the distressing side ef-
fects of both nausea and vomiting. Furthermore, ani-
mal madels provide the opportunity to experimentally
manipulate cues associated with chemotherapeutic
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agents and to evaluate antiemetic treatment for antici-
patory nausea and vomiting.

The phenomenon of nausea has been assessed exclu-
sively by self-report in humans. However, there is con-
siderable evidence (reviewed below] that nausea™*®
and conditioned nausea®* are displayed in rats as re-
jection reactions. The association between the flavor
and activation of the emetic system results in altered af-
fective reactions to the food or fluid. These altered af-
fective reactions are called conditioned rejection reac-
tions (gaping, chin rubbing, and paw treading in the
taste reactivity test devised by Grill and Norgren®).
Conditioned rejection reactions are exclusively elic-
ited by emetic agents,39005%%

Recent work indicates that conditioned rejection re-
actions in the taste reactivity test predict the emetic
properties of an agent (in species that are capable of
vomiting).***® Since rats are incapable of vomiting,
we have argued that these conditioned rejection reac-
tions reflect nausea, based on the following evidence:
(1) conditioned rejection reactions are selectively elic-
ited by emetic treatments, such as lithium chloride,
cyclophosphamide, high doses of nicotine, high doses
of apomorphine, and full body rotation.5®¢%% (2)
Antiemetic treatments, including 5-HT antagonists and
cannabinoid agonists, attenuate these conditioned re-
jection reactions.””” (3) The literature on conditioned
flavor avoidance learning has shown that flavor avoid-
ance produced by drugs that elicit vomiting in other
species is mediated by their action on the emetic sys-
tems of the midbrain and brainstem in rats. Ablation of
the area postrema selectively eliminates taste avoid-
ance and behavioral evidence of sickness produced by
emetic agents.”"” (&) Ablation of the area postrema
eliminates toxin-induced conditioned rejection reac-
tions.*” (5) Grundy”™ and his colleagues report that the
vagal response to electrical and chemical stimulation
by cytotoxic drugs in rats is similar to that of ferrets,””®
a species that vomits in response to these stimuli. This
neural afferent reaction is disrupted by 5-HT, antago-
nists in both ferrets and rats.” These findings indicate
that the gastrointestinal signals that precede vomiting
in ferrets also occur in rats, suggesting that both species
experience nausea.

Effect of Cannabinoids on
Conditicned Rejection Reactions

We have recently reported that a low dose (0.5 mg/kg)
of THC also attenuates conditioned rejection reac-
tions,” although a much higher dose (2.5 mg/kg) is
aversive to rats.*” Limebeer and Parker® found that a
dose of 0.5 mg/kg of THC eliminates the sstablishment
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of conditioned rejection reactions and the expression
of previously established conditioned rejection reac-
tions elicited by a cyclophosphamide-paired flavor.
Cyclophosphamide is an agent used in chemotherapy
treatment in humans. Rats administered THC during
conditioning and during testing also displayed sup-
pressed conditioned rejection reactions. Therefore, the
decrement in responding at testing cannot be attributed
to a change in state from conditioning to testing {i.e.,
our results cannot be attributed to state-dependent
learning). These results demonstrate that THC inter-
feres with cyclophosphamide-induced nausea in rats
during conditioning and with conditioned nausea (an-
ticipatory nausea) during testing,

CANNABIDIOL INTERFERES
WITH NAUSEA IN RATS

Both THC {generic name dronabinol) and nabilone are
clinically approved antinausea drugs for human pa-
tients, but as mentioned above, many users claim that
marijuana suppresses nausea more effectively than
oral THC.*® In fact, the psychoactive effects of THC are
disturbing to some patients, causing termination of use
even though it may be effective against nausea.

Parker et al” evaluated the potential of CBD, which
as mentioned above does not produce psychoactive ef-
fects, and its synthetic dimethylheptyl homolog
(CBD-DMH] to suppress nausea in the conditioned re-
jection model. The potential of these nonpsychoactive
cannabinoids to interfere with nausea was determined
by administering them prior to lithium on the condi-
tioning trial. In this trial, rats were injected with a low
dose (5 mg/kg i.p.) of CBD, CBD-DMH, or vehicle 30
minutes prior to a pairing of saccharin solution and
lithium chloride (20 ml/kg of 0.15 M LiCl) or saline.
The potential of CBD and CBD-DMH to interfere with
the expression of a previously established conditioned
rejection (a model of anticipatory nausea) was evalu-
ated by administering them prior to exposure on the
taste reactivity test trial. On each of two tests, rats were
injected with 6 mg/kg i.p. of the test drug (CBD, Experi-
ment 1; CBD-DMH, Experiment 2) on one trial and with
the vehicle on the other trial (in a counterbalanced or-
der) 30 minutes priorto an intracral infusion of saccha-
rin solution. The rejection reactions (gapes, chin nibs,
and paw treads) displayed by the rats during the infu-
sion were videotaped.

Figure 1 presents the mean frequency of summed re-
jection reactions displayed during both the vehicle test
trial and the drug test trial for each experiment. The
pattern of results in both experiments was identical.
Group vehicle lithium displayed conditioned rejection
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Figure 1. Mean (+SEM) frequency of conditioned rejection reac-
tions displayed by groups pretreated with CBD (Experiment 1} or
CBD-DMH [Experiment 2} during conditioning and festing, On the
conditioning triel, independent groups received the cannabinoid or
vehicle prior to receiving an intraoral infusion of saccharin selution,
which was immediately followed by lithium or saline. On each of two
test trials, rats were injected with the cannabinoid or vehicle {coun-
terbalanced order) prior to receiving an intraoral infusion of saccha-
rin solution.

reactions during the vehicle test only. When either CBD
(Experiment 1) or CBD-DMH (Experiment 2) preceded
lithium during conditioning, no rejection of saccharin
solution occurred during the drug-free test (presum-
ably because the drug interfered with lithium-induced
nausea). Furthermore, when rats were administered ei-
ther CBD or CBD-DMH prior to the test for conditioned
rejection, these reactions were suppressed (presum-
ably because the drug interfered with conditioned
nausea).

These results suggest that the nonpsychoactive com-
ponent of marijuana, CBD, and its synthetic homolog,
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CBD dimethylheptyl, interfere with nausea and condi-
tioned nausea in rats. They provide promise for the
development of an effective antinausea cannabinoid
treatment for chemotherapy-induced nausea that is de-
void of psychoactive side effects.

CBD: SPECULATIONS ON ITS
MECHANISM OF ACTION

We have described above various effects caused by
CBD. However, we are quite ignorant as to the biochem-
ical or physiological mechanisms that are the basis of
these activities, This situation contrasts sharply with
that of THC, which mimics in many of its activities the
endogenous cannabinoids, Cannabinoid receptors in
the brain and the periphery bind THC but ignore
CBD. Synthetic antagonists block THC (and
endocannabinoid) action. None exist for the CBD ef-
fects. However, some recent observations may repre-
sent an opening toward elucidation of the CBD mecha-
nism(s) of action.

Stereospecificity
of CBD Action

As indicated above, both (-} and {+} CBD are
anticonvulsive. Also, both (-) and (+) CBD similarly
suppress TNF production by LPS-activated mouse
macrophages {unpublished observations). On this ba-
sis, it was assumed that the actions of CBD are
nonstereospecific. Recent data show that this is not the
case, at least as regards binding to the cannabinoid re-
ceptors.’® While (+) CBD and most of the {+) CBD
analogs bind to both CB1 and CB2 receptors, () CBD
and its analogs are essentially inactive. Obviously, CBD
does not act through the known cannabinoid receptors,
but the stereospecificity observed may indicate action
through some other biochemical system (e.g., binding
to another type of receptor). The existence of numer-
ous, not well-characterized, new cannabinoid recep-
tors has been suggested.”* Is CBD a ligand to one of
these? Indeed, evidence has been brought forward
that suggests that CBD is an antagonist of an as-yet-
unidentified endothelial receptor for anandamide.®

Inhibition of
Anandamide Uptake

We have recently shown that CBD blocks anandamide
uptake'® and inhibits its enzymatic hydrolysis. If these
effects are observed also in vivo, we may expect en-
hancement of endocannabineid action, and at least
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some of the CBD effects may in fact represent
endocannabinoid actions.

Antioxidative Effect

CBD, like many other cannabinoids, is a potent
antioxidative agent.*** CBD was more protective
against glutamate newrotoxicity than either ascorbate
or a-tocapherol. The neuraprotection exhibited by
CBD was unaffected by cannabinoid receptor antago-
nists. In view of its liposolubility, it may exert (nonspe-
cific?) action both in the periphery and in the brain as it
crosses the blood-brain barrier.

CONCLUSION

The nonpsychotropic CBD exhibits a plethora of ef-
fects, many of which may be of therapeutic importance
or may serve as leads for pharmaceutical development.

It is unfortunate that the mechanism(s} of CBD ac-
tion is still obscure; however, recent work on the
stereospecificity of CBD action on its inhibition of
anandamide vuptake and hydrolysis, as well as on its
antioxidative effects, may lead to elucidation of this
longstanding enigma.
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Amyotrophic lateral sclerosis

Matthew C Kiernan, Steve Vucic, Benjamin C Cheah, Martin R Turner, Andrew Eisen, Orla Hardiman, jemes R Burrell, Margoret C Zoing

Amyotrophic lateral sclerosis {ALS) is an idiopathic, fatal neurodegenerative disease of the human metor system. In
this Seminar, we summarise current concepts about the origin of the disease, what predisposes patients to develop
the disorder, and discuss why all cases of ALS are not the same. In the 150 years since Charcot originally described
ALS, painfully slow progress has been made towards answering these questions. We focus on what is known about
ALS and where research is heading—from the small steps of extending longevity, improving therapies, undertaking
clinical trials, and compiling population registries to the overarching goals of establishing the measures that guard
against onset and finding the triggers for this neurodegenerative disorder.

Introduction

Since the 1990s, there has been growing scientific and
clinical interest in amyotrophic lateral sclerosis (ALS).
Advances in our understanding of the glutamate
neurctransmitter system and the discovery of causal genes
linked to the development of familial ALS have stimulated
research interest, problems associated with clinical
heterogeneity have been identified, and survival in ALS is
now understood fo be dependent on several factors,
including clinical presentation {phenotype}, rate of disease
progression, early presence of respiratory failure, and the
nutritional status of patients,

Extending life expectancy in ALS seems to be dependent
on improving our understanding of its pathogenesis,
which will lead to the development of early and specific
diagnostic methods. There is a crucial need to formulate
therapies that not only slow disease progression, but also
deal with the secondary consequences of malnutrition
and respiratory failure. At present, no definitive diagnostic
test or biomarker for ALS exist, and neurclogists rely on
only clinical ¢riteria for diagnosis. The development of
novel biomarkers to objectively assess disease progression
holds the promise of greatly refining therapeutic trial
design and reducing trial cosis. Furthermore, the power
of population registries is being increasingly recognised
as an essential adjunct to improved dinical assessment
techniques. These collaborative endeavours will inevitably
lead to a better understanding of ALS and its often

Search strategy and selection criteria

We searched Medline (1966, to Decernber, 2009), EmBase
{1980, to Becember, 2009), and the Cochrane Library using
the search terms “amyotrophic lateral sclerosis” or “motor
neurone disease” in combination with “diagnosis”,
“epidemiology”, “fronto-temporal dementia”, "imaging”,
“"neurophysiofogy”, “management”, and “neuroprotection”.
Further articles were included from reference lists, review
articles, and major textbook chapters. Abstracts and reports
from relevant meetings were also included. The final reference
list was generated on the basis of originality and relevance to
the topics covered in this Seminar. Emphasis was placed on
publications from the past 5 years, but did not exclude

commionly referenced and highly regarded older publications.

unpredictable progression, and will lead to the
development of guidelines for improved care of patients.
In this Seminar, we provide an up-to-date overview of the
key developments across the ALS specialty.

Epidemiology and molecular genetics

Several factors have complicated epidemiological studies
in ALS, including determination of a specific date of
disease onset and the potentially long duration between
onset of pathological changes and manifestation of
clinical disease. This prodomal period between disease
onset and presentation of symptoms possibly indicates
the redundancy of neuronal populations. As a
consequence, a range of epidemiological studies with
rigorous designs and the use of unbiased patient cohorts
have provided varying levels of evidence in support of
different causative mechanisms of disease.’® Population-
based studies have established that the incidence of ALS
in Europe is fairly uniform at 2-36 per 100000 person-
years.® Although ALS affects people worldwide, an exact
incidence of this disease iz not yet known.* Men have a
higher incidence of digease (3 -0 per 100000 person-years;
95% CI2-8-3-3) than do women (2 -4 per 100 000 person-
years; 95% CI 2.2-2.6), although the incidence between
men and women is about the same in familial disease.
The overall population-based lifetime risk of ALS is
1:400 for women and 1:350 for men. Peak age at onset is
58-63 years for sporadic disease and 47-52 years for
familial disease. Incidence decreases rapidly after 80 years
of age.

Although the ALS phenotype might seem similar
across populations, there are subtle differences in clinical
presentation across European registries.’ There is
evidence from population-based studies that suggest that
ALS is less common in individuals of mixed ancestral
origin than in individuals of Spanish origin® In a
population-based mortality study from Cuba disease
rates were 60% lower than in European and North
American populations, lending support to previous
observations of reduced frequency of ALS in those of
Hispanic origin in North America.

About 5-10% of ALS is familial, with a Mendelian
pattern of inheritance. To date, 13 genes and loci of
major effect have been identified, many since 20095 Of
the known genes, mutations in SODI (encodes for
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copper/zinc ion-binding superoxide dismutase),
TARDBP (also known as TDP-43; encodes for TAR DNA
binding protein), FUS (encodes fusion in sarcoma),
ANG (encodes angiogenin, ribonuclease, RNase A
family, 5), and OPTN {encodes optineurin} cause a
typical clinical phenotype. Mutations in SODI induce a
toxic gain of function, although the pathophysiology
remnaing unclear. Both TDP-43® and FUS*® (also known
as TLS [translated in liposarcomal) are multifunctional
proteins involved in gene expression and regulation,
including transcription, RNA. splicing, transport, and
translation. FUS and TDP-43 are also involved in the
processing of small regulatory RNAs (microRNAs) and
in RNA maturation and splicing. ANG is a hypoxia-
responsive gene, which regulates RNA transcription.®
OPTN is a causative gene of primary open-angle
glaucoma. ALS-causing mutations of OPTN abolish the
inhibition of activation of NFxB, and change the
cytoplasmic distribution of optineurin.

Mutations in SODI account for 20% of familial ALS=
and 5% of apparently sporadic disease. Mutations in
TARDBP account for 5-10% of familial ALS, mutations in
FUS for 5%, and mutations in ANG for about 1%.

The remaining 90% of people diagnosed with ALS are
classified as having sporadic disease. For these patients,
results from family aggregation studies have identified
an overlap between ALS and common neurodegenerative
disorders, suggesting the existence of susceptibility genes
that might increase the overall risk of neurodegeneration
among relatives.” However, attempts to establish the
complex genetic basis for sporadic ALS by identifying
susceptibility genes have had little success. Results from
candidate gene studies have identified several
susceptibility genes,” although the relative contribution
of every identified “at risk” gene rarely exceeds an odds
ratio of 2-0, and the mechanism by which risk is
conferred is not known.

Despite the disappointing findings in several recent
genome-wide association studies of sporadic ALS,"a few
possible genes have been identified. The main problem
has been low power due to small sample sizes, with
candidates being accordingly difficuit to replicate in a
second population.” The recent identification of two new
susceptibility genes through collaborative research®
suggests that further genes and pathways could be
identified with increasingly effective cooperation
between research groups. However, the poor track
record of whole-genome association studies has led toa
reconsideration of the “common disease, common
variant” hypothesis in favour of a “common disease,
multiple rare variant” hypothesis.

Clinical phenotypes and prognosis

The varied presentations of ALS® are also crudal fo
the understanding and development of measures of
disease progression.® The identification of specific
phenotypes has important implications for patients,

www.thelancet.com Vol 377 March12, 2011

Figure 1: Clinical features of muscles wasting in a patient with ALS

Proximal and symmetsical upper limb wasting (A) results in an inabity to lift arms against gravity (“man-in-the-

barrel” or flail-arm variant ALS). Note the recessions above and below the scapularspine {B), ind icating wasting of
supraspinatus and infraspinatus muscles, as well as substantial loss of deltoid muscle. As a consequence, the

glenoburnera joint bacornes prorminent, and prone to subluxation, (C) Disproportionate wasting of the thenar

muscles combined with the first dorsal interossei, the so-called “split-hand”, is atypical featurein ALS. Although the
mechanisms underlying this disproportionate wasting of harid muscles are unclear, a corticomotoneuronal Grigin has

been propesed.” Specifically, the thenar musclesand first dossalinterossei recelve more extensive corticospinal
connections and thereby might be prone to glutamate-mediated exdtotoxicity.” {B) Substantial wasting of the

tongue muscles in bulbar-onset ALS. Note the absence of palatat elevation present on vocalisation, Difficulty with
mouth opening and dysphagia might require supplementary feeding through a percutaneous endoscapic
gastrostamy, In further support of a corticomotoneuranal hypothasis, the tongue is often disproportionately affected -
in cornparison to otheroropharyngeat musculature in patients with bulbar-onset ALS, As with the thenar musclesin

the hand, the tongue receives move extensive cortical input than other muscle groups inthe oropharyngeal area.

ALS=amyotrophic laterai sclarosis,

particularly with regards to prognosis and survival, but
also for their enrolment in clinical trials.

The main presentations of ALS include: (1) limb-onset
ALS with a combination of upper and lower motor
neuron (UMN and LMN) signs in the limbs; {2) bulbar-
onset ALS, presenting with speech and swallowing
difficulties, and with limb features developing later in the
course of the disease (figure 1); (3) the less common
primary lateral sclerosis with pure UMN involve.
ment; and (4) progressive muscular atrophy, with pure
LMN involvement.”

The clinical hallmark of ALS is the presence of UMN
and LMN features involving brainstem and multiple
spinal cord regions of innervation. Patients can present
with bulbar-onset disease (about 25%) or limb-onset
disease {about 70%), or with initial trunk or respiratory
involvement ({5%), subsequently spreading to involve
other regions.” Atypical modes of presentation can include
weight loss, which is an indicator of a poor prognosis,
cramps and fasciculations in the absence of muscle
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Figure 2: Cellular and molecular processes mediating neurodegeneration in ALS

The mechanisms underlying neucodegeneration in ALS are multifactorial and operate through inter-refated molecular and genetic pathways. Specifically, newrodegeneration in ALS might result
from a complex interaction of glutamate excltoxicity, genesation of free radicals, cytoplasmic protein aggregates, SOD1 enzymes, combined with mitochondsial dysfunction, and disruption of
axenal transport processes through accumulation of neurofilament intracellular aggregates. Mutations in TARDBP and FUS resuit in formation of intracellufar aggregates, which are harmiul to
neurors. Activation of micreglia results in secretion of proinflammatory cytokines, resulting in further toxicity. Ultimately, motor neuron degenermtion occurs through activation of

calciem-dependent enzymatic pathways. ALS=amyotrophic lateral sclerosis.

weakness, emotional lability and fromtal lobe-type
cognitive dysfunction.”

In terms of presentation, UMN disturbance involving
the limbs leads to spasticity, weakness, and brisk deep
tendon reflexes. By contrast, LMN limb features include
fasciculations, wasting, and weakness. Bulbar UMN
dysfunction results in spastic dysarthria, which is
characterised by slow, laboured, and distorted speech,
often with a nasal quality.® The gag and jaw jerk can
be pathologically brisk. Bulbar LMN dysfunction can
be identified by tongue wasting, weakness, and
fasciculations, accompanied by flaccid dysarthria and
later dysphagia. Flaccid dysarthria results in nasal
speech caused by palatal weakness, hoarseness, and a
weak cough.®

ALS is relentlessly progressive—50% of patients die
within 30 months of symptom onset and about 20% of
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patients survive between 5 years and 10 years after
symptom onset® Older age at symptom onset, early
respiratory muscle dysfunction, and bulbar-onset disease
are associated with reduced survival, whereas limb-onset
disease, younger age at preseniation, and longer diagnostic
delay are independent predictors of prolonged survival ®
Some ALS subtypes tend to lead to a better prognosis.
Specifically, flail-imb variant ALS (figure 14, figure 1B}
and progressive muscular atrophy, both predominantly
LMN forms, are characterised by slower progression
than other forms of ALS.®* In the pure bulbar palsy
phenotype, which typically affects women older than
65 years of age with disease remaining localised to
oropharyngeal musculature and with UMN features
predominating,® the prognosis varies from 2-4 years,
Additionally, patients with primary lateral sclerosis
progress more slowly than do patients with classic
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ALS.™? A definite diagnosis of primary lateral sclerosis
should be delayed for at least 4 years from disease onset,
given that development of LMN signs can occur even if
the initial presentation appears that of a pure spastic
syndrome.” Distinguishing these phenotypes from the
typical ALS phenotype has implications for clinical trials
of putative disease-medifying therapies.

