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Abstract

Recent clinical trials have highlighted the possibili-
ty that agents that activate cannabinoid CB, receptors,
or extracts of Cannabis sativa, might have beneficial
effects on symptoms of multiple sclerosis (MS). In par-
ticular, spasticity and neuropathic pain, two major
debilitating consequences of this serious neurodegen-
erative disorder, appear to be improved following
treatment with these pharmaceutical preparations.
Furthermore, agents capable of activating the two sub-
types of cannabinoid receptors, either directly or indi-
rectly, exhibit palliative effects, and in some cases
delay disease progression, in experimental models of
MS. In one such model, chronic-relapsing experimen-
tal allergic encephalomyelitis (CREAE) in mice, com-
pounds inhibiting the processes leading to inactivation
of endogenous cannabinoid receptor ligands exhibit
strong antispastic effects in the chronic phase of the
disorder. The role of the endocannabinoid system (i.e.,
cannabinoid CB, and CB, receptors and their endoge-
nous ligands, the endocannabinoids) in MS is dis-
cussed in this article, together with the possible future
use of endocannabinoid-based drugs for spasticity
associated with MS and other neurological conditions.

Introduction

By definition, endocannabinoids are endogenous
mediators that act by binding to and activating the cannabi-
noid receptors CB, and CB,, the two molecular targets for
the Cannabis sativa psychoactive principle A%-tetrahydro-
cannabinol (THC) (1). N-Arachidonoylethanolamine (AEA,
anandamide) and 2-arachidonoylglycerol (2-AG) (Fig. 1)
are the two most extensively studied endocannabinoids.
It is now well established that these compounds act as
neuromodulators in the nervous system, while they act as
autocrine or paracrine regulators of the homeostasis of
other chemical mediators in peripheral tissues. Of the two
endocannabinoids, 2-AG is the most abundant in most
tissues, and is also effective and selective at both CB,
and CB, receptors versus other molecular targets. AEA,
on the other hand, is not very effective at the CB, recep-
tor and appears to act on other targets, of which the tran-
sient receptor potential vanilloid type 1 (TRPV1) channel,
expressed in both sensory and central neurons, is proba-
bly the best characterized (2).

Both AEA and 2-AG are biosynthesized “on demand”
and released from cells immediately after their production

2-Arachidonoylglycerol (2-AG)

Fig. 1. Chemical structures of anandamide and 2-arachidonoyl-
glycerol, the two most extensively studied endocannabinoids.
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(3). These events are triggered by the enhancement of
intracellular Ca?* concentrations that follows cell depolar-
ization, the mobilization of intracellular Ca2* stores sub-
sequent to stimulation of qu protein-coupled receptors,
or both (4-10). However, the levels of the two endo-
cannabinoids are in many cases modulated in different,
and sometimes even opposing, ways via the modulation
of the activity and/or expression of biosynthetic or
degrading enzymes, or both (3). AEA is produced from
the processing of N-arachidonoylphosphatidylethanol-
amine (NArPE), which in turn is obtained from the enzy-
matic transfer of arachidonic acid esterified on the sn-1
position of phospholipids to the nitrogen atom of phos-
phatidylethanolamine, via an as yet unidentified N-acyl-
transferase. The Ca?*-sensitive enzyme catalyzing the
one-step conversion of NArPE and other N-acylphos-
phatidylethanolamines (NAPEs) to AEA and other N-
acylethanolamines is the same and is termed NAPE-
selective phospholipase D (NAPE-PLD). However,
alternative pathways have been identified recently that
can transform NArPE into AEA.

In contrast, 2-arachidonate-containing diacylglycerols
are the most frequent biosynthetic precursors of 2-AG (3).
They are produced from the hydrolysis of phosphoinositol
bis-phosphate, catalyzed by the PIP,-selective phospho-
lipase C (PLC), or in some cases from the hydrolysis of
phosphatidic acid, catalyzed by a phosphohydrolase.
DAGs are then converted to 2-AG by the action of two
Ca?*-sensitive plasma membrane sn-1-selective DAG
lipases, DAGLo and DAGLP. DAGLa is more abundant in
the adult brain and DAGLS in the developing brain. Both
enzymes are co-localized with CB, receptors in neuronal
axons of the perinatal nervous system and “move” to
postsynaptic neurons in the adult brain.