Fatigue and reduced exercise capacity are comrnon
symptoms in ALS* and, ultimately, most patients need
assistance with activities of daily living. Dysphagia
develops in most patients with ALS, with consequent
weight Joss and malnutrition associated with poor
prognosis.” Respiratory compromise eventually develops
in most cases of ALS, leading to exertional dyspnoea,
orthopnoea, hypoventilation with resultant hypercapnia,
and early morning headaches.” Death becomes imminent
once patients develop dyspnoea at rest. Progressive
weakening of the respiratory muscles leads to respiratory
failure, often precipitated by pneumeonia.

Overlap with frontotemporal dementia
The recent identification of TDP-43-positive ubiquitinated
cytoplasmic inclusions in almost all cases of ALS, and
more than half of patients with frontoternporal
dementia (FTD}, has rekindled interest in the overlap
between these progressive neuredegenerative syndrornes.”
Although reported in early descriptions, overt cognitive
symptoms and frank dementia were previously thought to
be uncommon symptoms of ALS. Conversely, a few
patients with FED develop ALS.*® Familial clustering of
both disorders is also well recognised, with cases of FTD
or ALS or coincident FTD-ALS presenting in families, The
genes that cause these familial clusters are not yet known,
but resulis from linkage studies have identified a common
locus on chromosome 9.7

Cognitive deficits might initially have a subtle
appearance and are often overlecked, but with appropriate
cognitive and neuropsychological assessment, 20-50% of
patients with ALS fulfil the consensus criteria for probable
or definite FTD.* The most commonly encountered
deficits involve executive function,” either affecting
language or personality, with the cognitive profile most
closely resembling that of behaviourzl-variant FTD. In
terms of clinical implications, problems with judgment,
impulsivity, and a general deterioration in the ability to
undertake routine daily tasks can develop into difficult
problems with management of patients.” Impaired verbal
fluency, which is more prominent in patients with
pseudobulbar disease, inevitably hinders the simple task
of patients being able to communicate their needs.
Cognitive, and particularly executive dysfunction, can also
adversely affect patient compliance with treatment,
decision-making abilities, and potentially raise ethical
and medico-legal concerns.”

In further support of overlap between these two
diseases, structural abnormalities, and specifically
frontotemporal atrophy, have been identified by voxel-
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Panel 1: Controversy in ALS—where does the disease begin?

Despite Charcot's initial observation of concomitant UMN and LMN pathological
changes in ALS, the question of where ALS begins has not been established,
Resolution of this question might enhance the understanding of the pathophysiology

of ALS and has diagnostic and therapeutic importance.

+  The "dying-forward” hypothesis proposes that ALS is mainly a disorder of
corticomotoneurons, which connect monosynaptically with anterior horn cells,
mediating anterograde degeneration of anterior horn cells via glutamate

excitotoxicity.
Support for & dying-forward hypothesis includes:

+  Results from transcranial magnetic stimulation studies documenting that cortical
hyperexcitability is an early feature in patients with sporadic ALS and precedes the

clinical onset of familial ALS.,

+  Clinical observations that: (1) motor neurans without a monosynaptic connection
with corticomotoneurons, such as the oculomotor, abducens, and Onuf's nuclei,
are typically spared in ALS; {2) the absence of a naturally occurring animal model of
ALS s ascribed to a paudity of corticomotoneuronal-anterior horn cell
connections; and {3) pure LMN forms of ALS are rare, whereas subclinical UMN
involvement is invariably detected with transcranial magnetic stimulation studies,

+ The "dying-back™ hypathesis proposes that ALS bagins within the muscle cells orat
the neuromuscular junction. Specifically, there is deficiency of a motor neurotrophic
hormone, which is normally released by postsynaptic cells and retrogradely
teansported up the presynaptic axon to the cell body where it exerts its effacts,

»  Support for the dying-back hypothesis includes:

»  Observations that synaptic denervation precedes the anset of motor neuron

degeneration.

«  Synaptic denervation is mediated by accumulation of mutant SOD1 proteinin

Schwann cells.

+ By contrast with the dying-forward and dying-back hypotheses, some investigators
have proposed that UMN and LMN degeneration occur independently.

ALS=amyateophic [ateral sclerosis. LMN=lower motor nauran. UMN=upper motor nsuron.

based morphometry MRI in patients with ALS and
FTD-ALS. Bilateral atrophy of the motor and premotor
cortices can develop,®* although patients with FTD-ALS
typically have more severe frontotemporal atrophy than
do patients with ALS alone’” From a functional
perspective, frontotemporal hypometabolism has been
characterised in patients with ALS and FTD-ALS by
use of 2-13fluoro-2-deoxy-D-glucose PETY This fronto-
temporal atrophy seems to be associated with neuronal
loss and cortical gliosis on post-mortem. pathology. As
for most patients with sporadic ALS, intraneuronal
inclusions (TDP-43-positive} are present in half of
patients with FTD.”* FUS-positive inclusions have been
recently identified in patients with ubiguitin-positive,
TDP-43-negative FTD and in patients with familial ALS
caused by mutations in FUS™*—further emphasising
the pathological overlap between ALS and FTD.

Pathophysiological mechanisms

The pathophysiological mechanisms underlying the
development of ALS seem multifactorial (figure 2), with
emerging evidence of a complex interaction between
genetic and molecular pathways.®* ALS might be an
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adult manifestation of a developmental disorder of the
human motor system. Specifically, in a Swedish case-
control study,’ low maternal age and high maternal age,
and exposure to younger siblings, were associated with
increased risk of developing ALS. Additionally, the
development of the human motor system might
potentially be perturbed during childhood by increased
exposure to childhood infections, as occurs in families
with young children. Various environmental risk factors
for ALS have also been suggested, including a lifetime
of intensive sport or physical exertion* and active service
in the US armed forces.” In a retrospective study of
football players from the Italian professional leagues,
the standardised morbidity ratios were increased for
development of ALS, particularly youngeronset
disease.* For unknown reasons, footballers who played
for more than 5 years, particularly in an active midfield
position, were at highest risk of developing ALS. A
cluster of ALS cases has also been reported in amateur
football players from England.”

With regards to smoking, cigarettes might have a dose-
dependent effect on the subsequent development of
ALS.* Neurotoxins, including B-methyl-amino-L-alanine,
were associated with the development of an epidemic of
ALS-Parkinson’s disease on the island of Guam.” This

neurotoxic aminoacid was concentrated in the brains of
patients with ALS-Parkinson’s disease and entered the
human food chain by consumption of flying foxes. These
bats, a delicacy of native Guamanians, the Chamorro,
feed on cycad seeds that have high concentrations of
B-methyl-amine-L-alanine,*

No clear consensus has emerged tolink SODImutations
to the premature death of motor neurons. Cument
understanding links genetic mutations to a toxic gain of
function of the SOD1 enzyme," with generation of free
radicals that eventually leads to cell injury and death,®*
Additionally, SODI mutations induce conformational
instability and misfolding of the SOD1 peptide, resulting
in formation of intracellular aggrepates®™™ that inhibit
normal proteosomic function, disrupting axonal transport
systems and vital cellular functions,®**

Glutamate-induced excitotoxicity has been implicated
in ALS pathogenesis. Glutamate is the main excitatory
neurotransmitter in the CNS, and binds to ionetropic
N-methyl-D-aspartate (NMDA) receptors and a-amine-3-
hydroxy-5-methyl-4-isoxazoleproprionic acid (AMPA)
receptors on the postsynaptic membrane,®¥ Excessive
activation of these postsynaptic receptors by glutamate,
known as glutamate-induced excitotoxicity, can incite
neurodegeneration through activation of calecium-
dependent enzymatic pathways.®> Glutamate-induced
excitotoxicity can also result in generation of free
radicals, which in turn can cause neurodegeneration by
damaging intracellular organelles and upregulating
proinflammatory mediators.®

The mechanism by which glutamate-induced
excitotoxicity mediates motor neuron degeneration in
human beings remains unclear {panel 1, figure 3). A
so-called “dying-forward” process has been proposed,
whereby UMN mediate anterograde degeneration of
LMN by glutamate-induced excitotoxic processes.2%

In addiion to glutamate-induced excitotoxicity,
structural abnormalities of mitochondria, dysfunction of
the sodium/potassium ion purnp, autophagy, and
disrupted axonal transport systems have all been
implicated in the pathogenesis of ALS.*™ Non-neurcnal
cells, such as astrocytes and microglia, might also directly
contribute to neurodegeneration through mechanisms
including insufficient release of neurotrophic factors,
secretion of neurotoxic mediators, and medulation of
glutarnate receptor expression (known as non-cell
autonomous neuredegeneration).”

Of further relevance, TDP-43 was recognised as a major
component of ubiquitinated cytoplasmic protein
aggregates in almost all patients with sporadic ALS,
but not in the nucleus, as in normal neurons.
Although there were questions about whether such
aggregates friggered neurodegeneration in ALS,
mutations in TARDBP were reported in 3% of familial
ALS and 1-5% of patients with sporadic ALS, suggesting
that TDP-43 aggregates have a central role in trigger-
ing ALS®* Evidence for the pathogenicity of
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TARDBP rautations was suggested when mutations
identified in highly conserved regions of DNA were not
evident in controls, and segregated with the disease.*”
Given that TDP-43 binds both DNA and RNA,
mutations in TARDBP could result in dysregulation of
RNA processing.

Identification of FUS mutations on chromosome 16
associated with familial forms of ALS lends further
support to this theory. FUS aggregates were not evident
in patients with pathological changes in TDP-43 or
SOD1, indicating a novel disease pathway.” Although the
identification of a causative effect between mutations in
the TARDBP and FUS genes and ALS was a major leap
in understanding ALS pathogenesis, several factors need
to be resolved. Do mutations in these DNA/RNA-binding
proteins indicate a toxic gain or loss of function? Does
neurotoxicity result from the misfolded proteins
overwhelming the cells’ protein surveillance pathways or
from sequestration of vital proteins and genomic
material by TDP-43 and FUS aggregates? And what is
the association between previously established patho-
physiological mechanisms and the TDP-43 and
FUS proteins?

Diagnosis

Without a diagnostic test for ALS, clinicians mostly rely
on identifying the combination of UMN and LMN signs
in the same body region, with subsequent evidence of
disease progression to other regions. The El Escorial
criteria,” revised in 1997," use a combination of UMN
and LMN signs to establish levels of diagnostic certainty.
Clinical trial investigators have tended to enrol patients
with either probable or definite ALS according to the
El Escorial criteria, highlighting their universality,
although inclusion of these diagnostic features as
enrolment criteria might be argued as restrictive’
Furthermore, these criteria can have poor sensitivity,
particularly in the early stages of ALS when patients are
most likely to benefit from therapeutic intervention.”
Because of these criticisms, the criteria have been
modified to help early diagnosis® and to optimise
levels of diagnostic certainty, important in the clinical
trial setting.”

There is often a long delay before a definitive diagnosis
is reached, partly because of the insidious onset of
symptoms, with the median time to diagnosis of about
14 months.” Unusual clinical presentations, a low index
of suspicion, and misinterpretation of neurophysio-
logical or neuroradiological findings are common causes
of diagnostic uncertainty.® Unfortunately, diagnostic
delay can lead to use of inappropriate therapies, a
delay in starting appropriate pharmacological and
symptomatic therapies, and problems in dealing with
psychosocial factors.

The diagnosis of ALS is devastating for the patient and
family members, and must be handled sensitively. Patients
and family members can carry the emotional burden of an
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Panel 2: Differential diagnosis of ALS and approptiate investigations

Disorders of motar neurons

» Spinal muscular atrophy (SMN gene deletion assay)

«  Xinked spinobulbar muscular atrophy {l(ennedy s dlsease, mcreased CAG repeats in
DNA from blood)

- Poliomiyelitis or post-polio syndrome (hsstory, NCS eiectromyography)

+  Haxosaminidase A deficiency (white-cell enzyme  testing)

Disorders of motor nerves

- Multifocal motor neuropathy (NCS, electromyography, ganglioside GM1 antlbod:es)
~  Chronic inflammatory demyelinating neurapathy (NCS, lumbar puncture)

- Cramp-fasciculation syndrome (NCS, e!ectromy_og'raphy)

»  Neuromyotonia (antibodies to voltage-gated potassium channels)

«  Hereditary spastic paraparesis plus (gene mutation testing)

+  Hereditary motor neuropathy with pyramidal features

+  Radiculoplexopathy (NCS, electromyography, MR1)

- Paraneoplastic syndrome (serum markers, imaging, bone marrow biopsy sample)
+ Heavy metal poisoning {urine or blood screens)

- Mononeuritis multiplex (NCS, electromyography, vasculltlc screen, serclogy)

Disorders of nevromuscular junction

»  Myasthenia gravis (acetylcholine receptor antibodies, MuSK antibodies, repetitive
stimulation, single-fibre electromyography)

+  Lambert-Eaton myasthenic syndrome {repetitive stimulation)

Structural CNS and spinal lesions
~  Syringomyelia or syringobulbia (MRF)
+  Tabes dorsalis (syphilis serology)
+  Multiple sclerosis {MRI, oligoclonal bands, evoked responses)
« Monomelicspinal muscular atrophy (Hirayama's disease; electromyography, MRI)
+  Lyme disease {(Lyme serology}
Human T-lymphatropic virus-1 (HIV)

Myopathy

+ Inclusion body myositis (electromyography, CK, muscle biopsy sample)

+  Polymyesitis (electromyography, CK, muscle biopsy sample, auteimmune screens)
Dermatomyositis {electromyography, CK, skin, and muscle biopsy sample)

»  Polyglucosan body disease (NCS, electromyography, muscle or nerve biapsy sample)

Endocrine

- Thyratoxicosis (thyroid function tests, electromyography, musde biopsy sample)
- Hyperparathyroidism (calcium ionand parathyroid testing)

- Subacute combined degeneration (vitamin B, concentrations)

« Coeliac disease (serum testing, bowe! biopsy sample)

AtS=amyatrophic fateral sclerosis. CKz=creatine kinase. NCS=nerve canduction studies. MuSK=muscle-specific tyrosine kinase,

insensitively delivered diagnosis for the entire disease
course, and initial indecision about the diagnosis in
atypical cases can delay the process of accepting the
terminal prognosis of the disease. Scheduling a follow-
up appointment soon after diagnoesis is beneficial to
answer questions not dealt with during the initial
consultation and can help provide further information
about support networks, which are well established in
most developed nations.™

Although rare, the existence of several disorders
that mimic ALS necessitates a thorough diagnostic
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Surviving motor unit

Colfatera! sprouts from
surviving motor axon
reinnervating denervated
muscle fibres

Figure 4: Investigation findings in ALS

(A) Biopsy sample of the left vastus lateralis muscle from a patient with ALS, stainad with ATPase pH 9-4. The biopsy
sample highlights grouped atrophic fibres with both type | and type !l fibres (mixed-typa fibres, encompassed by red
box). (B) Pathophysiclogy of mator unit degenaration and reinnervation; with superimposition {C) of ten traces
demonstrating the typically farge, polyphasic, unstable (complex) motor units observed in established ALS (sweep
duration 50 ms), with late components, indicating some re-innervation. ALS=amyotrophic lateral sclerosis.
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assessment, which usually includes structural imaging
and neurophysiological and laboratory investigations, to
reduce the likelihood of an incorrect diagnosis {panel 2).7
In cases of pure LMN syndromes, genetic testing for
Kennedy's disease, an X-linked bulbospinal atrophy, and
spinal muscular atrophy is important.”? Muscle biopsy
samples can be of further diagnostic value for excluding
unusual myopathies such as polyglucosan body disease®
or for confirming the presence of ALS by indicating
atrophy of mixed-fibre types (figure 4A).»

Routine neurophysiological investigations of patients
with ALS include nerve conduaction studies, electro-
myography, and, less commonly, transcranial magnetic
stimulation.”® Nerve conduction studies are essential
to exclude disorders that mimic ALS, particularly
dempyelinating motor neuropathies.® Motor nerve
conduction is normal in the early stages of ALS, but
in advanced disease the compound muscle action
potential amplitude becomes reduced, indicating
denervation.” Sensory nerve conduction is typically
normal in patients with ALS, differentiating ALS from
demyelinating neuropathies.® Prominent abnormalities
of sensory nerve conduction studies should raise
suspicion of an alternative diagnosis. In patients
presenting with predominantly LMN findings, treatable
disorders such as multifocal motor neuropathy should
be taken into account, with indication of conduction
block in at least two motor nerves outside the common
entrapment sites.”

In addition to nerve conduction studies, electro-
myography is useful for the identification of LMN loss
{higure 4B). The eleciromyographical findings indicating
LMN loss include fibrillation potentials, positive sharp
waves, and chronic neurogenic changes (figure 4C).%%
These electromyographical abnormalities have been

recently incorporated into the revised El Escorial criteria
to help with the diagnosis of ALS, complementing the
clinical features of LMN inveolvement® Fibrillation
potentials and positive sharp waves can be evident in
muscles that seem clinically normal * Electromyography
can therefore help with an early diagnosis by establishing
the presence of subclinical LMN involvement.

Motor units that survive can fire spontaneously as
fasciculation potentials, clinically visible as involuntary
muscle twitching—a typical feature of ALS.”" When
detected in the tongue, fasciculations are highly specific
for ALS.” The presence of fasciculations in the absence
of other electromyographical findings should be
interpreted with caution and can be a sign of less serious
disorders, especially “benign” cramp-fasciculation
syndrome.” Conversely, recently revised consensus
guidelines (known as the Awaji Island criteria) have
recommended that fasciculations should be thought to
be equivalent to fibrillation potentials in individuals with
clinically suspected ALS.” Furthermore, fagciculations in
ALS are cornplex (“malignant”), indicating re-innervation,
and have diagnestic importance when combined with
chronic neurcgenic changes (figure 4C).

There is discussion about how successful clinicians are
at diagnosing ALS when using the combined approaches
of clinical assessment and laboratory investigation. This
matter was taken into account by the Scottish ALS registry,
which identified a false positive rate of 8%.% Other data
from population-based studies have reported similar false-
positive rates, with a false-negative rate approaching 4495,
In false-positive cases, the main reasons for diagnostic
revision included failure to progress, development of
atypicalfeatures, and results of follow-up neurophysiological
and neuroradiological investigations.™ Multifocal motor
neuropathy was the most frequent disorder misdiagnosed
as ALS, followed by Kennedy's disease.™

Advances in neuroimaging

The greatest coniribution of neuroimaging to the
diagnostic pathway in ALS so far has been the ability of
MRI to exclude alternative pathological causes. However,
the imaging discipline is evolving, and muitimodal
neurcimaging has made major progress in the
confirmation that ALS is a multisystern cerebral
neurodegenerative disorder” The key neuroimaging
findings, some with potential as biomarkers, are
discussed in panel 3.

Management and prevention

Riluzole, an inhibitor of glutamate release, is a disease-
modifying (neuroprotective} therapy for patients with
ALS (panel 4). In two large randomised controlled trials,
riluzole extended survival of patients by 3—6 months, 22
This benefit seemed greater for management of patients
in specialised multidisciplinary ALS clinics than in other
settings,”” with most beneficial effects seen in patients
with moderate functional impairment.®
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Panel 3: Key neuroimaging ﬁndings in ALS

MR! corticospinal tract hypermten5|ty

Hyperintensity of the corticospinal tracts as seen on MRI can be
prominent in ALS, but this feature is not specific to the
disease (ﬁgure SA} :

Cerebral atrophy detection wrth MRi

Voxel-based morphometry has quantified grey and white
matter to detect cerebral atrophy in patients with ALS™ linked
to cognitive impairment,” with notable differences in regional
emphasis between patients with sporadic disease and those
with familial disease who have a longer life expectancy.™
3-Dimensional rendering of the brain by use of MRI might also
serve to highlight focal abnormality (figure 6).

Magnetic resonance spectroscopy
The measurement of proten-containing metabolltes such as
N-acetylaspartate {expressed as a ratio with creatine/ .
phosphocreatme or choline) has served as a marker of neuronal
loss. Patients with ALS have a reduced primary motor eortex
—acetylaspartate to creatine ratio compar_ed_wgt_h controls,™
and use of magnetic resonance spectroscopy seems particularly
sensitive in the detection of upper motor neuron dysfunction
distinguishing patients with progresswe muscular atrophy
from those with ALS.™

D:ffus:on tensor i imaging - -
biffusion tensor imaging can be used to exploit the sensdmty
of MRI to identify the direction of water diffusion, whichis
expected to be restricted (ie, anisotropic) within intact neuronal
pathways and more diffuse (isotropic) in regions of reduced
integrity. Quantifiable measures such as fractional anisotropy
and mean diffusivity are powerful surrogate markers of
neuronal pathological changes, ' and inter-connectivity
between neuronal pathways can be mapped using the allied
technique of tractography {figure 5B).* Use of diffusion tensor
imaging can detect reduced fractional anisotropy within the
corticospinal tract of patients with ALS.

Functional studies

Results of PET activation studies with 2-2fluoro-2-deoxy-D-
glucose and H:*0 have indicated widespread extramotor
changes in patients with ALS,"® with frontal deficits linked to
neuropsychological impairment,™ providing clear application to

Symptomatic treatments remain the cornerstone of
management for patients with ALS (panel 5).* For
some patients, these treatments not only alleviate
symptoms but also improve survival and quality of
life.”™ Optimum care for patients with ALS is provided
within a multidisciplinery environment where
physiotherapists, occupational therapists, speech
therapists, respiratory physicians, gastroenterologists,
and social workers collaborate to guide symptornatic
management through the course of diseage.™
Multidisciplinary models of care have developed as a
predictor of survival, reducing the risk of death by 45%
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the emerging clinicopathological overlap between ALS and
FTD.* Non-invasive study of brain activation by functional MRI
exploits differences in the resenant properties of
oxyhaemoglobin versus deoxyhaemoglobin (blood oxygenation
level dependent [BOLD]-functional MRE). By analysing whole-
brain BOLD-functional MR activity in the resting state,
functionally interconnected brain regions can be identified.’®
Results from studies in patients with ALS have shown both
“defavlt mode” and sensorimotor network activation changes."®
This technique has the potential to further delineate the -
extramotor cerebral pathofoglcai changes in patlents with ALS.

Mo]eculartmaglng S

Receptor ligand PET has been used to study molecuEar
mechanisms in ALS, Data from #C-flumazenil PET have
indicated reduced inhibitory GABAergic cortical effects in ALS,™
in keeping with the hypothesis of cortical hyperexcitability as a
fundamental aspect of ALS pathagenesis.™? Use of the
benzodiazepine receptor PET ligand 1*C-PK11195 revealed
widespread microglial activation in ALS,* supported by the
finding of inflamrmatory biomarkers in the cerebrospinal fluid. =
The pronounced frontotemporal reductions in the binding of
the 5-HT1A receptor ligand "C-WAY100635 in patients with
ALS, " and data from neuropathological receptor studies that
revealed similar changes in FTD, " suggest that serotonergic
mechanisms warrant further study in relation to pathogenesis.
Finally, paramagnetic praperties of small partides of iron oxide,
which can be used as intravenous contrast agents, might
indicate the start of the era of molecular MR]," with potential
to understand inflammatory mechanisms™® and therapeutic
stem-celi tracking.**

Detection of presymptomatic markers of disease

The poor definition of the population at risk for sporadic ALS
impedes attempts to identify an early, presymptomatic
diagnostic biormarker. Results from a diffusion tensor imaging
study of presymptomatic patients with a highly penetrant
dominant SOD1 gene mutation revealed changes in the posterior
limb of the internal capsule ot seen in healthy controls, which
might be among the earliest detectable changes.

AiSsamyotrophic [ateral sclerosis. FTD=frontotemporal dementia.

at 5 years. Compared with patients managed in a
general neurology clinic, patients managed in a
specialised clinic had a better quality of life, possibly
attributable to more effective use of resources, with
benefits derived after a single visit.™

Respiratory function and nutrdtion are crucial
symptomatic concerns for patients with ALS, with
respiratory failure being the main cause of death.” Expert
consensus guideline recommendations have been
developed for key care concerns in ALS, including
respiratory management, nutrition, and palliative care 5!
A positive outlook should be emphasised.™
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Panel 4: Controversy in ALS—clinical trials

Although clinical trials of ALS have been done since the 1980s, riluzole is the only drug of
proven efficacy for treatment of this disorder, The failure of ALS dlinical trials to lead to
substantial benefits has been attributed to several potential de5|gn pmblems at preclinical

and clinical levels:

Preclinical

+ Inappropriate mouse model. Unti recently, the SOD1 mouse model has been the
benchmark for testing potential neuroprotectants in ALS.™ However, as SOD1
mutations account for about 2% of all ALS cases, the mouse model might have little
relevance to humian sparadic disease. Furthermore, this model undergoes a series of |
stereotypical changes that begin with hind limb weakness. The Tecent deveiopment
of mouse models with mutations in the gene encoding TDP-43 is a potential
advance in therapeutic development for ALS, providing basic scientists with a new,
perhaps more relevant, platform for studying novel therapies. N .

« Inappropriate timing of introducing drugs and desing problems. Some investigators
have studied the effects of presymptomatic delivery of drugs on disease onset.™
Although this timing might contribute towards understanding the subclinical
processes that underlie motor neuron degeneration, it seems to be of little relevance
fortreatment of sporadic ALS. Many preclinical studies have also examined ultra-high
doses of drugs that would probably translate into plasma concentrations far beyond
that tolerable by human patients. Some investigators have advocated that the highest
tolerable dose should not be assurned to produce the best outcome. ™

(inical

« Trial design. There is increasing need for more effective screening of pharmacological
drugs during phase 2 trials because after this period of dinical development a
decision is made to proceed with confirmatory testing (ie, a phase 3trial) or to reject
the drug as ineffective. The distinction between phase 2 and phase 3 trials in ALS
becomes biurred, because providing preliminary evidence of drug efficacy in this
disease at the phase 2 level is difficult. The absence of an effective biomarker is a
major contributing reason. Therefore, the dilemma remains whether to use efficient
statistical strategies for minienising trial duration and sample size, to increase the
chance of proceeding with a phase 3 trial {ie, higher false-positive rate}, orto do
phase 3 clinical trials tailored as phase 2 clinical trials {fe, higher false-negative rate).
The fatter approach is perhaps one that is now rarely done, given recent advances in
statistical design.”* Investigators are also proceeding with phase 3 clinical trials, even
inthe absence of preliminary evidence of efficacy in human patients.

+ Choice of primary endpoint. Changes in the primary endpoint establish whether a trial
will be successful. The choice of the correct primary endpoint in ALS clinical trials has
been debated. Trials that use functional scales and measures of strength as primary
endpoints have dominated the field, whereas trials mainly concerned with improved
survival of patients have heen few and far between recently. The design and ¢linical
benefits of the former include: smaller sample size, shorter trial duration, and clinically
meaningful treatment effects, Nevertheless, measurement of survival might be the
only means of determining whether a treatment effect truly exists, given the large
extent of motor neuron loss from the time of symptom onset. For example, riluzole
has small but significant effects on the function of patients, detectable with sample
sizes far beyond that required to realise its survival benefit.

AiS=amyatrophic lateral sclerosis.

950

Respiratory failure indicates combined degeneration of
central respiratory centres and motor neurons contributing
to the phrenic nerve. Respiratory compromise is commonly
present at diagnosis in patients with ALS.® Nocturnal
hypoxia, and associated symptoms of lethargy, loss of

Figure 5: Standard and experimental MRI sequences in patients with ALS
(A)T2-weighted FLAIR sequence shows hyperintense corticospinal tracts in a
patient with ALS on this coronal view (arrows), but this feature is neither
sensitive nor specificin the absance of other more obvious clinicat symptoms.
(B) Diffusion tensor tractography is a research-based MR! technique that has
potential to study extramoter and motor neuronal pathway invalvement in ALS
(superior oblique cut-out brain section viewed from left). in this patientwith an
unusual ALS phenotype that included prominent aphasia, reconstruction of the
temporal lobe white matter projection fibres indicated that there were fewer
fibres on the left (blue) compared with the right {red) side. ALS=amyotrophic
lateral sclersis. FLAIR=Fluid-attenuated inversion-recovery.

Figure 6: 3-Dimensional MRI of a brain of a patient with primary laterat
sclerosis, as shown from above

Arrows show visiblly widened precentral sulci with relative atrophy of the adjacent
gyrl, notably the motor strips. Macroscopic atrophy as sean here is rare in patients
with typical ALS, but is more frequently noted in those with primmary lateral
sclerosis, who have a predominantly upper motor newran burden of disease, This
figuee highlights the late stage of a corticomotoneuronal process postulated to
be inkerent in ALS more generafly. Al S=amyotrophic lateral sclerosis,

concentration, morning headaches, and unrefreshed sleep
are consequences of central dysfunction. Diaphragmatic
weakness can be diagnosed with spirometry, with vital
capacity undergoing a progressive decline over the course
of disease. Measures of inspiratory muscle strength, such
as maximum inspiratory pressure and sniff nasal
inspiratory pressure, are more accurate predictors of
respiratory dysfunction than is vital capacity, and might be
more feasible in patients with substantial facial muscle
weakness {ie, who are unable to form a tight lip seal),®
Although undertaking polysomnography might be the
optimum approach to identify nocturnal hypoxic
episodes, nocturnal pulse oximetry is usually adequate
in patients with ALS * Non-invasive ventilation improves
quality of life in patients with ALS and improves
survival™ Guidelines for instituting non-invasive
ventilation rely on a combination of symptoms that
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Panel 5: Symptomatic care in ALS

Weakness and disability

- Qrthotics (eg, ankle foot orthosis, neck collars)
«  Physiotherapy

» Adaptive aids (eg, walking frame, wheelchair)

Dysphagia

»  Assessment by speech therapist and dietitian
+ Safe swallowing techniques and madified diet
- Insertion of gastrostomy tube

Dyspnoea and poor cough
« Ventilatory suppert
Meorphine or benzodiazepines
+  Chest physiotherapy
+  Suction machine
+  Manually assisted coughing techniques

Pain {ie, musculoskeletal pain and cramps, fasciculations
and spasticity, skin pressure pain caused by immobility)
«  Physiotherapy, NSAIDs

= Musde relaxants (baclofen, botulinum toxin)

«  Anticonvulsants {eg, gabapentin}

»  Re-positioning and pressure area care

+ Opioiddrugs

+  Pressure-relieving cushions and mattress

Dysarthria
+  Assessment by speech pathologist
+  Communication aids

Educate family and caregivers

Cognitive changes (frontal lobe dysfunction or dementia)
+  Explain symptomatology to caregivers and family
- Antidepressant therapies

Sialorrhoea

«  Anticholinergic antidepressants {eg, amitriptyline)

- Anticholinergic drugs (eg, glycopyrronium bromide)
= Botulinum toxin injections

« Radiation of salivary glands

+  Mouth-care products

« Suction

signify respiratory muscle weakness (dyspnoea and
orthopnosea), along with signs of respiratory muscles
weakness, including substantial desaturation on
overnight oximetry, increased partial pressure of carbon
dioxide (PCO,) of less than 65 mm Hg and reduced
forced vital capacity of less than 80% or sniff nasal
inspiratory pressure of less than 40 cmH,0.%* Patients
with substantial bulbar impairment and sialorrhoea
might not iolerate non-invasive ventilation, and
appropriate management of secretions is crucial® In
patients with ALS who are intolerant of non-invasive
ventilation, when this form of ventilation is no longer
sufficient because of progressive respiratory muscle
weakness, invasive ventilation via tracheostomy is an
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Thickened saliva
Natural remedies {eg, papaya)
Ensure adequate hydration
»  Saline nebulisers; nebulised N-acetylcysteine
+  Suctioning of the mouth
»  Mouth care

Emotional lability

+  Educate patients with ALS and caregivers

s Amitriptyline '

= Benzodiazepines

= Dextromethorphan hydrobromide/quinidine sulfate

Depression and anxiety
- Counselling

+ Benzodiazepines

+  Antidepressants

Sleep disturbance

- Treatunderlying problem

+ Respiratory review, non-invasive ventilation
*  Benzodiazepines, tricyclic antidepressants

Constipation

+  Dietary changes (eg, increase fluid and fibra intake)

+  Use formulations high in bram, bulk, or fibre

+  Regular oral aperients (Movicel [Norgine, the Netherlands)
or suppositories).

AlSeamyotrophic Jateral sclerosis. Data from Andersen and cofloagues™ and Miller and
colfeagues

option.® Although invasive ventilation prolongs survival,
this approach is rarely used in most countries because of
the practical challenges involved, the expense, and the
profound loss of quality of life.® In terms of symptomatic
therapy, subcutaneous morphine provides great relief in
patients who have dyspnoea at rest.#1%

Malnutrition is a key determinant of prognosis.”” The
development of malnutriion in ALS is multifactorial,
and includes reduced food intake secondary to dysphagia,
as well as hypermetabolism.™™ About 50-60% of patients
with ALS have a hypermetabolic state,”* which seems
to be stable over the course of the disease and is
dependent on age, sex, and fat-free mass.™ The increase
in metabolic rate, as measured by resting energy
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For mare on ALSUntangled see
http:/fwww.alsuntangled.com/
index.htm!
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Panel 6: Controversy in ALS—alternative and off-fabel
treatments

Given the terminal nature of ALS, the fact that patients are
often willing to experiment with unproven therapies is not
sumprising. Popular alternative and off-label treatments have
included insulin-life growth factor-1, lithium carbonate,™
minocycline," and stem-cell therapy. Patients should take
caution when starting alternative and off-label treatments.
As identified by some ALS dlinical trials, some treatments can
accelerate the progression of muscle weakness and
negatively affect survival.

To keep the ALS community informed of available
alternative and off-label treatments, an internet-based
initiative, ALSUntangled, has been established racently.'s
AlSUntangled enables the exchange of information about
new alternative and off-label treatments between patients
with ALS and clinicians. Patients with ALS are encouraged to
share newly hypothesised alternative and off-label
treatmenis, as the goal of this initiative is to consclidate and
convey information about cost, scientific and ethical basis,
and potantial benefits and risks of every so-called treatment.

ALS=amyotrophic fateral sclerosis.

expenditure, is associated with reduced survival™
Although the mechanisms that underlie a hypermetabolic
state are unclear, dysfunction of muscle mitochondria is
implicated in the pathogenesis of ALS.W

Insertion of a percutaneous gastrostomy tube ensures
sufficient caloric and fluid intake, and should be offered to
patients who have substantial weight loss, even in the
absence of dysphagia® Implementing a gastrostomy
should be discussed early in the disease course because
morbidity increases when vital capacity is less than 5095,

Attention to the rnany symptoms that might develop
during the course of the disease is essential to improve
the quality of life for patients with ALS (panel 5)." The
terminal phase of ALS can be associated with restlessness,
anxiety, pain, and dyspnoea, and well coordinated mulii-
disciplinary palliative care is needed. Finally, patients
might also seek alternative treatments (panel 6), often
with Iittle evidence of benefit for ALS, and at great
personal financial cost, '

Conclusions

“Let us keep looking, in spite of everything. Let us keep
searching. It is indeed the best method of finding, and
perhaps thanks to our efforts, the verdict we will give
such a patient tomorrow will not be the same we must
give this man today.”

Charcot (1889)
By contrast with the previous century of little progress,

the recent developments in understanding, particularly
with regards to the genetics, clinical phenotypes, and

more general pathophysiology of ALS, encourage realistic
hope that new treatiment approaches will emerge.
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Abstract

Significant advances have increased our understanding of the molecular mechanisms of amyotrophic lateral sclerosis (ALS), yet
this has not translated into any greatly effective therapies. It appears that a number of abnormal physiological processes occur
simultaneously in this devastating disease. Ideally, a multidrug regimen, including glutamate antagonists, antioxidants, a centrally
acting anti-inflammatory agent, microglial cell modulators (including tumor necrosis factor alpha [TINF-¢] inhibitors), an antiapop-
totic agent, | or more neurotrophic growth factors, and a mitochondrial function-enhancing agent would be required to com-
prehensively address the known pathophysiclogy of ALS. Remarkably, cannabis appears to have activity in all of those areas,
Preclinical data indicate that cannabis has powerful antioxidative, anti-inflammatory, and neuroprotective effects, In the G93A-
SODI ALS mouse, this has translated to prolonged neuronal cell survival, delayed onset, and slower progression of the disease.
Cannabis also has properties applicable to symptom management of ALS, including analgesia, muscle relaxation, bronchodilation,
saliva reduction, appetite stimulation, and sleep induction. With respect to the treatment of ALS, from both a disease modifying
and symptom management viewpoint, clinical trials with cannabis are the next logical step. Based on the currently available sci-
entific data, it is reasonable to think that cannabis might significantly slow the progression of ALS, potentially extending life expec-
tancy and substantially reducing the overall burden of the disease.

Keywords
cannabis, endocannabinoids, amyotrophic lateral sclerosis, clinical trials, motor neuron disease

mitochondrial dysfunction, neuroinflammation, growth factor
deficiency, and ghutamate excitotoxicity.>>

Significant advances have been made regarding our under-
standing of the molecular mechanisms of ALS.®'? However,
this has not yet translated into an effective therapeutic treat-
ments. To date, the only food and drug administration- (FDA)
approved therapy available for ALS is the antiglutamatergic
agent Riluzole, which has limited therapeutic efficacy.'® Given

Introduction

Amyotrophic lateral sclerosis (ALS), with an incident rate of
5 to 7 per 100 000 population, is the most common form of
adult motor neuron disease.! Amyotrophic lateral sclerosis is
a rapidly progressive neuromuscular disease that destroys both
upper and lower motor neurons, resulting in weakness, spasti-
city, and ultimately death from respiratory failure. The vast
majority of ALS cases are acquired and occur sporadically.
Emerging evidence suggests that increased oxidative stress

from free radical toxicity and/or excessive glutamate activity
is what leads to motor neuren cell death in the brain and spinal
cord.”® Tnherited forms of the disease, which occur in approx-
imately 5% to 10% of all patients with ALS, are largely
because of mutations in the superoxide dismutase gene, pre-
sumably producing a marked increase in oxidative stress. Pre-
sentations of familial ALS have more variability than in
sporadic ALS and are mutation specific with the most aggres-
sive form because of the A4V mutation,” Recent results have
established that ALS aiso involves other nonneuronal cells
including astroglia and microglia.®’ Other putative mechan-
isms involved in motor neuron degeneration in ALS include
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this perspective, there remains an ongoing search for novel
therapeutic approaches. There is increasing evidence that can-
nabinoids and manipulation of the endocannabinoid system
may have beneficial disease-modifying potential in ALS.1*?!
Moreover, the clinical effects of cannabis, the principal
cannabinoid-producing botanical agent, have been reported to
be useful in managing the symptomatology in ALS, as well
as many other neurodegenerative disorders.*** Thus, signifi-
cant efforts are now being directed at evaluating the role of the
endocannabinoid system in the pathophysiology of ALS. In
addition, there is an emerging body of science that points to
a role of exogenous cannabinoids in both clinical symptom
management and a positive disease-modifying effect,'*!

The Physiology and Pharmacology of
Cannabinoids

Prior to the last decade, there was little known about the spe-
cific pharmacological and molecular effects of cannabis. How-
ever, important advances have taken place recently, which have
greatly increased the understanding of the receptors and ligands
composing the endogenous cannabinoid system.**>* Research
has shown that 2 major cannabinecid receptor subtypes exist,
including the cannabinoid receptor, type 1 (CB1) subtype,
which is predominantly expressed in the brain, and the canna-
binoid receptor, type 2 (CB2) subtype, which is primarily found
on the cells of the immune system.>>%*% A variety of ligands
for these receptors based on the cannabinoid structure have
been synthesized and studied. Experiments performed with
several types of ncural cells that endogenously express the
CB1 receptor suggest that activation of protein kinases may
be responsible for some of the celiular responses elicited by
these receptors.”’ The discovery of the endocannabinoids, that
is, endogenous metabolites capable of activating the cannabi-
noid receptors, and the understanding of the molecular
mechanisms leading to their biosynthesis, release, and inactiva-
tion, have created a new area in research on the pharmaceutical
applications of cannabinoid-based medicines.> The character-
ization of endocannabinoids such as anandamide and the detec-
tion of widespread cannabinoid receptors in the brain and
peripheral tissues suggest that the cannabinoid system repre-
sents a previcusly unrecognized ubiquitous network in the ner-
vous system.

Cannabinoid receptors are G protein-coupled, 7-segment
transmembrane proteins, similar to the receptors of other neu-
rotransmitters such as dopamine, serotonin, and norepinephr-
ine.’’*? Dense receptor concentrations are found in the
cerebellum, basal ganglia, and hippocampus, likely accounting
for the effect of exogenously administered cannabinoids on
motor tone and coordination as well as mood state.**™> Low
concentrations are found in the brain stem, accounting for the
low potential for lethal overdose with cannabinoid-based med-
icines.>%® A growing number of strategies for separating
sought-after therapeutic effects of cannabinoid receptor ago-
nists from the unwanted consequences of CB1 receptor activa-
tion are emerging. Recently, ligands have been developed that

are potent and selective agonists for CB1 and CB2 receptors, as
well as potent CBl——selective antagonists and inhibitors of
endocannabinoid uptake or metabolism.®° In addition, varieties
of cannabis are known to contain a mix of partial cannabinoid
agonists and antagonists, which can be rationally used. This
knowledge may lead to the design of synthetic cannabinoid
agonists and antagonists as well as cannabis strains with high
therapeutic potential. The fact that both CB1 and CB2 receptors
have been found on immune cells suggests that cannabinoids
play an important role in the regulation of the immune system.
Recent studies show that cannabinoids downregulate cytokine
and chemokine production, both mechanisms that suppress
inflammatory responses.8!%* Manipulation of endocannabi-
noids (ie, via the use of exogenous cannabis) has great potential
treatment viability against inflammatory disorders, including
the inflammation seen in the central nervous system (CNS)
of the patients with ALS. The potential use of cannabinoids
as a novel class of anti-inflammatory agents may become one
of the predominant indications, as that includes not only neuro-
modulation but pain as wel] 6566 Indeed, any number of inflam-
matory processes that are at least partially triggered by
activated T cells or other cellular immune components could
be treated with cannabis and other cannabinoid-based medicines.