AEA is inactivated through intracellular enzymatic
hydrolysis to arachidonic acid and ethanolamine. The
enzyme catalyzing this reaction was termed “fatty acid
amide hydrolase” (FAAH), as it recognizes other long-
chain fatty acid amides as substrates, including N-
acylethanolamines, primary amides, N-acylamino acids
and N-acyltaurines. FAAH also efficiently catalyzes the
hydrolysis of long-chain fatty acid esters, including 2-AG.
Whether or not FAAH degrades 2-AG constitutively is still
controversial. Selective FAAH inhibitors produce a signif-
icant elevation of 2-AG tissue levels under certain condi-
tions of administration and in certain tissues. However,
monoacylglycerol lipase (MAGL) enzymatic activities also
inactivate 2-AG. An MAGL was recently cloned from the
rat and evidence for its role in 2-AG degradation in isolat-
ed cells was provided by the use of “silencing RNA” tech-
niques. The cloned MAGL seems to account for only 50%
of the total 2-AG-hydrolyzing activity in soluble fractions
of rat brain, and pharmacological evidence for the exis-
tence of other MAGL isoforms has been provided. The
cloned MAGL recognizes both sn-1- and -2-acylglycerols
as substrates, with almost any unsaturated long-chain
fatty acid esterified to the glycerol backbone, but is inac-
tive with fatty acid amides. It is distributed in the CNS in
the same brain regions as CB, receptors and is a presy-

naptic enzyme, in agreement with the necessity of inacti-
vating 2-AG acting as a retrograde signal. However, our
current knowledge of the role of MAGL is still limited due
to the lack of a “knockout” mouse for this enzyme and of
selective inhibitors (3).

AEA and 2-AG are transported across the membrane
in order to interact with cannabinoid receptors (released
following de novo biosynthesis) or intracellular hydrolyz-
ing enzymes (reuptake following action at receptors) (3).
It is still being debated whether or not endocannabinoid
uptake by and release from cells occur via a membrane
transporter. Intracellular degradation of AEA by FAAH
was suggested to be the only drive behind its cellular
uptake via simple passive diffusion. However, strong indi-
rect evidence exists for specific proteins facilitating the
membrane transport of both AEA and 2-AG according to
the gradient of concentrations across the plasma mem-
brane. Experiments carried out using cells from FAAH
knockout mice, confocal microscopy to assess the spatial
and functional separation between AEA uptake and
hydrolysis, and synthetic compounds capable of distin-
guishing between FAAH and proteins responsible for the
cell membrane binding/cellular uptake of AEA, support
the existence of one or more specific proteins for AEA
transport. Nevertheless, no such protein has been cloned
to date.

“On demand” or “long-term” regulation of endo-
cannabinoid levels

Regulation of the tissue concentrations of endo-
cannabinoids and the nature of the signal that they con-
vey are strongly determined by their chemical nature. A
typical example is provided by the role proposed for these
mediators in synaptic plasticity. In fact, endocannabinoids
are biosynthesized and released from postsynaptic neu-
rons to activate presynaptic cannabinoid CB, receptors,
which, in most cases, reduce the release of both excita-
tory (e.g., glutamate) and inhibitory (e.g., GABA) neuro-
transmitters via inhibition of voltage-activated calcium
channels, thereby modulating the strength of neuronal
synapses in both the short and long term (11). This “ret-
rograde” signaling has been suggested to participate in
several physiological functions of the brain, such as the
control of food intake and habit-forming and mnemonic
processes, but also in pathological situations, such as the
control of excitotoxicity. Since the phospholipid biosyn-
thetic precursors for endocannabinoids appear to be
ubiquitous in membranes, it is the relative pattern of
expression of Ca2*-sensitive endocannabinoid-biosynthe-
sizing enzymes and cannabinoid receptors that deter-
mines the specificity of endocannabinoid action. The
localization of the degrading enzymes, however, deter-
mines its duration. In support of this mode of action, at
least for 2-AG, recent studies showed that the enzyme
catalyzing the last step in the biosynthesis of this com-
pound, DAGLa (12), is expressed in postsynaptic den-
dritic “spines” establishing synapses with CB,-expressing
axon terminals (13, 14). Furthermore, MAGL is located in
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presynaptic neurons, thus allowing for the immediate
inactivation of the endocannabinoid signal (15-17).
Elegant experiments established that endocannabinoid
retrograde action can distinguish, as targets, between
neighboring CB,-expressing glutamate- and GABA-
releasing neurons (18, 19).