Cannabinoids are chemically classified as terpenes, These
are lipid-soluble hydrocarbons that function as major biosyn-
thetic celiular messengers in many forms of life. Terpenes are
widespread in plants and most species of animals as well,
including humans. Any compound that resembles the basic ter-
penes structure, yet may be modified chemically via oxidation
or other processes, is termed a terpencid. Many hormones,
including estrogens, are terpenoids, and share the same basic
organic chemical structure as cannabinoids,”>>* All terpenes
are organic, readily penetrate the highly lipophilic CNS,

Interestingly, tamoxifen, which is an antagonist of the estro-
gen receptor in breast tissue, is terpenoid and chemically
resembles cannabinoids. Tamoxifen’s primary use is as a
FDA-approved drug for the treatment of breast cancer.®” %
However, phase I clinical trials of tamoxifen in ALS have now
demonstrated preliminary efficacy and safety.®® A phase 2B
study demonstrated increased survival after 2 years in patients
with ALS taking higher doses of tamoxifen, with no effect seen
in 2 lower dose groups.®® The 3 higher dose groups experienced
a 4- to 6-month prolongation of survival over a 24-month trial,
with no significant side effects observed.®® Interestingly, gluta-
mate uptake in cultured retinal cells is inhibited by tamoxifen,
thus this mechanism may be part of a possible beneficial effect
in ALS.57 The chemical similarity between cannabinoids and
tamoxifen points to a possible shared mechanism of action for
neural protection.®®

The cannabis plant is a remarkably complex plant, with sev-
eral phenotypes, each containing over 400 distinct chemical
moieties.”®"? Approximately 70 of these are chemically unique
and classified as cannabinoids.”®”? Delta-9 tetrahydrocannabi-
nol (THC) and delta-8 THC appear to produce the majority of
the psychoactive effects of cannabis,””> Delta-9 THC, the
active ingredient in dronabinol (Marinol), is the most abundant
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cannabinoid in the plant, which historically led researchers to
erroneously hypothesize that it was the main source of the
drug’s impact. It is now known that other major plant cannabi-
noids, including cannabidiol and cannabinol, modify the phar-
macology of THC and have distinct effects of their own.
Cannabidiol is the second most prevalent of cannabis’s active
ingredients and may produce most of its therapeutic effects.
Cannabidiol becomes THC as the plant matures and this THC
over time breaks down into cannabinol. Up to 40% of the can-
nabis resin in some strains is cannabidiol.” The amount varies
according to plant. Some varieties of Cannabis sativa have
been found to have no cannabidiol.” Cannabidiol breaks down
to cannabinol as the plant matures. Much less is known about
cannabinol, although it appears to have distinct pharmacologi-
cal properties that are quite different from cannabidiol. Canna-
binol has significant anticonvulsant, sedative, and other
pharmacological activities likely to interact with the effects
of THC.”7® Cannabinol may induce sleep and may provide
some protection against seizures for epileptics.”

Hypothetical Applications
Preclinical Studies of the Endocannabinoid System in ALS

The primary murine model for human ALS is the G93A-S0OD1
mutant mouse, which is genetically engineered to replicate
familial ALS.* There is strong evidence in the G93A-SODI
mouse model of ALS that the endocannabinoid system is
involved, both directly and indirectly, in the pathophysiology
of the disease. Several recent studies have highlighted this.
Rossi et al'” investigated both excitatory and inhibitory synap-
tic transmission in the striatum of symptomatic G93A-SODI
ALS mice, along with the sensitivity of these synapses to
CB1 receptor stimulation. They reported a reduced frequency
of glutamate-mediated spontaneous excitatory postsynaptic
currents and increased frequency of GABA-mediated sponta-
neous inhibitory postsynaptic currents in recordings from stria-
tal neurons in ALS mice. This is likely due to some presynaptic
defects in transmitter release. The sensitivity of CB1 receptors
in controliing both glutamate and GABA transmission was
potentiated in ALS mice. This provides good evidence that
adaptations of the endocannabinoid system might be involved
in the pathophysiology of ALS. This is not inconsistent with
current theories on pathophysiological mechanisms of ALS,
which still remain largely a pathophysiologic enigma.”®
Bilsland et al'® showed that treatment of postsymptomatic,
90-day-old SODIG93A mice with a synthetic cannabinoid,
WINS5,212-2, significantly delayed disease progression,
Furthermore, genetic ablation of the fatty acid amide hydrolase
(FAAH) enzyme, which results in raised levels of the endocan-
nabinoid anandamide by preventing its breakdown, prevented
the appearance of disease signs in 90-day-old SOD1G93A
mice. Surprisingly, elevation of cannabinoid levels with either
WINS55,212-2 or FAAT ablation had no effect on life span.
Ablation of the CB1 receptor, in contrast, had no effect on dis-
ease onset in SODIGI3A mice but significantly extended life

span. Together, these results indicate that cannabinoids have
significant neuroprotective and disease-modifying effects in
this model of ALS and suggest that these beneficial effects may
be mediated by non-CB1 receptor-based mechanisms.

It is now known that during active neurodegeneration from
disease or trauma in the CNS, the concentration of tumor
necrosis factor alpha (TNF-¢) rises well above normal levels
during the inflammatory response. Addition of exogenous
TNF-2, both in vitro and in vivo, to neurons has been shown
to significantly potentiate glutamatergic excitotoxicity, Thus,
the discovery of drug targets reducing excess TNF-o expres-
sion may help protect neurons after injury. Zhao et al** inves-
ticated the neuroprotective role of the CBI receptor after
TNF-u exposure in the presence or absence of CB1 agonists.
They demonstrated that CB1 activation blocks the TNF-a-
induced increase in inflammation, thus protecting the neurons
from damage. Thus, neuroprotective strategies which increase
CB1 activity may help to reduce damage to motor neurons in
ALS that are mediated by CNS inflammation.

Additionally, CB2 receptors are dramatically upregulated in
inflamed neural tissues associated with CNS disorders, includ-
ing ALS.** In G93A-SOD1 mutant mice, endogenous cannabi-
noids are elevated in spinal cords of symptomatic mice.?!
Furthermore, treatment with nonselective cannabinoid partial
agonists prior to, or on, symptom appearance minimally delays
disease onset and prolongs survival through undefined mechan-
isms. Shoemaker et al'* demonstrated that messenger RNA
(mRNA) levels, receptor binding, and function of CB2, but not
CB1, receptors are dramatically and selectively upregulated in
spinal cords of G93A-SOD1 mice in a temporal pattern paral-
leling disease progression. Daily injections of the selective
CB2 agonist AM-1241, initiated at symptom onset, increased
the survival interval after disease onset by 56%.'4

Disease-Modifying Treatment of ALS

Clinical trials for ALS have been largely based on preclinical
work using the G93A-S0D1 mouse. Unfortunately, translation
of therapeutic success in mice to humans has proven quite dif-
ficult and a cure for ALS is not yet known. Many factors have
been implicated in explaining the predominantly negative
results of numerous randomized clinical trials in ALS, includ-
ing methodological problems in the use of animal-drug screen-
ing, the lack of assessment of pharmacokinetic profile of the
drugs, and methodelogical pitfalls of clinical trials in patients
with ALS. Riluzole is currently the only agent approved by the
FDA for the treatment of ALS.'® This drug inhibits the presy-
naptic release of glutamate and reduces neuronal damage in
experimental models of ALS, Four controlled trials of a total
of 974 riluzole-treated and 503 placebo-treated patients
showed that it prolonged survival opposed to placebo, although
the benefit was fairly modest.'® Becanse oxidative stress is one
of the proposed pathogenic factors in ALS, antioxidants have
been extensively tested, including vitamin E, vitamin C, coen-
zyme (), B-carotene, N-acetylcysteine, and creatine, an amino
acid naturally found in skeletal.'! To date, trials of
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neurotrophic factors, antioxidants, glutamate antagonists, and
creatine have all failed to show any significant benefit in
humans, although most had significant benefit shown in
mice.!! It is currently felt that a cocktail approach may be the
ideal treatment strategy, including glutamate antagonists, anti-
oxidants, and neurotrophic factors.®® Recently, the kynurenine
pathway (KP) has emerged as a potential target for ALS treat-
ment.® The KP is a major route for the metabolism of trypto-
phan, generating neuroactive intermediates in the process.
These catabolites include the excitotoxic N-methyl-p-aspartate
{NMDA) receptor agonist, quinolinic acid (QUIN), and the
neuroprotective NMDA receptor antagonist, kynurenic acid
(KYNA). These catabolites appear to play a key role in the
communication between the nervous and immune systems and
also in modulating cell proliferation and tissne function. Tar-
geting the KP, hence, could offer a new therapeutic option to
improve ALS treatment, and several drugs that block the KP
are already under investigation.

Although other potential neuroprotective agents have been
evaluyated in randomized clinical trials, none have shown
unequivocal benefit for the treatment of ALS. Thus, there
remains an enormous need for more trials to test other putative
disease-modifying therapies. As the effectiveness of such drugs
can only be definitively established by large, costly, phase III
randomized controlled studies, it is imperative that researchers
target compounds that have potential benefit based on demon-
strated pharmacological and physiological mechanisms.

There remains the possibility that ALS could represent a
state of clinical endocannabinoid deficiency (CED).?**! The
endocannabinold anandamide demonstrates dopamine-
blocking and anti-inflammatory effects and is also tonically
active in the periaqueductal gray matter.*’ Endocannabinoids
also modulate glutamatergic neurotransmission indirectly via
NMDA receptors, and these pathways can be modulated to pro-
duce a clinical effect, such as reduction in motor tone, seizure
threshold, and perception of pain and mood state.¥*> These
clinical, biochemical, and pathophysiological patierns could
reflect an underlying abnormality in the endocannabinoid sys-
tem in ALS that could be potentiaily treated with exogenous
cannabinoids, that is, via clinical use of cannabis or some deri-
vative thereof.

Practical Applications
Symptom Management in ALS

As discussed previously, animal studies strongly suggest that
the endocannabinoid system is implicated in the pathophysiol-
ogy of ALS, either directly as part of the underlying disease
mechanisms, or indirectly, inasmuch as this system plays a role
in the homeostatic functioning of the neuromuscular system.
Irrespective, it is clear that cannabinoids are able to slow down
the progression of ALS in mice, likely by acting as an antiox-
idant, among other mechanisms.'*™'® In addition to the neuro-
protective effect, patients report that cannabis helps in
treating symptoms of the disease, including alleviating pain

and muscle spasms, improving appetite, diminishing depres-
sion, and helping to manage sialorrhea (excessive drooling)
by drying up saliva in the mouth.>* Indeed, in a large survey
it was noted that patients with ALS who were able to obtain
cannabis found it preferable to prescription medication in man-
aging their symptoms. However, this study also noted that the
biggest reason patients with ALS were not using cannabis was
their inability to obtain it, due to legal or financial reasons or
lack of safe access.?**®

There are many other clinical problems faced by patients
with ALS that could be helped by cannabis. The majority of
patients with ALS experience significant pain.*® The pain is
largely due to immobility, which can cause adhesive capsulitis,
mechanical back pain, pressure areas on the skin, and more
rarely, neuropathic pain.***! Pain in ALS is a frequent symp-
tom especially in the later stages of disease and can have a pro-
nounced influence on quality of life and suffering.”*%%
Treatment of pain, therefore, should be recognized as an impor-
tant aspect of palliative care in ALS. A recent Cochrane review
of the evidence for the efficacy of drug therapy in relieving
pain in ALS revealed no randomized or quasi-randomized con-
trolled trials showing significant benefit. Despite the major
pain problems encountered by patients with ALS, there are
no clear guidelines and few randomized clinical trials about
how to manage pain in ALS. However, as noted previously, the
cannabinoids have been shown to produce an anti-
inflammatory effect by inhibiting the production and action
of TNF and other acute phase cytokines.*> Additionally, canna-
bis may reduce pain sensation, likely through a brain stem cir-
cuit that also contributes to the pain-suppressing cffects of
morphine.”® Cannabinoids produce analgesia by modulating
rostral ventromedial medulla neuronal activity in a manner
similar to, but pharmacologically distinct from, that of mor-
phine.'®®1® Thig analgesic effect is also exerted by some endo-
genous cannabinoids (anandamide) and synthetic cannabinoids
{methanandamide) and may be prevented by the use of selec-
tive antagonists.'®*'%* Thus, cannabinoids are centrally acting
analgesics with a different mechanism of action than opioids,
although the analgesia produced by cannabinoids and opioids
may involve similar pathways at the brain stem level.'%19°

There are now multiple, well-controlled clinical studies
using cannabis to treat pain, showing ample evidence of
analgesic efficacy.'”® A recent systematic review and meta-
analysis of double-blind randomized controlled trials that com-
pared any cannabis preparation to placebo among participants
with chronic pain showed a total of 18 completed trials. The
studies indicate that cannabis is moderately efficacious for the
treatment of chronic pain.'% In the setting of ALS, the medica-
tions should be titrated to the point of comfort. Concomitant
use of narcotics may also be beneficial because, as noted above,
the opioid receptor system is distinct from the cannabinoid
system. In that regard, the antiemetic effect of cannabis may
help with the nausea sometimes associated with narcotic
medications.

In addition to pain, spasticity is also a2 major problem for
patients with ALS. Spasticity in ALS is induced both at the
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motor cortex and at the spinal cord level through the loss of
motor neuron inhibition.'®”"'* Cannabis has an inhibitory
effect via augmentation of y-amine-butyric acid (GABA) path-
ways in the CNS.""! This produces motor neuron inhibition at
spinal levels in mice. Several past studies have suggested that
cannabinoid therapy provide at least a subjective reduction of
spasticity, although virtually all of the studies have been done
in patients with multiple sclerosis (MS).**''* A survey study
has shown that patients with ALS do subjectively report that
cannabis helps alleviate symptoms of spasticity.*

In addifion to pain and spasticity, there are other pharmaco-
logical effects of cannabis that may be useful for patients with
ALS. Patients with ALS and bulbar symptoms also usually
have difficulty controlling and swallowing the saliva that is
normally present in the oral cavity.''* Cannabis is a potent anti-
salivatory compound that swiftly dries the oral cavity and
upper airway, potentially reducing the risk of aspiration pneu-
monia and increasing patient comfort.*%%*

Cannabis alse increases appetite and may help prevent “ALS
cachexia,” a phenomenon experienced by some patients where
weight loss occurs in excess of that caused by muscle atrophy
and reduced caloric intake.''*'*® In addition to improving appe-
tite, cannabis appears to also help with mood state and sleep.
Patients with ALS previously have reported that cannabis is at
least moderately effective at reducing symptoms of pain, spasti-
city, drooling, appetite loss, and depression.®*

Cannabinoids will vaporize at temperatures in the range of
200°F and can be inhaled via a hot mist."!”"!® This delivers the
cannabinoids rapidly, allowing for ease of titration and letting
patients with ALS having severe dysarthria rapid access to the
drug’s effects. Vaporizing also helps dry up oral secretions.*
Cannabis may also be ingested orally or through a feeding tube,
although absorption is much slower. Cannabis can be titrated to
desired effect, with individual, patient-specific dosing,'*%'*
In terms of clinical trials for disease-modifying effects, dosing
paradigm would be more complex. Fortunately, the low toxi-
city of cannabis would allow for trail and error. Based on the
available studies, a typical dosing range for clinical effects
would likely be 1 to 2 g/d of cannabis, with an average THC
content of 20% by weight.'*?

A Call for Clinical Trials

In terms of symptoms management, cannabis is a substance
with many pharmacological properties that are directly applica-
ble to the clinical care of patients with ALS. These include
analgesia, muscle relaxation, bronchodilation, saliva reduction,
appetite stimulation, sleep induction, and mood elevation.?*
From a pharmacological perspective, cannabis is remarkably
safe with realistically no possibility of overdose or frank phys-
ical addiction. There is a valid, logical, scientifically grounded
rationale to support the use of cannabis in the pharmacological
management of ALS. Indeed, cannabis, as a single compound,
could potentially replace and provide the benefits of muitiple
standard medications, including analgesics, antispasmodics,
anxiolytics, antidepressants, appetite stimulants, and agents

used to dry the mouth (typically anticholinergic medications).
There is ample clinical evidence to warrant the empiric use
of cannabis to manage the symptoms of ALS,

From an experimental, disease-modifying perspective, it is
not likely that a single mechanism agent would treat all of the
abnormal physiological processes occurring simultaneously in
this devastating disease.'”*"'?” Thus, some experts are now
advocating for a combination drug approach to slowing the pro-
gression of ALS.?® Based on what is known about the patho-
physiology of ALS, a multidrug regimen would include
glutamate antagonists, antioxidants, a CNS anti-inflammatory
agent, a microglial cell modulators, including TNF-¢ inhibi-
tors, an antiapoptotic agent, I or more neurotrophic growth fac-
tors, and a mitochondrial function-enhancing agent.'*”'?®
Remarkably, cannabinoids appear to have at least some activity
in all of those categories.’?”'*" Moreover, there is a particu-
larly strong, growing, body of preclinical data indicating that
cannabis has powerful antioxidative, anti-inflammatory, and
protective neuromodulatory effects.’**1>° In the G93ASODI
ALS mouse, this has translated to prolonged neuronal cell
survival, 1516.1843

There is an overwhelming amount of preclinical and clinical
evidence to warrant initiating a multicenter randomized,
double-blind, placebo-controlied trial of cannabis as a
disease-modifying compound in ALS. Secondary outcome
measures could include clinical management, with end points
such as pain scores, quality-of-life measures, and so on. Devel-
oping a muiticenter clinical research trial using cannabis would
pose many unique barriers that would have to be overcome.
Inasmuch as there is no commercial manufacturer of cannabis,
the study would have to be funded either by the federal govern-
ment or privately. Presumably, there would be no industry
fimding, Obtaining the trial drug would require the investiga-
tors to gain access to a large, reliable supply of cannabis that
is legal for medical research. At present, the only source of can-
nabis that can be legally used in research in the United States is
through the National Institute on Drug Abuse (NIDA). National
Institute on Drug Abuse provides low-potency material and
makes the cannabis available only to projects it approves.
National Institute on Drug Abuse supplies cannabis with a THC
content, by weight, of 2% to 4% typically, although it has sup-
plied cannabis with an 8% by weight THC content on occa-
sion.”***7 The average THC content of cannabis at
randomly surveyed medical cooperatives in California is
approximately 15% to 20%.°%’'712! Thus, an independent
source of cannabis would be needed to ensure a consistently
high cannabinoid content that may be strong enough to possibly
alter the disease progression. An independent cannabis source
would also allow investigators to avoid NIDA’s arbitrary and
lengthy review process that it mandates before providing any
cannabis for research, Historically, NIDA has derailed clinical
frial plans by refusing to supply cannabis, even after the
research protocols were approved by the FDA.!'” Nonetheless,
it is possible, with coordinated effort, to effectively do double-
blind, randomized, placebo-controlled clinical trials with can-
nabis.*¥1*! To properly evaluate both subjective and objective
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effects, cannabinoid blood levels should be followed as well, to
further ensure adequate data for a dose—response curve.

Clinical trials with cannabis would also address the issue of
single versus multiple drug clinical trials. Arguable, multiple
drug trials would increase the chances of success but also expo-
nentially increase the difficulty of completing the trial and ana-
lyzing the data. Cannabis, as a single agent, in essence provides
the advantages of a multiple drmg trial due to its muitiple
mechanisms of action. Cannabis is a unique compound that
possesses significant internal therapeutic synergy, The search
for the underlying cause of ALS continues.'**'*? With respect
to treatment, from both a symptom management and disease
modifying viewpoint, the logical next step, based on the avail-
able science, would be clinical trials with cannabis. Although
not expected to be necessarily curative, it is not unreasonable
to think that cannabis might significantly slow the progression
of ALS, potentially extending life expectancy and substantially
reducing the overall burden of the disease.
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Abstract

Amyotrophic lateral sclerosis (ALS) is a late-onset fatal neurodegenerative
disease affecting motor neurons with an incidence of about 1/100,000. Most
ALS cases are sporadic, but 5-10% of the cases are familial ALS. Both sporadic

Access this article orline

and familial ALS (FALS) are associated with degeneration of cortical and spinal Website:

motor neurons. The eticlogy of ALS remains unknown. However, mutations of v surgicalneurologyint.com
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superoxide dismutase 1 have been known as the most common cause of FALS. 10 A103/2152-7805. 169561

In this study, we provide a comprehensive review of ALS, We cover all aspects
of the disease including epidemiology, comorbidities, environmental risk factor,
molecular mechanism, genetic factors, symptoms, diagnostic, treatment, and even
the available supplement and management of ALS. This will provide the reader
with an advantage of receiving a broad range of information about the disease.
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INTRODUCTION

Amyotrophic lateral sclerosis {ALS) is a fatal motor
neuron disorder that is, characterized by progressive loss
of the upper and lower motor neurons {LMNs) at the
spinal or bulbar level. "

ALS was first described in 1869 by French neurologist
Jean-Martin Charcot.23#12%33 The disease became well
known in the United States when baseball player Lou
Gehrig was diagnosed with the disease in 1939.016203
ALS is also known as Charcot disease in honor of the
first person to describe the disease, Jean-Martin Charcot,
and motor neuron disease (MND) as it is one of the five
MNDs that affect motor neurons. There are four other
known MNDs: Primary lateral sclerosis (PLS), progressive
muscular atrophy (PMA), progressive bulbar palsy {PBP),
and pseudobulbar palsy. (163213251256

ALS is categorized m two forms. The most common
form is sporadic (90-95%) which has no obvious

genetically inherited component. The remaining 5-10%
of the cases are familial-type ALS (FALS) due to their
associated genetic dominant inheritance factor,[217.25925
The first onset of symptoms is usually between the ages
of 50 and 65111701622 The most common symptoms
that appear in both types of ALS are muscle weakness,
twitching, and cramping, which eventually can lead to
the impairment of muscles.""3! In the most advanced
stages, ALS patients will develop symptoms of dyspnea
and dysphagia !¢+
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Most of the reviews about ALS focus on a specific area
of the diseases such as molecular mechanism, treatment,
diagnostic, etc. This review will attempt to provide an
up-to-date overview of all aspects of ALS. It will first
cover the epidemiology and comorbidities of the disease,
followed by known environmental sk factors such as
smoking, chemical exposure, and radiation.

Improving the understanding of ALS pathogenesis is
critical in developing earlier diagnostic methods as well
as proposing new effective treatments. Thus, this review
will present the most recent studies related to molecular
mechanisms, genetics, ALS symptoms, diagnostic
examinations, and treatments. Furthermore, due to
the fact that there has been only one Food and Drug
Administration (FDA) approved drug for ALS treatment,
this review will also address nutritional supplements, as
well as respiratory and nutritional managements that help
alleviating the symptoms. This comprehensive study will
inevitably lead to the better understanding of ALS and
assist in extending the life expectancy associated with
ALS by establishing a basis of knowledge that can be
used to improve care.

THE EPIDEMICLOGY OF AMYOTROPHIC
LATERAL SCLEROSIS

During 1990, the number of reported cases of ALS
was between 1.5 and 2.7 per 100,000 in Europe and
North America. 0238536 Recent  studies have shown
that disease prevalence has not increased over the past
decade, as the incidence rate remains at 2.7/100,000 (95%
confidence interval [CI] 2.63-2.91)H0168228] and a5 of
2008, the prevalence of ALS was 0.32/100,000 (95%
Cl  9.78-10.86).2178361  Muiltiple  studies  have
shown an increased risk in the male to fernale ratio
(male: female =1.5:1),1B5707028305  glthough  other
studies have shown a balance in this ratig 12165326

The mean age of onset of ALS varies from 50 to 65 years
with the median age of onset of 64 years old. Only 5%
of the cases have an onset <30 years of age. /617022828
ALS incidence is most pronounced in people 80 years or
older (10.2/100,00 in men; 6.1/100,000 in women). One
hypothesis for the increased incidence in older population
is related to the variation in care for these patients, %10

Although most cases of ALS are sporadic, about 5% of
the cases have a family history. The age of onset for FALS
is about a decade earlier than for sporadic cases,[2197.26929%
There is also geographical loci form of ALS where
prevalence is 50-100 times higher in certain locations
than in any other part of the world. These population
include parts of Japan, Guam, Kii Peninsula of Japan, and
South West New Guinea.!"™"" Although this evidence is
not concrete, it is believed that the increased incidence
of ALS in these regions is due to environmental factors,
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specifically a neurotoxic nonprotein  amino  acid,
p—methylamino-L-alanine (BMAA) in the seeds of
the cycad Cycas micronesica produced by a symbiotic
cyanobacteria in the roots of the cycad that are commonly
found in these areas. It is hypothesized that patients
in these regions who develop ALS have an inability in
preventing BMAA accumulation.P*1®%% More research
is needed in South America to corroborate data for the
rest of the continent, yet new studies show that the
incidence of sporadic ALS in Uruguay is similar to those
found within North America and Europe.B%*" Thus, it
is important to continue epidemiologic studies of ALS
in areas where little work has been done to identify
vulnerable populations within Africa, Central America,
and South America.

A possible relationship between ALS and  sports
participation has been proposed but not demonstrated.
In a cohort study of Italian professional football
players, a severe increase in the incidence of ALS was
found'*# This study, conducted by the National
Institute of Environmental Health Science, showed a
correlation between head injuries in football players and
an increased risk of ALS {odds ratio [OR] =3.2; 95%
CI =1.2-8.1}. Traumas to other parts of the body were
not associated with increased risk. 1631

AMNALYSIS OF CO-MORBIRITIES  OF
HMYOTROPHIC LATERAL SCLERGEIS

Retrospective cohort studies have shown that the incidence
in certain concomitant diseases and comorbidities is
significantly different m ALS-affected population in
comparison to the general population. German cohort
studies examining comorbidities prior to diagnosis found
that while cardiovascular risk factors were the most
common comorbidities in ALS patients (31.5% vs. 40%),
they still had a significantly higher incidence in the general
population than in their affected cohort.'251 The
discrepancy in incidence could suggest that ALS causes
a protective mechanism for cardiac disorders or that
there are genetic benefits for those predisposed to the
disorder. ALS patients had a significantly lower incidence
of arterial hypertension (31.5% vs. 47.2%), coronary
heart disease (8.6% vs. 9.3%), myocardial infarctions
(6.4% vs. 7.0%), diabetes mellitus (7.2% vs. 10.6%), and
hypercholesterolemia (17.9% vs. 65.6%).1%15135] These
tesults were echoed when results were stratified by
various age groups to prevent confounding. With regards
to comparing ALS types and their onset time to patient
comorbidities, only a difference in hypercholesterolemia
incidence was seen when comparing bulbar onset to spinal
onset (23.6% vs. 15.7%; P < 0.05)." This shows only a
slight association with how cardiovascular comorbidities
can alter ALS progression.
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Of the diseases most likely to be found in ALS patients
prior to their diagnosis, a higher incidence in neurological
disorders was noted when compared to the general
population."”*1 The increased incidence of neurological
diseases in ALS patients may be indicative of similar
underlying genetic factors between ALS and other
neurological disorders. A history of depression (22.8%
vs. 11.6%), dementia {5.8% vs. 1.3%), Parkinson’s (1.8%
versus 0.1-0.2%), and epilepsy (1.6% versus 0.45-1%) was
found mare frequently within the study cohort than with
the rest of the population B35 The results were echoed
in other studies that have indicated a greater likelihood
of ALS development and progression when examining
patients with a high rate of psychological disorders.!™!

Development of depression is one of the most common
secondary symptoms associated with ALS. Previous
studies have reported a prevalence of depression of 4-56%
depending on the assessment measure,[*#1132422857.52]
Depression has a negative effect on the quality of
life of patients with ALS.F*P1%) In a recent study,
131 patients with ALS were evaluated to estimate the
prevalence of depression.!'® The results showed 29%
prevalence of mild depression and 6% prevalence of
severe depression.!'™ In this study, mere than one-third
of ALS patients were receiving antidepressant io treat
sialorrhea, pseudobulbar affect, and insomnia, which
may explain the lower rates of severe depression in ALS
patients compared to the prevalence of depression in the
general population (10%).121% Physical impairment and
duration of the disease did not predict depression in the
cohort which suggests that depression is not related to
advanced ALS or approaching end of life.!’™ ALS-related
symptoms, including cramps, stiffness, shoriness of
breath, swallowing difficulty, insomnia, loss of appetite,
increased saliva, uncontrolled laughing or crying,
fasciculations, anxiety, fatigue, and pain, did not appear
to contribute to depression with the exception of anxiety
which is a known symptom of depression.!® Other
studies have also shown that, even in late stages of ALS,
major depression is rare. 10224l

When comparing the survival rates of patients with
mental health comorbidities, it was noted that patients
suffering from Parkinson’s and ALS had a slower
progression of their disease and a greater survival time
(P = 0.031.1"1 1t may be possible that the pathological
development of Parkinson's disease (PD) could slow down
the effects of ALS onsct by altering the speed of nervous
degeneration and disease progression. It is also possible
that the administration of L-DOPA or the decreased
levels of endogenous dopamine could offer an antioxidant
protective effect in those susceptible to ALS, similar to
that seen in multiple studies comparing ALS incidence
and Vitamin E consumption.#%"% Greater evidence
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will be necessary to confirm correlations and association
between these comorbidities and ALS incidence.

AMYOTROPHIC LATERAL
ENVIROMNMENTAL FACTORS

SCLERQSIS

Previous epidemiologic studies have suggested that
ALS patients may have been exposed to environmental
toxins.’®l Exposures to agriculture chemicals, heavy
metals, solvents, electrical magnetic fields, type of diet,
dust/fibers/fumes, and physical activity were all examined
for association with ALS.E"#% The following section will
discuss more in depth the role that each of these risk
factors have with increased ALS incidence.

SMOKING

Cigarette smoke has been found to increase the
probability of developing ALS through inflammation,
oxidative stress, and neurotoxicity by heavy metals
contained in cigarettes.P78 Among those that actively
smoke, ALS risk is highest when they start smoking
at a younger age.’' It is not, however, associated with
duration or intensity of smoking habits. Furthermore,
exhaled cigarette smoke contains formaldehyde which is
associated with higher mortality rates in ALS patients."%
It is thought that cigarette smoking is the most consistent
nongenetic risk factor for ALS.P1%3' Finally, a beneficial
effect of quitting smoking on ALS patient has not been
examined so far.

Physical activity

Athletes have higher ALS risk compared to the general
population; however, performing passive to robust
physical activity has not shown an increased susceptibility
of developing ALS."® Nevertheless, there are several
genes (i.e., ciliary neurotrophic factor, leukemia inhibitory
factor, and vascular endothelial growth factor 2) related
to exercise that have been recognized as possible ALS
risks factors.l¥'! Moreover, some studies have obtained
inconsistent results in regards to high ALS risk among
athletes, thus invalidating any association between
physical activity and ALS risk.""! Hence, the physical
activity itself is not yet proven to be a cause of ALS.
A possible explanation to the high risk of ALS incidence
among athletes involves genetic profiles.

Genetic profiles that promote physical fitness but not
necessarily muscles strength could hold a proportional
correlation between ALS and physical activity.? In
other words, a genetic profile altered by exogenous
factors promoting physical fitness increases ALS
susceptibility.*** This idea is supported by findings
of a beneficial vascular risk profile in patients and
their relatives.'”! They reported a reduced frequency
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of coronary heart disease premorbid to ALS and an
increased risk of ALS alongside physical fitness but not
muscle strength, pointmg at a mutual element between

physical/cardiovascular fitness, and ALS susceptibility.
[123,155.298.522}

Chemical exposure and metals

ALS has shown an association with exposure to
agricultural chemicals such as pesticides, fertilizers,
herbicides, insecticides, and formaldehyde B In a
prospective study, it was found that people who reported
4 or more years of exposure to pesticides/herbicides
might be at an increased risk of acquiring ALS, but no
association was found between mortality rate and amount
of exposure. This study also found that among individuals
with long period of exposure to formaldehyde, the ALS
death rate was more than 2 times higher compared to
those unexposed one.'™ Also, as formerly mentioned
formaldehyde is a byproduct of cigarette smoke, this may
account for 10-25% of indoor air formaldehyde exposure.

Among all the heavy metals that might be associated
with ALS, lead exposure seems to be studied the most
possibly due to the ALS-like symptoms experienced by
people exposed to high concentrations of lead.!’ Since
then, recent studies have found a correlation between
lead exposure and ALS.P?" As such, professions related
to lead exposuses, such as welding, have demonstrated
a significant association with developing ALS with odds
ratio (ORs) ranging from 1.9 to 5.7.15191.211

It is thought that lead’s role in ALS has to do with its
ability to substitute for calcium in intracellular reactions
leading to damage the mitochondria, oxidative damage to
neurons, and strengthen glutamate’s excitotoxicity.?6127!]
However, most case—control studies established the lead
and ALS association through self-reported occupational
lead exposure. When a group of researchers utilized
an expert evaluation panel of industrial hygienists to
examine self-reported occupational lead exposures, no
association was found between ALS and lead exposure.!'"!
This suggests that recall bias might have iterfered with
collected data.!'™3% Hence, more studies are needed in
order to establish fully this relationship.

Radiation/clectromagnetic fields

Laboratory studies have demonstrated that in vitro
exposures to extremely lowlrequency electromagnetic
waves generate a bigger quantity of cellular reactive oxygen
than normal.™! In vive, the same exposure produces
oxidative stress and disables the antioxidant properties
cells might have."™! This oxidative damage can lead to
ALS since oxidative stress has a role in ALS pathogenesis.
M In fact, studies have observed that electromagnetic
fields cause DNA strands to break in hrain cells,
leading to cell death (apoptosis and necrosis).*® Such
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reaction could be the reason for the association between
electromagnetic fields and ALS risk."® However, none
of the current studies found a conclusive connection
among electromagnetic field exposure, oxidative stress in
neurons, and/or ALS development. !

Diet

Previous studies state that consuming high level of
glutamate and fat can have adverse effects on ALS patients
while Omega 3 fatty acids, Vitamin E, and fiber can have
defensive impact.”!"*%l According to previous studies,
overstimulation of glutamate receptors leads to high
mntracellular calcium levels, which can initiate selective
neuron death similar to ALS mechanism /"™ Glutamate
is found in protein-rich foods, tomatoes, mushrooms,
milk, and cheese ¥l Normally glutamate does not cross
the blood-brain barrier, hence it is not known if dietary
glutamate affects neuratransmission.”™ Mareover, there
are areas of the brain called circumventricular organs,
which are susceptible to plasma glutamate levels.??
Omega 3 has been known to possess anti-inflammatory
characteristics, which in turn would theoretically reduce
inflammation caused by neurcnal death."™ QOmega 3 in
conjunction with Vitamin E has been reported to reduce
ALS risks up to 60%.5%! These nutrients appear to act
together in a summative way.

A large number of the information regarding
environmental factors are based off questionnaires, all
of which rely on subjects’ memories, leading to recall
bias. Because of this, there may be a lack of information
about the frequency and the amount of exposure to
environmental factors. Also, this may also lead to the
absence of biological markers in order to validate patient
claims of exposure or pinpoint the possible action site.

Furthermore, due to ALS prolonged onset, it is difficult to
isolate an exact environmental factor. In order to identify
or narrow down possible ALS risk factors, a cohort study
utilizing mice as a control and expertmental group could
be appropriate. Starting out with an emphasis on the
most sought out factors (smoking, heavy metals, physical
activity, diet, radiation, and chemical exposure). In order
to track changes accurately, a type of biomarker specific to
the possible risk factor could be designed, to theoretically
track the progression of the disease.

MOLECULAR MECHANISM

Finding the molecular mechanisms by  which
motor neurens degenerate in ALS will aid in betier
understanding the disease’s progress. Also, elucidation of
molecular mechanisms can yield insight into developing
strategies for newer treatments. The molecular basis of
ALS is an intriguing issue that warrants in-depth research
and investigation.
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The most common cause of ALS is a mutation of the
gene encoding the antioxidant enzyme superoxide
dismutase 1 (SODI1).18701223530] Mytant SOD1 has a
structural instability that causes a mistold in the mutated
enzyme, which can lead to aggregation in the motor
neurons within the central nervous system (CNS).[H
Several hypotheses have been proposed in regards to the
mechanism underlying the mode of action of mutant SOD
and the subsequent neurodegeneration seen in ALS. The
most important proposed hypothesis for the pathogenesis
of ALS includes glutamate excitotoxicity structural and
functional abnormalities of mitochondria, impaired axonal
structure or transport defects, and free radical-mediated
oxidative stregs /SBT3 Fyen though these
mechanisms play a critical role in neurodegeneration, they
all are considered as secondary events in the causes behind
ALS onget.B?

Glutamate excitotoxicity

Clutamate is synthesized in the presynaptic terminal.
Uptake of glutamate into synaptic vesicles is facilitated
by vesicular glutamate transporters.® During a normal
neurotransimission process, glutamate is released into the
synaptic cleft, where it activates postsynaptic receptors.
Upon release of the vesicle, glutamate is removed from the
synaptic cleft by several glial and neuronal cell transporter
proteins, such as excitatory amino acid transporters
(EAATS). This continuous release and removal of
glutamate maintain a concentration gradient balance and
avoid the induction of excitotoxic neuronal damage.”®!

The motor cortex and spinal cord of ALS patients
and transgenic SOD! mouse model were found to
have reduced astroglial glutamate transporter EAATZ,
which leads to increased extraccllular glutamate, over-
stimulation of glutamate receptors, and excitotoxic
neuronal degeneration.'¥#7 Furthermore, this causes
an excessive influx of calcium, excessive firing of motor
neurons, and initiation of several destructive biochemical
processes within the cell, which are all known as
important pathophysiological processes in familial and
sporadic forms of ALS.U3PI Glutamate excrtotoxicity
contributes to the neurodegeneration either through
activation of Ca®*-dependent enzymatic pathways by
increasing the influx of Na* and Ca* ions or by the
generation of free radicals. /834123

Aberrant EAAT2 messenger RNAs (mRNAs} were found
in neuro-pathologically affected areas and cerebrospinal
fluid (CSF) of ALS patients. These abnormalities
included intron-retention and exon-skipping. According to
these findings, aberrant mRNA is the main reason for the
decrease in EAAT? receptors among ALS patient.!'20167]

Structural and functional abnormalities of
mitochondria

In addition to glutamate excitotoxicity mitochondrial
dystunction also plays an important role in the motor neuron
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degeneration. Mitochondria are membrane bound organelles
that have a significant role in vital processes such as
intracellular energy production, cellular respiration, calcium
homeostasis, and control of apoptosis.™ Accumulating
evidence suggests that abnormalities in mitochondrial
morphology and biochemistry contribute to the pathogenesis
of ALS. Functional defects and altered mitochondrial
morphology such as fragmented network, swelling, and
augmented cristae were found in soma and proximal

axons of skeletal muscle and spinal motor neurons of ALS
patients 125,53,83,178,180.259.307]

In the spinal cords of ALS patients, mutant SODI1 is
deposited on the cytoplasmic face of the outer membrane
and matrix of mitochondria.?*%™ The increase of
misfolded mutant SODI in spinal cord mitochondria
is considered as the main reason for mitochondrial
dystunction that leads to abnormal functioning of ATP
production, calcium homeostasis, axonal transport of
mitochondria, and apoptotic triggering, 12161

Mitochondria act as the powerhouse of every cell by
converting energy into ATP that is, essential for the
metabolism of the cells. Disturbed energy homeostasis
and ATP deficits have been reported in the skeletal
muscle biopsies of ALS patients. The normal process of
electron transport chains is perturbed by the presence
of mutant SODI, causing less production of ATP
Some studies have demonstrated a decreased activity of
respiratory chain complexes I and IV that are associated
with defective energy metabolism, 4

In addition to energy homeostasis, another major function
of mitochondria in neurons regards buffering cytosolic
calcium levels. Thus, unraveling the relationship between
aberrant  mitochondria, calcum  dysregulation, and
neuronal death is critical for the understanding of ALS
pathogenesis. Calcium is one of the most significant
intracellular messengers that play an important role in the
regulation of metabolic pathways, neuronal development,
and synaptic transmission. Mutant SODI has been found
to disrupt calcium homeostasis. Several studies have shown
that intracellular caleium is misregulated in ALS patients,
A lower cytosolic Ca? buffering ability has been found as
a principal risk factor for motor neuron damage. 16131

Several studies reported the loss of Ca®* binding
proteins such as calbindin-D28K and parvalbumin in
the motor neurons of ALS patients.|%21%! These findings
are in agreement that with studies showing neurons lost
early in the ALS development have low cytosolic Ca?*
buffering capabilities due to the loss of Ca®* binding
proteins. Meanwhile increasing the ecytosolic Ca*
buffering capacity has shown to reduce motor neuron
degeneration, 16132196502

Regulating mitochondrial transport along axons is an
essential task for the survival of neurons due to the
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mitochendria’s key role in ATF generation, calcium
buffering, and apoptotic signaling. Mitochondria
are constantly being transported and docked at the
same time in areas with high demand of ATP and
calcium homeostasis such as growth cones, nodes
of Ranvier, and synaptic terminals.'%1 Thus, any
defects in mitochondrial transport will lead to energy
depletion and disruption in Ca?* buffering, activating
synaptic dysfunction and a loss of neurons., Several
laboratories have identified disrupted axonal transport
of mitochondria in ALS patients.®*"1% The axonal
transport alteration impairs the degradation and recycling
process of abnormal mitochondria, thus increasing
the amount of dysfunctional mitochondria at distal
axons. 529331 Moreover, mitochondrial meovement can
also be suppressed in both anterograde and retrograde
directions. /7178265

Increased mitochondrial  transport may slow axonal
degeneration by delivering healthy mitochondria to
axons while removing the damaged one from distal
synapses. 2t Mitachondria have been an attractive
target for ALS therapy development and drugs, such as
olexisome, are already in clinical trial for ALS patients.®!

Finally, mutant SODI aggregates may also interfere
with components of mitochondrial-dependent apoptotic
machinery, such as B-cell lymphoma 2 {Bcl-2), which is
a regulator protein that controls cell death 830 Tlys,
causing the stimulation of premature apoptotic cascade
activation is leading fo the release of cytochrome C in
the presence of Bcl-2, which directly contributes to
neuromuscular degeneration and neuronal dysfunction.””

Impaired axonal structure and transport defects
Motor neurons are highly polarized cells with long axons
that can be more than a meter in length and are thus
vulnerable to damage. In addition to transmitting nerve
mmpulses axons also transport organelles, RNA, proteins,
lipids, and other cell parts to the axonal compartments.
Moving toward the soma is called retrograde and is
performed by cytoplasmic dynein molecular motors
while moving toward the synaptic structures at the
neuromuscular junction is an anterograde transport and
is conducted by microtubule-dependent kinesin. ™!