Intracellular Ca?* concentrations are frequently ele-
vated in nervous tissue under pathological conditions,
where they activate a cascade of biochemical events
leading to cell damage, further entry of Ca?* and cell
death. Therefore, it is very likely that the “on-demand”
biosynthesis and release of endocannabinoids are a hall-
mark of neuropathological conditions. In this case, local
activation of cannabinoid receptors can counteract not
only the cause of Ca?* elevation, such as, for example,
excessive excitatory signaling in the CNS (20, 21), but
also its subsequent effects, such as neuroinflammation
and gliosis, for example by downregulating the activity of
microglial and glial cells (22) (see below). In the case of
chronic or degenerative conditions, sustained elevation of
endocannabinoid levels can be achieved by long-term
modification of the expression of genes encoding endo-
cannabinoid metabolic enzymes, for example by: 1) over-
expressing the above-mentioned DAGLo. (such as follow-
ing B-amyloid-induced neurotoxicity [23]); or 2) by
downregulating FAAH (which catalyzes AEA and 2-AG
hydrolysis), the cellular reuptake of endocannabinoids, or
both (such as in animal models of Parkinson’s disease or
in HIV-induced neurotoxicity [24-27]). Stimulation of
purinergic P2X, receptors was shown to lead to sustained
2-AG formation in microglia via simultaneous elevation of
DAGLa and decrease in MAGL activity (4), and interferon
gamma-induced DAGLa downregulation was recently
suggested to disrupt this process and cause neuronal
damage during experimental allergic encephalomyelitis
(EAE) in mice (28), an animal model of multiple sclerosis
(MS).

The endocannabinoid system controls excitotoxicity
in acute neurological conditions

Certain acute pathological conditions of the CNS offer
ideal examples of the “on-demand” regulation of endo-
cannabinoid biosynthesis (29). In the hippocampus, glu-
tamate-induced neuronal depolarization and/or G,,-
mediated intracellular Ca?* mobilization cause
excitotoxicity, along with transient elevations in the levels
of endocannabinoids, which can then be released and act
retrogradely to inhibit glutamate release from principal
neurons (19), thus dampening neuronal excitability (9, 20,
30, 31) and inducing the expression of early neuroprotec-
tive genes (9, 20, 32). These phenomena, which have
been studied in vitro in hippocampal cultures (33, 34),
might occur during epileptic seizures or during other neu-
rological conditions, such as ischemia (21). The endo-
cannabinoid involved might depend on the type of nox-
ious stimulus used and the brain area under examination,
with: 1) both AEA and 2-AG being involved in kainate-
induced excitotoxicity in the hippocampus (9); 2) only
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2-AG being elevated during ischemia-induced excitotoxi-
city of dopaminergic neurons in the ventral tegmental
area both in vitro and in vivo (21); and 3) only AEA and its
acylethanolamide congeners being elevated in whole
brain during transient or permanent middle cerebral artery
occlusion (35, 36) or intracerebral NMDA injection (37) in
rats. In the latter case, elevated levels of the biosynthetic
precursors of AEA and other acylethanolamides were
also observed, and receptors other than CB, were sug-
gested to participate in the neuroprotective action of
these compounds.