Axonal transport in ALS patients is compromised.
Dysregulation of axomal transport and the axonal
compartment play a critical role in the pathophysiology of
ALS. In several experiment with mutant SODI mice, loss
of neurotrophic signaling and defective axonal transport
were observed early in the disease process. 1432 Both
anterograde and retrograde transport were impaired by
the presence of mutant SOD1.F27

Several pathways may be responsible for the impaired
axonal transport in cases with mutant SOD]. Some
of the most important mechanisms involve defective
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mitochondrial function or energy depletion, disruption of
kinesin function by tumor necrosis factor, and excitotoxic
damage by glutamate.'®*2%" Defective axonal transport
causes an accumulation of neurofilaments, mitochondria,
and autophagosomes in degenerated motor neurons.
This leads to further hindrance of axonal transport and
eventual motor neuron death.i

Free radical-mediated oxidative stress

Reactive oxygen species (ROS} or free radicals form
as natural byproducts of the normal metabolism of
oxygen.””l ROS accumulation causes severe damages to
cell structures. The term oxidative stress is used to define
a disturbance in the balance between the production
ROS and cell’s antioxidant defenses.™ Losing the ability
to detoxify the harmful reactive intermediates will lead to
cell demise.

Increased oxidative damage has been reported in ALS
case biopsies and altered redox reactions were among
the earliest theories of how mutant SODI could cause
cytotoxicity. !

SODI is a major antioxidant protein, thus a mutation
in this gene could cause cytotoxicity. Elevation of free
radicals and increased oxidative damage were found in
CSF, serum, and urine samples of ALS patients. 2672722771
In addition, oxidative damage to RNA species was found
in both mutant SODI] mouse models, as well as i
human CNS biopsies.Hi

GENETICS OF AMYOTROPHIC LATERAL
SCLEROSIS

Sporadic ALS accounts for the majority of the cases
of ALS, but genetic causes have been known to play a
role.’ FALS occurs due to mutations in specific genetic
loci.!” The inheritance follows a clear Mendelian pattern
and is primarily autosomal dominant, 814

The clinical and pathological presentation of FALS and
sporadic ALS are similar, Genetic testing can be used to
differentiate inherited versus sporadic ALS and also to
rule out other diseases that clinically mimic ALS. B0
Hence, genetic testing enables researchers to categorize
and conceptualize the disease and will aid in mapping
the various genetic mechanisms of each type of ALS.®!

Starting with the discovery of mutations in the SODI
gene, which codes for copper/zine ion-binding SOD,
18 other genes have been identified in association with
FALS.I523%1 The additional genes that are known
to cause FALS include: TARDBP encodes TAR DNA-
binding protein 43 (TDP-43); FUS, which codes for
fusion in sarcoma; ANG, which codes for angiogenin,
ribonuclease, and the RNAase A family 5; OPTN, which
codes for optineurin; and C9orf72,123:49.56.100.155.260.179]
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SODI1 mutations, which account for 20% of cases of
FALS and 5% of SALS, cause cytotoxicity, which still has
an unclear pathophysiology.l#25420 TARDBP mutations
represent 5-10% of FALS mutations."* TDP-43 and
FUS, which represents 5% of FALS mutations, are part of
the process of gene expression and regulation including
transcription, RNA splicing, transport, and translation,
as well as processing small regulatory RNAs.U'1 ANG,
responsible for the remaining 1% of FALS, is a gene,
coding for an angiogenic factor that responds to hypoxia.
OPTN is a gene involved in open-angle glaucoma, where a
mutation in this gene eradicates the inhibition of nuclear
factor kappa-beta activation, changing the distribution of
OPTN in the eytoplasm.™® Approximately, 50-60% of
FALS patients have mutations arising from the 19 genes
that have been identified to date SODI and C9orf72
mutations most often cause FALS, but their rates vary
across population.™

FALS is inherited at a rate of 5-10% for all cases of ALS
where family history of the disease Is known.[>)# In the
United States, a founder effect has been identified for
the A4V mutations in SODI, whereas in Europe, this
mutation is uncommon.?*%! OPTN mutations occur
most often in Japanese population.’™ To date, there
has been no evidence for geographic variability in FUS
and TARDBRP As soon as more causative genes are
identified in FALS, mutation frequencies across different
FALS population will be available. The lifetime risk of
ALS is 1:450 for women and [:350 for men.’” As family
size increases, there is a greater likelihood of two family
members having SALS.F

Close to 50% of FALS cases can be attributed to specific
genes, and most are seemingly rare, highly penetrant,
de novo mutations within affected families. Genome-
wide association studies (GWAS) has allowed for the
identification of common variables that are coupled to
this disease.!' Another technique is next-generation
sequencing (NGS), otherwise known as massively parallel
sequencing, which provides a way to map mutations for
single gene diseases.'®51 Together, GWAS and NGS
have helped to identify genetic variables that are seen
in parallel with a higher risk for developing ALS.H®
Ascertaining accurate clinical phenotypes Is essential for
the success of these techniques to avoid false positive
results, 161381

Family aggregation studies for SALS patients have shown
that many people who have common neurodegenerative
disorders also have ALS, possibly indicating the presence
of a susceptible gene that could be responsible for
increasing neurodegeneration in kindreds. !¢

Many GWAS for SALS have resulted in identifying genes
that are associated to the ALS disease.™ Two new
susceptible loci, 19p13.3 (UNCI3A} and 9p21.2, were
identified through collaborative research that combined
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study pools to clucidate effectively both genes.!M630%
If more research groups work on collaborative efforts,
it is highly probably that more molecular pathways and
genetic markers could be identified. !

AMYOTROPHIC
SYMPTOMS

LATERAL SCLEROSIS

The different ALS phenotypical expressions are classified
mainly as: Limb-onset ALS with a combination of upper
motor neuron (UMN) and LMN signs in the limbs; bulbar
onset ALS, characterized with speech and swallowing
difficulties followed by limb weakening in later stages
of the disease; PLS with pure UMN involvement; and
finally, PMA with pure LMN involvement.["631233] The
main clinical feature in ALS 1s a combination of UMN
and LMN damage involving brainstem and multiple
spinal cord innervation regions. Limb-onset ALS is the
predontinant type with 70% of the cases among patients.
Bulbar onset accounts for 25% of the cases, with the
final 5% of the cases having initial trunk or respiratory
involvement. !

ALS patients experience localized muscle weakness that
begins distally or proximally in their upper and lower
limbs. Usually, the onset symptoms are asymmetric and
develop in progressive generalized weakness and wasting
of the muscles. The majority of the patients develop
bulbar and respiratory symptoms and spasticity, which
affects manual dexterity and gait."" Pseudobulbar
symptoms including emotional lability and excessive
vawning have been observed in a substantial number
of cases.B® About 5% of the patients with respiratory
weakness usually do not show significant limb or
bulbar symptoms.'*® Instead, these patients present
type 2 respiratory failure or nocturnal hypoventilation
including dyspnea, orthopnea, disturbed sleep, excessive
somnolence in daytime, morning headaches, anorexia,
decreased concentration, and irritability or mood
changes.®¥ Muscle atrophy, including muscles of the
hands, forearms or shoulders, and proximal thigh or distal
foot muscle in lower limbs, is usually discovered early in
the development of limb-onset ALS.B

Speech disturbances tend to appear before the
development of dysphagia for solids and liquids.
Symptoms characteristic of limb-onset can develop
simultaneously with bulbar symptoms occurring within
[-2 years. Patients with bulbar symptoms suffer from
sialorthea  (excessive drooling) due to difficulty of
swallowing saliva and minor bilateral lower facial weakness
from UMN damage. The generalized weakness of the
lower half of the face causes difficulty with lip seal and
blowing cheeks.® The rest of the cranial nerves remain
intact; however, in very rare cases of late stage ALS
disease, patients may develop supranuclear gaze palsy
that is a neurodegenerative disorder that causes severe
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balance problem and gaze dysfunction accompanied
cognitive dysfunction.?#

With the progression of ALS, patients develop the
distinctive feature of a combination of upper mator and
LMN degeneration signs within the same CNS region.!'®!
This affects the bulbar, cervical, thoracic, and lumbar
areas. The main cause of death in ALS is respiratory
failure as the result of pulmonary complications.?!
Patients, who undergo tracheostomy-delivered assisted
ventilation to prolong their lives, eventually develop a
state motor paralysis known as a “totally locked-in state”
(TLS), which involves paralysis of all voluntary muscles
and varying degrees of oculomotor impairment.!"!

Some uncommon symptoms of ALS include cramps
and fasciculations in the absence of muscle weakness,
and frontal lobe-type cognitive dysfunction.®®! Other
atypical ALS types might also include weight loss, which
1s an indicative of a poor prognosis.® Patients notice the
appearance of fasciculations and cramps before weakness
and wasting of muscles, which have subtle onset and are
exacerbated by cold temperatures. Fasciculations can
be observed in various muscle groups while spasticity is
observed in the upper limbs with increased tone and a
supinator “catch.” In the lower limbs, a patellar “catch”
and clonus is seen along with hypertonia.’?!

Weakness, spasticity, and abrupt deep tendon reflexes
are usually characteristic of UMN disturbances involving
the limbs. LMN features, on the other hand, include
fasciculation, wasting of the muscle, and weakness. Spastic
dysarthria characterized by slow, labored, and distorted
speech is a consequence of bulbar UMN damage.’s
In bulbar onset ALS, the gag reflex is preserved and
abrupt. In contrast, the soft palate reflex may be weak.
Symptoms that identify bulbar LMN damage include
tongue weakening, wasting, and fasciculations along
with flaccid dysarthria.'™ Flaccid dysarthria and palatal
weakness ultimately produce nasal speech.®"

In the majority of the cases, tendon reflexes become
pathologically abrupt in a symmetrical pattern.’s
Examples include finger jerks in the upper limbs and
a positive crossed adductor reflex in the lower limbs.
Tendon reflexes might spread beyond the stimulated
muscle group in an abnormal way. Hoffmann’s sign shows
a plantar stimulation of the extensor muscles and a
positive sign in upper limbs./®* In patients presenting a
bulbar defect, dysarthria may develop as a consequence
of LMN pathology or pscudobulbar palsy from UMN
disorder, which leads to dysarthria of speech.S In initial
stages of the disease, this may only be apparent after
ingestion of small amounts of alcohel 2%

In late stages of ALS, some patients develop flexor spasms
or involuntary spams due to excess of activation of the
flexor arc in spastic limbs.®"" Patients have reported
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bladder dysfunction with the urgency of micturition,
sensory symptoms, and cognitive symptoms along with
multisystem involvement. !

Other common symptoms in ALS are fatigue and
reduced exercise capacity. As the disease progresses,
patients require assistance with basic daily activities."!
Dysphagia develops with consequent weight loss and
malnutrition.*# In late stages of the disease, patients
may develop respiratory complications such as dyspnea,
orthopnea, or hypoventilation, which results in
hypercapnia and early morning headaches."" Progressive
weakening of the respiratory muscles develops into
respiratory failure, which is often triggered by pneumonia,

The symptoms of ALS can be further divided into
primary and sccondary symptoms. Primary symptoms
include muscle weakness and atrophy, spasticity, speech
disturbances, poor management of oral secretions,
difficulty swallowing, and respiratory complications that
result in death. Secondary symptoms usually accompany
primary symptoms, and they can significantly reduce
the quality of life of patients, such as pam or difficulty
performing daily tasks. !4

Even though pain has not been associated with ALS,
it has been reported in nearly 70% of ALS patients at
some point during the course of the disease 72! Pain is
classified as acute or chronic depending on duration and
presence of abnormalitics affecting how nerves transmit
electrical impulses to the CNS.™™ Pain in ALS is
mostly related to musculoskeletal conditions including
muscle cramping and spasticity. Acute pain and chronic
pain have been linked to ALS. It has been reported
that musculoskeletal pain in ALS develops secondary
to muscle atrophy and reduced muscle tone. This can
arise as a consequence of damage to bones, tendons,
ligaments, fjoints, nerves, and the affected muscle ¥
Muscle wasting in ALS incites collateral axonal sprouting
that enhances the surviving units, creating an enlarged
plate zone, and a less synchronized motor unit action
potential. ®*#¥l A progressive dissociation of the mechanical
and electrical properties of muscle is observed over
time. This alteration in muscle coordination and force
generation causes abnormal stress on the ligaments,
tendons, and joints.*!™#% Continual muscle wasting
and injury produce a decrease in strength, coordination,
and tone leading to pain development, Contrary to
pain onset, which usually occurs in late stages of ALS,
cramps and fasciculations are more frequent at initial
stages. Even though patients experience fasciculations
before the onset of muscle weakness, concern arises after
diagnosis. ")

Spasticity in ALS is usually due to changes in UMN
within the motor cortex. Alteration in UMN processing
can create the primitive reflex, also known as the Babinski
sign, an important sign of neuropathy.*” Spasticity may
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not necessarily preduce pain, but it can induce painful
cramps, alter manual dexterity and cause muscle fatigue.
Other consequences of spasticity include involuntary
mobilization of stiff joint, muscle contractures, pressure
pain, and decubitus ulcers due to immobility and skin
breakdown in flexor creases.’®#27 All of these changes
can alter posture, range of motion, ambulation and gait,
thus creating new sources of pain.*”!

DIAGNOSING AMYOTROPHIC LATERAL
SCLEROSIS

The complexity and heterogeneous nature of ALS
makes early and accurate diagnose a continuous
challenge.® There is an average delay of 13-18 months
from the onset of a patient’s symptoms to confirmation
of the diagnosis.P'*! The lack of an established biological
marker for ALS, the highly variable initial clinical
presentations of the disease, and its pathogenic overlap
with several neurodegenerative disorders all contributes
to the difficulty in diagnosing ALS with acceptable
certainty!® ALS is primarily a clinically diagnosed
discase based on the exclusion of other causes of
progressive UMN and LMN dysfunction./®!" There are
standard criteria and diagnostic tests that help rule out
many of the differential diagnosis of ALS. This process
includes obtaining a thorough patient history, conducting
a thorough examination, appropriate laboratory,
electrodiagnostic, and neurcimaging studies, as well as
genetic testing, 3565115.121.208)

Criteria and requirements for diagnosis

The El Escorial criteria for diagnosing ALS was published
in 1994 by the World Federation of Neurology for
inclusion standards for patients entering research studies
and clinical trials.?**] The importance of laboratory
exams as diagnostic tools to exclude differential diagnosis
was included in a revised criteria and renamed to the
Airlie House Criteria in 1998.3%5222%) These two eriteria
are used to predict the degree of certainty of diagnosis
and are also used as inclusion criteria for clinical trials
and research purposes.''17%3 The Awaji algorithm was
incorporated in 2000 and includes neurophysiological
measurements of LMN degeneration while UMN
dysfunction remains clinically based.l’72 The Awaji
criteria place equal emphasis on both electromyogram
{EMG) and clinical abnormalities.®® Several follow-
up studies have shown that using the Awaji algorithm
has successfully increased the ability to detect patients
with ALS without increasing the number of false-
positives. 769219262 A g result, patients can benefit from
treatment and the corresponding results of the clinical
trials. These criteria are based on the probability of the
disease and do not take into consideration the behavioral
and mental variations of ALS patients.l**!!%]
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A definitive diagnosis of ALS requires evidence of LMN
and UMN degeneration, and progression and spread
of neurological symptoms or signs within or toward
another anatomical region.'"™ The electrophysiological,
laboratory, and neuroimaging results should not show
evidence of other pathological processes that could
explain the observed clinical presentation and exclude
ALS as a cause.”

Variability in clinical presentation

Based on the onset of symptoms, ALS is categorized
as either a bulbar or spinal-onset disease, and further
phenotypic subclassification is based on the extent of
UMN and LMN dysfunction.!®% PLS, PMA, and
PBP mimic the phenotype of ALS but vary in severity
of the discase and prognosis.!"®! PLS is defined as an
UMN disorder and diagnosed in patients who have
only UMN involvement and are classified as sporadic
adult onset if the symptoms have been ongoing for
more than 4 years!>#%2% Spinal signs are typically
the first to manifest in PLS and develop into ALS in
77% of patients within 3-4 years.'™ Tt is especially
important to differentiate PLS from ALS because the
median survival of patients with PLS is >20 years, for
those who do not develop ALS, whereas the average
survival after onset of symptoms of ALS is approximately
35 years.'7 PMA involves LMN signs ouly, and
30% of the patients with PMA develop UMN signs within
18 months and continue to develop ALS.U'P310 PBP
initially presents with affected speech and swallowing
because of the LMN involvement of cranial nerves IX,
X, and XILUW LMN syndromes with the segmental
distribution of muscle involvement and disease duration
of >4 years have an encouraging prognosis.!'**% Patients
with segmental disease phenotypes that were followed
in a prospective study did not develop respiratory
insufficiency or substantial changes in respiratory muscle
strength, functional impairment, or forced vital capacity
(FVC).M Difference between these clinically similar
conditions is essential in providing accurate prognostic
information to the patient and their family and is crucial
for further treatment and management options. !’
Differential diagnosis

Lack of discase progression, an unusual patient history,
or uncommon symptoms should prompt further
investigation of the differential diagnosis of ALS
{Tab]e l]_f84.ll5.295]

Common misdiagnosis of amyotrophic lateral
sclerosis

Conditions that are commonly mistaken for or difficult
to  differentiate  from ALS are multifocal motor
neuropathy with conduction block, cervical spondylotic
myelopathy, Kennedy disease (KD), and Post-polio
syndrome  (PPS). 1815257 Differentiating  multifocal
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Table 1: ALS diagnosis: List of differential diagnosis and clinical overlap with ALS

Differential diagnosis

Clinical overlap with ALS

Diagnaostic te rule in/out

of ALS
Hereditary Spino bulbar muscular  Progressive motor neuron degeneration®" Genetic testing. Identification of disease-specific
conditions atrophy (KD) mutations such as the CAG repeat expansion in
the androgen receptor in SBMARH
Hereditary spastic Gait disturbance, lower extremity spacicity™™  Genetic testing!®?
paraparesis
Acid maltase deficiency  Respiratory failure and muscle weakness are Respiratory function tests, including the maximal
common clinical presentationsti®! static respiratory pressures, electramyographic
examination and histochemical and bicchemical
studies of muscle biopsy specimens/®®
Facioscapulohumeraf Muscle weakness Presents initially with a distinct pattern of
muscular dystrophy weakness involving the facial and scapular
stabilizer muscles, with varying descending
progression to involve the distal anterior leg or hip-
girdle muscles, This is usually a benign dystrophy,
but 20% of patients involved in certain clinical trials
eventually become wheelchair-bound
Adrenomyeloneuropathy  X-linked inherited metabolic disorder causing Detection of abnormal accumulation of very long
demyelination'" chain fatty acids in plasma or red cells®2
Huntington disease Progressive motor disturbances and Genetic testing!®!
inveluntary movements!'”
Hexosaminidase Tremor, dystania, spastic paresis, and psychosis  [3-hexosaminidase subunits o and B assay,
deficiency have been noted in individual cases¥ ganglioside GM-1 and GM-2 antibodies™"!
Metabolic Metal intoxication Motor neuron dysfunctient™ Heavy metals panel®®!
conditions {especially iron and
mercury}
Lathyrism Pyramidal pattern of motor weakness, Diagnosed based on specified symptom criteria,
spasticity, and increased tone in the extensors and if clinically indicated!"'?!
and adductors of the thigh, as well in the
gastrocnemius muscles with a "lurching gait™#
Organophosphate toxic  Peripheral neurapathy, fasiculations!2' History of exposure to organophosphates
effects
Immune and/ Multifocal motor Peripheral nerve disorder characterized by Nerve conduction studies of multifocal persistent
or inflammatory neurcpathy with progressive and asymmetric limb weakness, partial conduction blocks on motor but not
conditions conduction block usuaily of the upper extremities. Minor sensory  sensory nervesi2®

Structural disorders

Neurodegenerative
diseases

Chronic inflammatary
demyelinating
polyneuropathy
Myasthenia gravis

Inclusion body myaositis,
polymyositis
Multiple sclerosis

Cervical spondylotic
mylopathy
Corticobasal
degeneration
Multiple system
atrophy

disturbances may be present

Acquired neuropathy with highly variable
clinical presentation!®€l

Various presentation of fatigable muscle
weakness, especially of the legs and extra-
occular movements

Pragressive muscle weakness and atraphy of
the lower extremities

Episodic parasthesias and muscle weakness!'?

Compression of the spinal cord that causes
progressive neurologic deterioration!!™

Focal dystania and myoclonia of the limbs,
various clinical presentation and pragressioni®
Sporadic neurodegenerative disorder with

any combination of parkinsonian, autonomic,
cerebellar, or pyramidal signst?)

Various electrediagnostic eriteria to include
assessment of the distal compound muscle
action potential duration

Presence of serum antibodies to acetylcholine
receptor*®

McDonald criteria, neuroimaging, spinal tap
when clinically indicated!®!