Excitotoxic brain lesions initially result in primary
destruction of brain parenchyma, which attracts
macrophages and microglia. These inflammatory cells
release toxic cytokines and free radicals, resulting in sec-
ondary neuronal damage, which also occurs during sev-
eral neurodegenerative conditions, including MS. Using
an experimental model of microglia-mediated neuroin-
flammation in the brain, the endocannabinoid system was
found to be highly activated during CNS inflammation. In
living brain tissue, a 2.8-fold increase in AEA concentra-
tions after induction of excitotoxic damage by NMDA was
potentiated up to 13.2-fold after invasion of BV-2
microglial cells. AEA was shown to protect neurons from
inflammatory damage by CB, and CB, receptor-mediated
rapid induction of mitogen-activated protein kinase phos-
phatase-1 (MKP-1) in microglial cells, associated with his-
tone H3 phosphorylation of the mkp1 gene sequence. As
a result, AEA-induced rapid MKP-1 expression switched
off MAPK signal transduction in activated microglial cells.
The authors suggested that “the release of AEA in injured
CNS tissue might represent a new mechanism of neuro-
immune communication during CNS injury, which con-
trols and limits immune response after primary CNS dam-
age” (38).

The endocannabinoid system is neuroprotective in
animal models of MS

Multiple sclerosis (MS) is a relatively common neu-
rodegenerative disorder, the exact etiology of which is still
not entirely understood, but which has strong autoim-
mune and neuroinflammatory components. Both compo-
nents lead to nerve demyelinization and subsequent mal-
functioning of neuronal firing and excitotoxicity, which
eventually cause motor disturbances such as tremors,
paralysis and limb spasticity, as well as neuropathic pain.
Furthermore, since overexcitation of nerves from electri-
cal activity within an inflammatory environment can cause
neurodegeneration (39), factors that dampen excessive
neuronal activity are also neuroprotective. As outlined
above, endocannabinoids possess both neurotransmit-
ter-inhibitory and antiinflammatory actions, and hence
appear to be ideal endogenous candidates to afford neu-
roprotection from “inside” (40).

Although MS is clearly a neurodegenerative disorder,
it is characterized by alternating acute phases of the most
typical overt symptoms, particularly paralysis. This typical
pattern of symptoms can be simulated in mice with the
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model known as chronic-relapsing experimental allergic
encephalomyelitis (CREAE), which is different from the
various EAE models used to mimic mostly the inflamma-
tory aspects of human MS (see below). In this model, a
particular strain of mice, the ABH Biozzi mouse, is inject-
ed subcutaneously in the flank with murine spinal cord
homogenate in complete Freund’s adjuvant (containing
60 pg Mycobacterium tuberculosis H37Ra and
Mycobacterium butyricum [4:1] per injection). After an
“incubation phase”, attacks of paralysis alternate with
remission periods. In the late, chronic phase of the disor-
der, spasticity is observed during remission, normally
after 3-4 episodes of paralysis. Using this model, it has
been possible to demonstrate that activation of cannabi-
noid CB,, but not CB,, receptors reduces spasticity dur-
ing the acute phase of this late symptom (41, 42). More
importantly, CB, receptor “knockout” mice with CREAE
exhibit significantly greater spasticity and susceptibility to
neurodegeneration than wild-type mice with this disorder,
as do mice treated with CB, receptor antagonists (41-43).
There is an increased incidence (> 5%) of CREAE-
induced mortality in CB,-deficient mice and also in het-
erozygotes which have reduced CB, expression. More
strikingly, CB,-deficient mice exhibited significantly more
immobility and residual paresis and axonal pathology
than wild-type mice following recovery after the first para-
lytic episode. These animals relapse and accumulate
more deficits, which rapidly reach an unacceptable sever-
ity limit, including the development of permanent hindlimb
paralysis. Consistent with the enhanced neurodegenera-
tion after a single attack, spasticity developed earlier in
CB,-null mice with CREAE (43). These findings are
strongly suggestive of a possible enhanced endo-
cannabinoid tone during CREAE aimed at counteracting
the neurological consequences of this disorder. Indeed, in
mice with CREAE, both AEA and 2-AG levels in the spinal
cord are highest during the spasticity phase and return to
basal levels when hindlimbs are no longer spastic (44).
The function of this short-term form of endocannabinoid
spasticity is clearly to reduce this symptom, since sys-
temically administered endocannabinoids and inhibitors
of endocannabinoid cellular reuptake and enzymatic
hydrolysis significantly ameliorate spasticity in CREAE
mice (41, 44-47), in some cases also acting via non-CB,,
non-CB,, non-TRPV1 receptors (48).