Neureradiologic imaging!®™®

Current clinfcal diagnostic criterta under
revigwt

Indicated by cell loss, gliosis, and gital
cytoplasmic inclusions in multiple CNS
entitiesi i

Conitd...
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Table 1: Contd...
-~ R Differential dié’gna's_i's'-"
of ALS™ T

Clinical overlap with ALS :

. Diagnostic to rule infout -

Progressive
supranuclear palsy

Parkinson's disease
bradykinesia

Extrapyramidal rigidity, bradykinesia, gait
impairment, bulbar palsy, and dementiaf®

Progressive motor dysfunction and

CT and MR scans show midbrain atrophy early
and later atrophy of the pontine and midbrain
tegmentum and the frontal and temporal lobes.
PET scans have shown frontal hypometabolism
and loss of striatal D-2 dopamine receptors!®™
Clinical presentation criteria based on stage of
disease and response to various medications®)

PET: Positron emission tomograph, MRE Magnetic resenance imaging, CT: Computed tomography, CNS: Central nervous system, SBMA: Spinobulbar muscular atrophy,

KD: Kennedy disease, CAG: Cytosine-adenine-guanine

motor neuropathy from ALS is especially important,
as patients with this neuropathy may benefit from
intravenous immunoglobulin  treatment, where ALS
patients do not."'! KD, also known as spinobulbar
muscular atrophy, is an X-linked disorder associated with
an expansion of trinucleotide repeats in the androgen
receptor gene 'S Sienificant features of this rare
condition should prompt genetic testing for KD. This
includes slow progressive LMN signs in the bulbar region
and proximal limbs, absence of sensory nerve action
potentials in nerve conduction studies, a family history
without any male-to-male inheritance, gynecomastia, and
hypogonadism. 821327 Progression of KD is slower than
that of typical ALS. Their life expectancy is unaltered,
and patients usually do not develop any intellectual
impairment./"

PPS presents with focal muscle weakness that very slowly
progresses to other muscle groups over many vears, and
does not usually cause death.”"! Patients who present
with chronic respiratory muscle weakness should have a
thorough evaluation to rule out ALS, as the onset of these
symptoms are found in about 3% of ALS patients.

Diagnostic tests

There is no single or absolufe test for ALS, but an
extensive workup is done to help rule out the various
differential diagnosis. Table 2 illustrates a summary of
different diagnostic tests for ALS.

Electrodiagnostic tests

Electrodiagnostic studies are a useful diagnostic tool
in the investigation of patients who may have ALS.
EMG and nerve conduction studies are most sensitive
to detecting the disease and can quantify its trademark
characteristic of LMN degeneration.’?¢*!"¥l This test can
provide a bascline assessment of clinieally unaffected
areas. Typical EMGC abnormalities in patients with
ALS are fasciculation (fibrillation) potentials (FPs),
and spontaneous denervation discharges, indicative of
reinnervation.”*?®  Fibrillation potentials, which are
characteristic of positive sharp waves visible on an EMG,
may not manifest until one-third of the motor neurons
has been lost. Their presence in clinically normal tissue

Table 2: Diagnostic tests for ALS
Blood tests
Erythrocyte sedimentation rate
C-reactive protein
Hematological screen: Full blood count

Liver function tests: Alanine transaminase and aspartate
transaminase levels

Creatine kinase

Creatine

Electrolytes: Na*, K+, CI-, Ca?*, PO*
Glucose

Lactate dehydrogenase

Thyroid function tests: Free tri-icdothyroning, free thyroxine, and
thyroid stimulating hormone

Vitamins: B12, folate
Serum protein electrophoresis
Serum immunoelectrophoresis
pB-hexosaminidase subunits o and [} assay {where clinically indicated)
Ganglioside GM-1 antibodies {where clinically indicated)
Serum Borrelia titers and HIV tests {(where clinically indicated}
Celiac serology {where clinically indicated}
Cerebrospinal fluid tests
Cell count
Protein
Glucose
Oligoclonal bands (where clinically indicated)
Meurophysiology
Nerve conduction velacities
Sensory and motor amplitudes
Presence of focal motor conduction block
Features of denervation on electromyography
Motor unit morphalagy
Imaging studies
MBI and/or CT (head and neck, tharacic, and furabar}

Chest radiography

CT: Computed tomography, ALS:Amyotrophic lateral sclerosis, MRE Magnetic
resonance imaging

can help facilitate early diagnosis.?™! FPs are also present
in benign fasciculation syndrome (BFS), as well as many
other conditions and can be highly complex in both
ALS and BFS.I23 Multifocal distal triggering, axonal
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conduction variability, and axonal conduction block are
factors that lead to variable FP wave shape in ALS and
BFS.% Ag ALS progresses, FP discharge rate increases
and double same FPs become more prominent, implying
that an axonal membrane abnormality has progressed.?%!
Electrodiagnostic testing can be limited to confirming
ALS in patients with very early signs of the disease due
to the range of results produced from those who carry a
clinical diagnosis of ALS.1#I

Laboratory studies

Typical labs drawn are erythrocyte sedimentation rate,
serum and urine protein clectrophoresis, thyroid function
tests, serum calcium and phosphate measurements, and
CSF analysis.!''® Heavy metal screening is indicated
in patients with a potential listory of exposure.lt)
B-hexaminidase subunits alpha and beta activity should
be tested in Ashkenazi Jews because deficiency in this
enzyme mimics ALS, but in reality is the rare autosomal
recessive genetic disorder, Tay-Sachs. !

Neuroimaging

Magnetic resonance imaging (MRI) studies of the
brain and spinal cord are the most useful neuroimaging
technique in ALS mainly to exclude syndromes that
mimic ALS."® For example, new chromosome 9p-linked
frontotemporal dementia (FTD)-ALS shows a distinet
pattern of brain atrophy and neuropathological findings
that can help differentiate from classical ALS.PH
Advanced neuroimaging technologies are useful research
methods that may help identify specific ALS-associated
pathologies in a noninvasive manner, but there are no
specific features on an MRI that correlate well with
ALS.M3 Neuroimaging is often done to help exclude
differential diagnosis rather than confirming the diagnosis
of ALS.

TREATMENT

It has been suggested that there are shared
environmental and genetic susceptibilities of several
different neurological disorders, including PD, FTD,
and ALS.P®I7130 Clinjeal trials have been conducted
giving the same treatment to patients with ALS, PD,
and dementia. The assessments of these treatments
could influence further diagnostic criteria of ALS.1H330
Additionally, research has suggested a similarity in the
etiology of both Down syndrome and SODI-related
ALS disease, due to their tau hyperphosphorylation.!'?!
Further understanding of how these mechanisms are
connected may play a key role improving treatment and
management for patients.

Development of treatments to alleviate ALS symptoms
is the foundation for providing proper healthcare
to patients. In Table 3, we summarized the current
therapeutic agents that have shown promising results in
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preclinical assessment and some of them have already
gone through clinical trials. These compounds were
grouped based on the pathophysiological model of the
disease.

Riluzole is currently the only FDA-approved drug
treatment identified to have beneficial use in the survival
of patients with ALS. Two clinical trials demounstrated
evidence of increased survival for the riluzole-treatment
group compared with controls "84 There s
some debate on riluzole’s precise mechanism, as three
mechanisms in decreasing the neuro-toxic effect of
glutamate have been recognized. Riluzole is known to
trigger presynaptic inhibition and subsequent release
of glutamate from cerebrocortical nerve terminals.?"l
It inactivates voltage-gated sodium channels and is a
noncompetitive NMDA receptor antagonist.!™

The recommendation dose of riluzole is 50 mg twice daily
for patients with definite or probable ALS for duration
<5 years, an FVC >60%, and no tracheostomy.?! Other
than riluzole, no other new treatment has been identified
that be able to increase the ALS life expectancy.!'®
Palliative care can help with the management of ALS
symptoms and improving the quality of life. A summary
of available palliative care for different symptoms of ALS
is provided in Table 4.

AMYOTROPHIC
MANAGEMENT

LATERAL SCLEROSIS

Over the past two decades, the management of ALS has
changed considerably. Although still incurable, ALS is
not untreatable. Emphasis has been made in treatments
and interventions that prolong survival [#h164204227.2431
While there are no medications that halt or reverse the
progressive loss of neurons, importance has been given to
management strategies that optimize the quality of life
and help maintain the patient’s autonomy for as long as
possible 164270300523 - Coordinated  multidisciplinary care
from neurologists, physical therapists, speech therapists,
occupational therapists, respiratory therapists, social
workers, dietitians, and nursing care managers should be
considered for managing patients with ALS to enhance
health care delivery, prolong survival, and the quality of
life 2002073090 [mportant issues should be discussed with
patients and relatives as soon as they are willing ta,
such as concerns that might arise about the course of
the disease, the nutritional and respiratory management
during late stages of life, and the patients advanced
directives and end-of-life decisions. #7632

Multidisciplinary management

In recent years, multidisciplinary ALS treatment facilities
have emerged as a result to a shift in the approach of
health care delivery to ALS patients. By treating only
ALS patients, these multidisciplinary ALS clinics gather
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Table 3: Compounds tested for ALS treatment
Pathophysiological category BRI

List of compounds tested for ALS

Antiapoptotic
Mitochondrial impairment and aberrant calcium handling are two major compenents
of motor neuron injury that lead to activation of the apoptotic cascade®141l

Anti-inflammatory
Reactive astrocytes and microglia as well as infiltrating T lymphocytes and
macraphage were found to have a main role in neuredegenerative process and
neurginflammation in ALS patignts®0.268

Anti-excitotoxicitory/antiglutamatergic
Excitotoxicity is mainly modulated by the release of glutamate. ALS patients
have a decreased glutamate transport capacity due to foss of EAAT2 transporter
receptors. This lead to increase of glutamate levels in the CSF of ALS patients! #2227

Antioxidant
In ALS mutations of the SOD gene reduce its superoxide dismutase activity
therefore leading to elevation of free radical accumulation and oxidative
stressc.[@71227 Seyeral antioxidant compounds have been found te protect
neurons

Anti-aggregation
Mutation in SOD1 gene causes conformational instability of the encoded protein
leading to the formation of aggregates. Cellular proteins aggregation, such as
the Bunina badies, is a well-known feature of ALS.™% Preventing these cellular
aggregates can increase the survival of motor neurons

Neuroprotective and neurotrophic growth factor

Dexpramipexofe {R —{+} pramipexole)*!

Minocyclinel'#

Pentoxifyllingl*d

Omigapil {TCH-346)101

Caspase family inhibitor {lucromethylketone) (zVAD-fmk)!1ee)

AM-1241 (aminoalkylindole family)i*®
Celastrol3

Celecoxiblod

EPDHBEi

Glatiramer acetatel'

Minocycline!'®

Nordihydroguaiaretic acid®®

Arundic acid {ONG-2506)t!
Pioglitazonehs

R0-28-2653 {synthetic inhibitor of MMPs)?
Rofecoxib!™

Thalidomide!®4

Ceftriaxone!™
Cobalamin!'3?
Gabapentin®2
Lamotriging®s
L-Argininel*28!

Memantingt"

N-acetylated alpha-linked acidic dipeptidase®®®
Riluzole

Talampang!®2
Nordihydroguaiaretic acid®
Glatiramer acetate!'*!

Ae0L-10150 {Aeolus)?z!
Ammonium tetrathiomolybdate!®%
Celastrol**¥

Creatinetos128

Coenzyme Q1019

tdavarore®®®)

N-acetylcysteing!'?¥

Olesoxime (Tr019622)i30.51
R(+] pramipexolet®!

Tamoxifent®

Tocopherol {Vitamin E)7%

Ariclomoil®!

Scriptaid®!

Sodium phenylbutyrate/®
Valproatel®

Celastroi™!

Contd...
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Pathophysiological category

List of compounds tested for ALS

Several mechanisms such as glutamate excitotoxicity, aberrant protein

aggregation, and oxidative stress lead to neurpodegeneration, efther loss or

shrinkage of neurons, in ALS2941231

Neuroprotective drugs can help with slowing down the neuronal damage. These
growth factors stimulate the growth of new neurons {neurogenesis) and the

repair the damaged ones!*'®%

BONF@l

Ciliary neurotrophic factor2?2
GONEs224

r-|GF-162%

Xaliproden!'®!

VEGF2

EPQE

th-GSFst

rh-HGFO

Rasagilingi!

ALS: Amyotrophic lateral sclerosis, rh-HGF: Recombinant human hepatocyte growth factor, rh-GSF: Recombinant human granulocyte-stimufating factor, VEGF:Vascular endothelial
growth factor, r-IGF-1: Recombinant protein, insulin like growth factor-1, GDNF: Glial cell-derived neurotrophic factor, BDNF: Brain-derived neurotrophic factor,
SOD1: Superoxide dismutase |, CSF: Cerebrospinal fluid, MMPS: Matrix meelloproteinases, EPO: Erythropoietin, EAAT 2: Excitatory amino acid transporter 2

great resources and clinical expertise that can facilitate
the management and provide optimized care of this
progressive disease 5% Although data are limited, some
studies, but not all, have suggested that multidisciplinary
ALS clinics have improved the quality of life and
lengthened survival compared to ALS patients in general
neurology C]inl‘CS.[2750‘3.}'20}'Z(BSUU';;!]

These multidisciplinary ALS  specialized clinics can
better assist in managing the complex issues associated
with ALS, such as psychosocial problems, nutrition,
dysphagia, dysarthria, functional decline, and respiratory
symptoms. Both the American Academy of Neurology
(AAN) and the European Iederation of Neurological
Societics recommended that after diagnosis, the patient
and caregivers should be referred to a multidisciplinary
clinic and receive regular support from a multidisciplinary
care team to optimize health care delivery and prolong
survival 18201

Respiratory management

The most commeon cause of death i ALS is due to
respiratory failure with or without pnewmonia. The
presenting symptoms of respiratory muscle weakness,
secondary to progressive motor ncuron degeneration,
result in reduced ventilation. #1931 These symptoms
may include dyspnea on exertion or talking, orthopnes,
disturbed  sleep, excessive  daytime  somnolence,
morning headaches, fatigue, anorexia, depression, poor
concentration, vivid nightmares, and nocturia.

Since ALS mortality is mostly caused by respiratory
failure, the assessment and management of respiratory
function are of great importance. The most common
and widely available measure for detecting respiratory
decline is the examination of the patient’s FVC.B%210
Shorter survival is associated with Jower FVC.® Another
alternative is the Sniff nasal inspiratory pressure test,
which acts as a good measure of diaphragmatic strength
and had a better predictive value than FVC.P21763s1
The current guidelines given by the AAN suggest that
noninvasive ventilation {NIV) should be considered

to treat respiratory insufficiency""*"762% Therapeutic
use of NIV is thought to improve survival, slow the
decline of FVC, and improve the quality of life in ALS

patients.[PSHI10.500

Nutritional management

Most ALS patients develop dysphagia which leads to
mahutrition and weight loss. The consequences of
this progressive deterioration include restricting ample
nutrition, dehydration, choking, aspiration, and weight
loss. As a consequence of the dysphagia present in
these patients, the risk of insufficient caloric and fluid
intake increases, leading to worsening of weakness
and fatigue P&USAN Through the use of video
fluoroscopic evaluation, it is possible to detect which
food consistencies are better handled by the patient.
Nutritional management consists initially in altering
food consistency, but eventually percutancous endoscopic
gastrostomy (PEG) or similar device may be needed for
enteral feeding!™ Most guidelines recommend that
supplementary enteral feeding should be considered
in patients whose body weight falls more than 10% of
their prediagnostic weight."1%1 PEG is the standard
procedure for enteral feeding and has been found to be
helpful in stabilizing weight loss common in ALS 16518
However, there is not enough data to refute or support a
specific timing of PEG insertion in ALS patients,!!#0201323
Furthermore, there are limited data that correlates
prolonged survival with PEG placement and the impact
of PEG on the quality of life in ALS patients.!'s72013%0 [
is suggested that nutritional supplementation using PEG
should be done before FVC falls below 50% of predicted
values because of the increasing mortality risk of the
procedure as respiratory function declines.l1eH183.457.201

DIETARY SUPPLEMENTATION

Vitamin E and Vitamin A

Although the pathophysiologic causes of ALS are not
clearly understood, it is hypothesized that free radical
stress is a main component of the cell degeneration
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Table 4: Palliative care for ALS symptoms

Symptoms . w Treatment. - o0l
Disability and weakness Orthotics (ankle foot arthosis, neck collars)
Physiotherapy

Adaptive aids {walking frame, wheelchair}

Assessment by speech therapist and dietitian
Safe swallowing techniques and modified diet
Insertion of gastrostomy tube dyspnea and
poor cough

Ventilator support

Morphine or benzodiazepines

Chest physiotherapy

Suction machine

Manually assisted coughing techniques

Pain {i.e., musculoskeletal Physiotherapy, NSAIDs

pain and cramps, Muscle relaxants {baclofen, botulinum toxin)
fasciculations and Anticonvulsants {gabapentin)

spasticity, skin pressure  Re-positioning and pressure area care

pain caused by immobifity) Opioid drugs

Pressure-relieving cushions and mattress
Assessment by speech pathologist
Communication aids

Educate family and caregivers

Cagnitive changes (frontal fobe dysfunction
or dementia)

Explain symptomatology to caregivers and
family

Antidepressant therapies

Anticholinergic antidepressants (amitriptyline}
Anticholinergic drugs (glycopyrronium bromide}
Botulin toxin injections

Radiation of salivary glands

Mouth care products

Suction

Natural remedies {papaya)

Ensure adequate hydration

Saline nebulisers; nebulised N-acetylcysteine
Suctioning of the mouth

Mouth care

Educate patients with ALS and caregivers
Amitriptyline

Benzodiazepines

Dextromethorphan hydrobromide/guinidine sulfate
Counseling

Benzodiazepines

Antidepressants

Treat underlying problem

Respiratory review, noninvasive ventilation
Benzodiazepines, tricyclic antidepressants
Dietary changes {increase fluid and fiber intake}
Use formulations high in bran, bulk, or fiber
Requiar oral aperients {Movicol or suppositaries)
ALS: Amyotraphic lateral sclerosis, NSAIDs: Nonsteroidal anti-inflammatory drugs

Dysphagia

Dysarthria

Sialorrhea

Thickened saliva

Emotional fability

Depression and anxiety

Sleep disturbance

Constipation

contributing to ALS progression and onset.”” Since
Vitamin E or a-tocopherol functions as an antioxidant
in neural cell membranes, there have been several studies
testing its role in ALS MBI In 5 research
study by Gurney et al. using transgenic mice, Vitamin E

hup:/fwww.surgicalneurologyint.com/content/6/1/171

supplements delayed the onset and slowed the course
of ALS but did not affect survival rates."'! When a
similar study was applied to humans, Vitamin E intake
only slowed the progression of the disease.f™ 7221 Michal
Freedman et al. also showed that higher than normal
levels of serum Vitamin E was associated with reduced
risk of ALS and a small protective effect of Vitamin E
supplements is present in patients with lower than
normal Vitamin E levels.!""!

In other studies, the efficacy of Vitamin A (beta-
carotene) supplementation was investigated among ALS
patients. Their results showed that beta-carotene neither
has any neuroprotective effect on ALS patients nor helps
with slowing down the progression of the disease 19720%

Creatine

An investigational study by Klivenyi et al. on transgenic
mouse with ALS showed a possible protective effect of
dietary creatine supplementation on neurons, ! Their
result presented improved motor performance and
extending survival of transgenic mice.™™ A follow-up
study by Andreassen et al. explained how creatine intake
may Improve cellular glutamate transporter, an effect
that would prevent a glutamate excitotoxicity, a proposed
mechanism of ALS.H9 Clinical trials on human have
shown, however, that dietary creatine supplementation
did not have an impact on the survival rate of ALS
patients or slowing disease progression./'*l

Pu-erh tea extract

A recent research study from Jilin University in
China suggests that pu-erh tea extract (PTE} can
help in preventing the rapid advancement of ALS in
patients. The results of the study suggest that PTE
can posttranscriptionally prevent the progression of
FET family proteins that are associated with ALS.
Also, results from the study suggest that PTE induces
FUS/TLS protein degradation via lysosome-dependent
pathway. With long-term intake, PTE may prevent
protein aggregation and enable cells to maintain
function within normal levels of protein. Further

studies are required to ascertain the efficacy of PTE on
FET in vivo.’*

SURVIVAL AND PROGRNGSIS

ALS is a progressive condition in whiclhi more than half
of patients diagnosed do not survive within the first
30 months after symptom onset. Only 20% of the patients
survive between 5 and 10 years after symptoms onset, !
Reduced survival to the disease is related to the older age
of symptom onset, early respiratory muscle dysfunction,
and bulbar onset disease. On the other hand, limb-onset
disease, younger age at presentation of the disease and
longer diagnostic delay are independent predictors of
prolonged survival P12
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Some ALS subtypes vary according to prognosis. LMN
form of ALS, which includes flail-dimb variant and PMA,
shows a slower progression than other forms of ALS. 125312
A prognosis of 2—4 years is seen in the pure bulbar palsy
phenotype, which usually affects women older than
65 years of age. In this type of ALS, the disease remains
localized to the oropharyngeal musculature and UMN
features predominate.2%!

CONCLUSION

This study covered a broad range of information about
ALS from epidemiology to molecular mechanism and
treatment of the disease. Unfortunately, ALS is considered
an incurable disease, with an expected life expectancy of
3-5 years after the onset of symptoms.!"® Although there
are many antioxidants and supplements that have been
proposed as an alternative treatment for ALS, most of
them have not been verified in research studies or studies
performed lack validity or substantial proof in their
methodology.?** It is important to continue nutritional
studies in order to provide better care to ALS patients, as
some evidence has shown they may help to alleviate the
impact of the disease on their daily lives. For instance,
a coherent and in-depth research on alpha-tocopherol
and creatine is needed to confirm the known findings on
these supplements.

There have been Important advancements in the
understanding of ALS pathophysiology. Nineteen genes
and genetic loci have been found that are associated with
ALS.H Identifying the molecular pathways underlying
ALS will provide the insight to therapeutic approaches.
There are currently several clinical trials in place for drugs
that are antiapoptotic, anti-aggregation, antioxidant, anti-
excitotoxicitory, anti-inflammatary, neuroprotective, and
neurotrophic growth factor.P¥ Current discoveries of
the underlying mechanism of ALS have helped to slow
down the progression of the disease. Thus, the future
treatments should aim toward preventing neuronal
damage, as patients progress from their initial onset.
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Riluzole and amyotrophic lateral sclerosis survival: a population-based study
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Riluzole is to date the only treatment that prolongs amyotrophic lateral sclerosis
{ALS) survival. However, results on the efficacy of riluzole in observational popula-
tion-based studies with a longer follow-up are conflicting and it is still unclear if the
effect of the drug is limited to an early stage of the disease and to some specific
subgroups of patients. The objective is: (i} to evaluate the effect of riluzole on ALS
survival in a cohort of incident cases; (ii) to examine whether bulbar-ALS benefits
from the medication to a greater extent and (jii} to assess the efficacy of the drug in
elderly patients. Source of the study was a prospective population-based registry of
ALS established in Puglia, Southern Italy. We examined survival of 126/130 incident
ALS cases diagnosed during the period 1998-1999. Seventy-three patients were pre-
scribed riluzole and the remaining 53 were not. Riluzole therapy increased survival
rates at 12 months by approximately 10% and prolonged survival by 6 months
(18.2 months vs, 12.4; peto-test: 2.78; P = 0.09). This beneficial effect was present
amongst bulbar-onset ALS (peto-test: 4.11; P = 0.042), but not in subjects with limb-
onset (peto-test: 0.48; P = 0.4). In patients aged > 70 years riluzole treatment was
associated with an 8 months longer median survival time [15.4 months vs. 7.1] and a
reduction in mortality rate at [2 months by 27%, regardiess of site of symptoms onset.
In multivariate analysis, riluzole use was an independent predictor of survival at
12 months from the diagnosis with borderline significance (£ = 0.06). Riluzole was
effective amongst cases with bulbar-onset ALS (P = 0.04), whereas in subjects with
limb-onset there was no effect on survival at 12 months (P == 0.5). In each model
riluzole did not influence survival at 24 months. Conversely, riluzole use was associ-
ated with an improvement in survival amongst elderly patients both at 12 (? = 0.07),
at 24 months (P = 0.03) and in the entire follow-up period (P < 0.04). In this
population-based series, we found that riluzole therapy improves ALS survival. The
efficacy of the drug was present amongst bulbar-onset ALS and older patients, but not
in subjects with limb-onset. The favourable effect of the drug was transient, as it was
lost in prolonged follow-up. Our observations support the use of riluzole at an early
stage of ALS in bulbar and elderly patients. However, the appropriate duration of
riluzole treatment remains to be established.
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ALS patients, as evidenced by two randomized trials.

2,3].

Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegen-
erative motor-neuron disorder of unknown origin, with
no effective cure; the progression is rapidly progressive,
leading to death within 3-5 years [1]. Riluzole is
currently the only drug capable to improve survival of
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Several issues regarding riluzole remain undeter-
mined. First, is riluzole truly effective in increasing
survival of ALS patients? Data from two population-
based studies of ALS in Europe showed that riluzole
was an independent predictor of survival [4] and that
riluzole prolonged survival by at least 4 months [3].
These findings are in contrast to two other longitudinal
population-based studies that showed a trend towards
shorter or unchanged survival in the last decade, despite
the introduction of riluzole, percutancous endoscopic
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gastrostomy (PEG) and non-invasive ventilation (NIV)
[6.7].

The second issue surrounding riluzole is the appro-
priate duration of the treatment. Two studies [5,8] have
shown that the drug is ineffective in advanced ALS,
suggesting that the medication should be started as
early as possible and discontinued in the late stages of
disease. This is in direct contrast to the AAN guidelines
for riluzole [9] which state that the medication should
only be prescribed for patients with probable or definite
ALS by El Escorial criteria (EEC).

Finally, it is unclear whether specific subgroups of
ALS patients benefit more from riluzole administration.
A greater eflicacy of riluzole on patients with bulbar-
ALS was noted in the first clinical trial of riluzole (n =
155) [2,3], but this finding was not replicated in the
larger subsequent placebo-controlled trial (n = 959) [3].
Interestingly, a recent observational study again found
that riluzole was particularly effective in bulbar-onset
patients, prolonging survival [5]. The effectiveness of
riluzole in older patients is not well defined. Patients
75 years and older have been included in only one
randomized clinical trial [§] which did not detect any
difference in survival between the treatment groups.

The aim of the present study was three fold: (i) to
evaluate the effect of riluzole on survival in a cohort of
ALS incident cases from a population-based study
conducted in Scouthern Italy and to eventually deter-
mine the appropriate duration of treatment, (i) to
examine whether riluzole is more effective in bulbar
ALS and (iii) to assess if the drug exerts beneficial
effects in elderly patients.

Material and methods

A prospective ALS registry, established in Puglia,
Southern Italy, in 1997, was the source of cases for this
study [10]. The surveillance began on January [, 1998,
The registry has several sources of information that
have been described elsewhere [10].

The diagnosis of ALS was based on EEC [11] and
their Airlie-House revised version of 1998 (AHC) [12].
Riluzole is provided free of charge to Italian ALS pa-
tients provided it is prescribed by a neurologist working
within the National Health system. All patients with
ALS diagnosis are eligible for riluzole treatment in Italy.

Using this multisource registry, we identified all newly
diagnosed ALS cases resident in Puglia in the 2-year
period 1998-1999. All cases were routinely followed-up
during the course of their illness on average every
6 months by direct examination or by telephone. Data
was collected on the medications and treatments provi-
ded to patients (e.g. riluzole, NIPV, PEG, tracheo-
stomy). Date and cause of death was recorded and death
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certificates were obtained from the National Death Data
Base Registry. Date of last follow-up for this study was
30 June 2004. Death status was checked at censoring
date for all patients in the study,

Statistical analysis

All patients gave informed consent to participation in
the study; data were stored in a centralized database
with separate anonymous files. Comparison of demo-
graphic features between cohorts employed either
Mann-Whitney, t-test or chi-squared test. Survival
curves were estimated by Kaplan—Meier method and
differences in survival were measured by Peto and log-
rank tests. Survival interval is from time of diagnosis.
Peto test was used to emphasize the information on
differences at the beginning of survival curves [13].
Multivariate analyses of the risk for death associated
with selected independent variables were performed
using the Cox proportional hazard model. An intention
to treat analysis was employed.

Results

During the 2-year study-period we identified 130 patients
{81 males, 49 females); data concerning riluzole pre-
scription were missing for four patients (3%). Of the
remaining 126 patients, 73 (58%) were prescribed riluz-
ole on at least one occasion and 53 (42%) did not receive
riluzole at any stage of the illness. The choice for treat-
ment was made by the neurologist member of the regis-
try, with informed consent by the patient. No patient
refused the treatment. In addition, no treatment with-
drawal was referred during the entire follow-up period,

Demographic and clinical variables were similar
amongst patients receiving and not receiving riluzole
(Table 1). Riluzole could have been prescribed based on
progression of the disease. We measured progression of
the disease with the onset-diagnosis interval (ODI), that
were similar in the two groups. (Fig. 1; chi square, 2.4;
P =10.6). Only a small percentage of our patients
underwent PEG (6%) or NIV (2.5%; Table 1). PEG
was generally initiated after 26 months in this group,
much later than riluzole prescription.

Univariate analysis

Median survival time from diagnosis was 5.8 months
longer amongst patients prescribed riluzole compared
with patients that did not receive riluzole (18.2 months
vs. 12.4). Riluzole administration reduced mortality
rate at 6 and 12 months by 8.3% (6.8% vs. 15.1%) and
11.6% (20.5% vs. 32.1%; Peto, 2.78; P = 0.09; log-
rank, 0.08; P = 0.78) respectively. At 18 months from
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Variable

Patients prescribed
Riluzole
(=73

Patients not prescribed
Riluzole
(n = 53)

Median Age (range)

Gender (M/F)

Bulbar-onset

Spinal-onset

Time to diagnosis (range)

Median survival time from
the diagnosis (range)

Possible + suspected
ALS

Probable + definite
ALS

NIV

PEG

64.3 years (32-80.2)

43/30

20 (27%)

53 (73%)

8.6 months (1-70.7)

18.3 months (1.848)

31 (42%)

42 (58%)

3 {4%)

7 (10%)

66 years (19-80)
Mann~Whitney, 0.002; P =909

35/18
Chi-square, 0.4; P = 0.3
13 (25%)

Chi-square, 0.02; P =09
40 (75%)

Chi-square, 0.02; £ =09
10 months (1.2-52)

i-test, 0.5; P = 0.6

12.4 months (0.3-50)
r-test, [.4; P = (.2

23 (43%)

Chi-square, 0.06; P = 0.9
30 (57%)

Chi-square, 0.06; P = 0.9
0

Chi-square, 0.8; P = 0.1
f{2%)

Chi-square, 1.9; P = 0.08

Table 1 Clinical features at diagnosis of

riluzole and non-riluzole cohorts

NIV, non-invasive ventilation; PEG, percutanecus endoscopic gastrostomy; ALS, amyotrophic

lateral sclerosis.

40 No riluzole
EA Riluzale

0-3 3-6 6-12 12-18 >18 Months

Figure 1 Histogram of onset—diagnosis interval distribution
between amyotrophic lateral sclerosis patients treated with riluzole
and untreated patients in Puglia (# = 126; chi-square, 2.4;

P = 0.6).

the diagnosis mortality rate was 4.6% lower amongst
the treated group. After the 18 month time point, there
was no difference in mortality rates between the two
groups (Fig. 2).

Patients with bulbar-onset disease (# = 33) benefited
more from riluzole administration than patients whose
symptoms started in the limbs. Riluzole prescription
was associated with an 8 months longer median survi-
val time amongst bulbar-onset ALS [17.1 months
(range: 3.7-36.7) compared with 9.2 months (2.9-28.5)].
Mortality rates at 6 and 12 months were 5% (1/20) and
25% (5/20) in bulbar-onset ALS patients receiving ril-
uzole, compared with the 31% (4/13; peto-test:4.11;

P = 0.04; log-rank test, 1.1; P = 0.29) and 54% (7/13)
of the non-treated group., This effect was lost after
18 menths of follow-up (Fig. 2). There was no differ-
ence in median survival amongst limb-onset ALS
patients receiving and not receiving riluzole. Demo-
graphics and clinical characteristics were similar
amongst bulbar-onset receiving and not receiving
riluzole (data not shown).

Riluzole had a beneficial effect on prognosis amongst
Italian ALS patients aged > 70 years (n = 34). Med-
ian survival was prolonged by 8.3 months (15.4 months
vs. 7.1 months) and 12 month mortality rate was
slightly but not significantly decreased [57% (8/14) vs.
30% (6/20); peto = 0.33; P = 0.5; log-rank, 0.78; P =
0.33]. The beneficial effect of riluzole was present in
elderly patients regardless of site of symptom onset. In
patients who took riluzole this favourable effect was
evidenced even when considering only limb-onset cases.
Median survival amongst limb-onset cases > 70 years
taking riluzole was 18 months (1.8-22.6) compared
with 8 months (1-12.5) amongst the same demographic
not taking riluzole.

Riluzole did not have a beneficial effect on prognosis
amongst patients with a rapidly progressive disease
course or with a limited spread onset of the disease.
Amongst the rapidly progressive subgroup (whose ODI
was € 6 months; #n = 91), there was no difference in
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Figure 2 Kaplan-Meier survival curves from diagnosis [or a-
myotrophic lateral sclerosis cases diagnosed in Puglia in 1998~
1999, stratified according to riluzole use, Subtitles for the three
graphs are as follows: {a) entire case series (n == 126; log-rank:
0.08: P == 0.78; peto: 2.78; P = 0.09); (b) bulbar onset cases (1 =
33; log-rank: L.1; P = (.29; peto: 4.11; P = 0.04); (c) patients aged
>70 (n = 34; log-rank: 0.78; P = 0.37; peto: 0.33; P = 0.5).

survival between patients treated and not-treated with
rituzole [20.5 months (1.8-32; » = 22) vs, 18.8 (14-31;
n = 13; log-rank, 0.07; P = 0.8)]. Finally, in patients
with suspect and possible ALS by EEC (# = 54) sur-
vival rates at 12 months (78.1% vs. 73.9%) and median
survival time were similar in the two groups
{18.2 months vs. 16.3; log-rank, 1.5; P = 0.2).

Finally, as patients prescribed riluzole had more
interventions, we examined the contribution on survival
of more active interventions by ALS multidisciplinary
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clinics in our territory area. Despite a higher percentage
of patients prescribed riluzole in the multidisciplinary
clinics cohort than in the general neurology cohort
(66% vs. 43%), we found no difference in median sur-
vival times of ALS patients attending ALS multidisci-
plinary clinics (n = 84) compared with those attending
general neurology clinics (7 = 42; 17.6 vs. 18 months;
log-rank = 0.11; P = 0.76).

Multivariate analysis

Cox proportional model showed that riluzole use was a
predictor of favourable survival at 12 months from the
diagnosis in the entire case series with slight significance
(HR: 0.51; 95%CI: 0.25-1.03; P == 0.06), after adjust-
ment for age, gender, site of symptoms onset and QDI.
This effect was stronger amongst bulbar-onset ALS,
after adjustment for age and ODI (HR: 0.26; 95%CI:
0.07-0.92; P = 0.04); conversely, subjects with limb-
onset treated with riluzole did not present favourable
effects on survival at 12 months (HR adjusted for age
and ODI: 0.72; 95%CI; 0.30-1.74; P = 0.5). In each
model the positive effect of riluzole on survival was lost
after 24 months.

Multivariate model revealed that riluzole use was
associated with an improvement in survival even
amongst elderly patients after adjustment for age,
gender, site of onset and ODI both at 12 months (HR:
0.33; 95%CI: 0.1-1.07; P = 0.07), at 24 months (HR:
0.36; 95%CI: 0.1-0.92; P = 0.03) and in the entire

follow-up period (HR: 0.36; 95%CL 0.1-0.93;
P < 0.04).
Discussion

In this population-based incident study riluzole treat-
ment was associated with a 10% reduction in mortality
at | year, corresponding to an increase in survival of
6 months. The beneficial effect of the drug was tran-
sient, as it was lost after 24 months of follow-up.

Although we did not find differences in survival with
log-rank test, a trend towards improvement in survival
was detected with peto-test, which emphasizes early
survival. This observation is in contrast to a previous
retrospecitve study [14], but consistent with the result of
the Irish study [5] and may be related to the transient
effect of the drug. In the retrospective clinical-based
study [14], a stronger cffect of riluzole was found but
the subjects in the study were younger and the median
survival time was longer (approximately 40 months)
than in our cohort.

The improvement in ALS survival was most marked
amongst patients with bulbar-onset of symptoms
(8 months), whereas no significant effect was present
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amongst patients with limb-onset. We found that ril-
uzole administration is effective in prolonging survival
amongst older patients, regardless of site of symptom
onset. This is, to our knowledge, the first observa-
tional study to show an effect of riluzole amongst the
elderly.

The ability of retrospective observational studies,
such as the current study, in assessing drug efficacy is
limited compared with double-blind, placebo-
controlled clinical trials. The most important limitation
of an observational study is the lack of control for
unknown prognostic factors that can be differentially
distributed in the treatment and non-treatment cohorts

15,16]; however, imbalances between treatment groups
for important risk factors as age are not infrequent even
in placebo-controlled double-blind trials [§). Moreover,
in our study, the two groups were similar in all meas-
ured clinical and demographic characteristics with
prognostic value (age at onset and diagnosis, gender,
site of symptom onset, ODI, classification according to
EEC and AHC).

As in other studies [15], we had no data on vital
capacity (VC); however the role of VC as prognostic
indicator remains uncertain; some studies [17] found
that VC at baseline is a predictor of survival, whilst
others [18] did not. VC has some limitations as a
measure for predicting respiratory failure in clinical
practice, especially in bulbar-ALS and cases with more
severe illness [19].

Furthermore, no differences were found in median
survival times of patients who attended ALS multi-
disciplinary clinics compared with patients followed-up
by general neurology clinics in this area only few pa-
tients underwent PEG or NIV and only in the latest
stage of their illness. Finally, a placebo effect cannot
be excluded, as both the patients and the physicians
were unblinded. However, this seems implausible be-
cause survival was used as a measure of treatment
efficacy.

The main strength of the population-based observa-
tional studies is that they are characterized by a broader
range of clinical phenotypes compared with the selected
subjects included in clinical trials in ALS tertiary cen-
tres. The findings are more probably to be representa-
tive of the drug’s effectiveness in every day clinical
practice, as subjects are more probably to reflect the
management of ALS. Moreover, clinical trials are
characterized by a short period of follow-up
{18 months) compared with observational studies
(5 years). This aspect of study design is important in the
case of riluzole, as the beneficial effects of the medica-
tion appear to be lost after 18 months. Consistent with
this hypothesis is a recent study carried out in a sample
of long survival ALS (more than 10 years) from the

King’s Database [18] that found that only a few of the
ALS long survivors received any interventions.

Our results of a favourable but transient &ffect of
riluzole on ALS survival are similar to placebo-con-
trolled trials [1,2] and to a population-based study in
Ireland [5]. The lack of effect in the later stage of the
disease (after 18 months) in our study is also consistent
with the negative results of a randomized clinical trial
carried out in ALS patients with advanced disease [8]. A
study on transgenic rats demonstrated that the deficit in
glutamate uptake becomes more severe by end-stage of
the disease and is probably to be the cause for the loss
of efficacy of the drug in advanced ALS [20].

In our case series, patients with bulbar-onset ALS
benefit mere from riluzole than patients with limb-
onset disease. This observation has been previously
reported [2,5]. and has been related to the shorter ODI
of bulbar-ALS [4.5] and the carlier start of the drug,
when the spread of motorneuron degeneration is hm-
ited; however, when we looked at cases characterized
by a short ODI (< 6 months) and limited spread of
signs (restricting the analysis to possible and suspected
cases), we did not find difference in survival, suggest-
ing that neither of these two factors could explain the
selective benefit of riluzole for bulbar-ALS; confirming
these data, multivariate analysis revealed that the efs
fect of riluzole was independent of ODI. An overall
difference in glutamate uptake in different areas of the
brain could explain the better efficacy of riluzole in
bulbar-onset cases, characterized by less extensive
deficit of glutamate transport capacity, compared with
spinalonset cases [20].

Our study demonstrated that riluzole administration
in patients > 70 years associated with a 30% increase in
survival at 12 months and an 8 months longer survival,
regardless of site of symptoms onset. Despite the lack of
significant effect of the drug on survival on univariate
analysis, we observed a favourable effect of the drug on
survival on multivariate analysis, after removing a
possible confounding effect of gender, site of symptoms
onset and ODI. These results indicate that riluzole ex-
erts beneficial effects in older ALS patients.

The main limitation of our study, as in most ALS
population-based studies, was the limited sample size
that could have hampered the power of our analysis in
some subgroups. Finally, we analysed the data with the
intention to treat approach whilst compliance and
duration of treatment were not considered.

In conclusion, even if randomized clinical trial is the
unique gold standard for the evaluation of treatment,
observational cohort studies like ours can give
additional information about the use of riluzole in
clinical practice. Qur study supports the use of riluzole
in the early stages of ALS because it improves surviv-
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orship for a limited period of time. Bulbar-onset cases
and elderly patients both experience significant benefits
from therapy. Further studies are needed to establish if
the interruption of riluzole should eventually be con-
sidered 2 years after the diagnosis.
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Letter of support to add amyotrophic lateral sclerosis (ALS) as a debilitating condition for
which the use of cannabis is appropriate.

To whom it may concern:

Significant advances have increased our understanding of the molecular
mechanisms of amyotrophic lateral sclerosis (ALS), yet this has not translated into any
greatly effective therapies. It appears that a number of abnormal physiological processes
occur simultaneously in this devastating disease. Ideally, a multidrug regimen, including
glutamate antagonists, antioxidants, a centrally acting anti-inflammatory agent, microglial
cell modulators (including tumor necrosis factor alpha [TNF-g] inhibitors), an anti-apoptotic
agent, one or more neurotrophic growth factors, and a mitochondrial function-enhancing
agent would be required to comprehensively address the known pathophysiology of ALS.

Remarkably, cannabis appears to have activity in all of those areas. Preclinical
data indicate that cannabis has powerful anti-oxidative, anti-inflammatory, and
neuroprotective effects. In the GO3AS0OD1 ALS mouse, this has translated to prolonged
neuronal cell survival, delayed onset, and slower progression of the disease.

Cannabis also has properties applicable to symptom management of ALS,
including analgesia, muscle relaxation, bronchodilation, saliva reduction, appetite
stimulation, and sleep induction. With respect to the treatment of ALS, from both a disease
modifying and symptom management viewpoint, clinical trials with cannabis are the next
logical step. Based on the currently available scientific data, it is reasonable to think that
cannabis might significantly slow the progression of ALS, potentially extending life
expectancy and substantially reducing the overall burden of the disease.

Peer reviewed references in the medical literature are provided for all of these
statements, including some of my own research.

ALS should absolutely be considered as a legitimate medical condition to use
cannabis for medical purposes.

Thank you for your time and attention.
Sincerely,

Gregory T Carter, MD, MS
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