Dynamic changes in the endocannabinoid system
also occur in the brain of CREAE mice, where, however,
only minor increases in endocannabinoid levels are
observed and only during spasticity, but not relapse (44).
Instead, a moderate decrease in the density of CB,
receptors in the striatum was observed during the acute
phase of CREAE. This reduction disappeared during the
remission phase, but was again observed in the chronic
phase to a more marked extent. The same pattern for
CB, receptor density was observed in the cerebellum,
and, in this case, was accompanied by a progressive
decrease in the ability of these receptors to activate GTP-
binding proteins, a phenomenon that becomes more dra-
matic in the chronic phase. The decrease in the density of

CB, receptors in the acute phase was also found in the
globus pallidus, but in this case, the reduction was main-
tained during the subsequent phases. No changes were
observed in CB, receptor mRNA levels in any of the dif-
ferent regions examined. Finally, in contrast with the
observations in motor structures, the status of CB, recep-
tors remained unaltered in cognition-related regions, such
as the cerebral cortex and hippocampus, during the dif-
ferent phases of CREAE (49). Thus, brain CB, receptors
are affected by the development of CREAE with down-
regulated responses that are limited to motor-related
regions and generally more marked during the chronic
phase, when spasticity appears during remission.

A different scenario is found in the brains of non-
CREAE animal models of MS, where changes in endo-
cannabinoid and cannabinoid receptor levels have been
demonstrated. The acute neuroinflammatory component
of MS can be best studied using rats or mice with EAE
induced by autoimmune activation (e.g., with complete
Freund’s adjuvant containing myelin basic protein [MBP]
and Mycobacterium or proteolipid protein peptide) or by
Theiler's murine encephalomyelitis virus (TMED) infec-
tion. In these models, the levels of endocannabinoids in
the brain were found to be either reduced (50) or
unchanged (28) in the chronic phase of the disorder when
paralysis appears, whereas, unlike the CREAE mouse
model, no change was found in the spinal cord (51, 52).
A decrease in endocannabinoid levels and CB, receptor
expression in the striatum was suggested to underlie the
motor impairment typical of EAE rats (50). In fact, reduc-
tion of endocannabinoid-mediated long-term depression
of the indirect pathway of motor control from the striatum
to the external layer of the globus pallidus was recently
suggested to be associated with motor impairment (53).
In EAE mice, however, the absence of changes in endo-
cannabinoid levels reported in another study was
explained by the fact that high brain levels of interferon
gamma associated with EAE inhibit purinergic P2X.-
induced stimulation of 2-AG biosynthesis in microglial
cells (28). In EAE mice, plant-derived and synthetic
cannabinoids had previously been shown to reduce both
the symptoms and the progression of EAE by interfering
with the release of inflammatory cytokines (54),
microglia/macrophage activation (55) and
leukocyte/endothelial cell interactions (56), thus suggest-
ing the involvement of both CB, and CB, receptors in the
potential protection afforded by endocannabinoids
against neuroinflammation. In fact, CB, receptor stimula-
tion was recently shown to contribute to endocannabinoid
inhibition of EAE progression and interferon gamma-
induced inflammatory responses (51, 57, 58), and the
expression of this receptor was found to be significantly
upregulated in activated microglial cells of the spinal cord
of EAE mice (52). Interestingly, CB, receptors were also
suggested to participate in the antiexcitotoxic effects of
the cannabinoid agonist HU-210 in mice with EAE
induced by TMEV (59).

In summary, the endocannabinoid system appears to
participate in EAE in at least three ways, i.e., by being: 1)
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activated, particularly in the spinal cord during spasticity
(as demonstrated in studies with CREAE mice) in order to
counteract excessive muscle contraction and perhaps
neuronal excitotoxic damage, possibly by regulating exci-
tatory neurotransmitter release at the presynaptic and
prejunctional level; 2) defective at the brain level, as one
of the possible underlying causes of motor impairment
(as observed in EAE mice or rats); and 3) activated at the
level of immunocompetent cells resident in the spinal
cord and participating in the inflammatory component of
MS in order to dampen inflammation (as observed in mice
with EAE). This multifunctional protective role of endo-
cannabinoids suggests that elevation of endocannabinoid
levels by endocannabinoid uptake inhibitors might pro-
duce beneficial effects not only on the symptoms but also
on disease progression, as has been observed in sever-
al EAE models (47, 51, 57). Activation of TRPV1 recep-
tors appears to be involved in the protective effect of
these compounds (50), and this might explain why the
“hybrid” CB, agonist, endocannabinoid uptake inhibitor
and TRPV1 agonist arvanil strongly reduces the progres-
sion of EAE in mice (60).

The endocannabinoid system in other disorders
causing spasticity

Amyotrophic lateral sclerosis (ALS) and spinal cord
injury (SCI) are examples of irreversible chronic disorders
affecting peripheral nervous tissues more directly than
the brain, and often resulting in spasticity and pain. In
these disorders, stimulation of either CB, or CB, recep-
tors can provide therapeutic effects. In the case of ALS,
which is caused in humans by degeneration of either
upper or lower motor neurons, all studies performed so
far have been carried out in the superoxide dismutase
(SOD1) mutant mouse model, which, although quite dif-
ferent from the human condition, exhibits several of the
features of this untreatable disorder causing degenera-
tion and death of motor neurons. Two reports have shown
long-term elevation of endocannabinoid levels in the
spinal cord (61) and both spinal cord and brain (62) with
increasing age in SOD1 G93 mutant mice. In the latter
study, it was also shown that congenital FAAH knockout
results in prolonged survival in these mice. Importantly,
CB, receptor knockout also increased survival, thus indi-
cating that the endocannabinoids do not act via this
receptor to protect from this disorder. Accordingly, recent
studies have shown that stimulation of CB, receptors,
even when initiated at symptom onset, can prolong sur-
vival of SOD1 G93 mutant mice (63, 64), and that mRNA,
receptor binding and function of CB,, but not CB,, recep-
tors are dramatically and selectively upregulated in the
spinal cords of these mice in a temporal pattern parallel-
ing disease progression (64).

In the case of SCI and spinal nerve lesions, several
animal models have been used to investigate the effect of
cannabinoids. A recent study evaluated the efficacy of the
nonselective CB receptor agonist Win-55,212-2 on tactile
hypersensitivity in rats following a brief compression to
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the thoracic spinal cord. The withdrawal thresholds of the
hind paws following this type of SCI were significantly
decreased, indicating tactile hypersensitivity (allodynia).
Systemic injection of Win-55,212-2 increased withdrawal
thresholds in a dose-dependent manner. Pretreatment
with the CB, receptor subtype-selective antagonist AM-
251 completely abolished the antinociceptive effect of
Win-55,212-2, whereas pretreatment with the CB, recep-
tor subtype-selective antagonist AM-630 did not alter the
antinociceptive effect of Win-55,212-2 (65). Importantly, it
was also shown that while opioids lose their capability to
suppress C-fiber-induced spinal neuron activation in the
injured L(5) but not in the intact L(4) ganglion after spinal
nerve ligation between L(4) and L(5) ganglia, a CB,
receptor agonist maintained its efficacy on both spinal
ganglia under these conditions (66). These data indicate
that CB,-selective agonists might be novel templates for
the development of therapeutic drugs for clinical pain
induced by spinal cord and nerve injuries. On the other
hand, in other studies, the sensitization of mechanically
activated wide dynamic range dorsal horn neurons and
the subsequent allodynia induced by spinal nerve ligation
were inhibited by CB, agonists (67-69). Accordingly,
spinal nerve ligation is accompanied by upregulation of
both CB, (70) and CB, receptors, possibly due to
microglial cell activation (71), and endocannabinoid levels
(70). This latter event might represent an adaptive
response aimed at reducing mechanical sensitivity, since
inhibition of endocannabinoid hydrolysis attenuated
evoked responses of spinal neurons in rats with spinal
nerve ligation (72).

Clinical trials

Recent findings indicate that the endocannabinoid
system undergoes tissue-specific plastic changes and
might participate in the control of symptoms and disease
progression in subjects with MS. CNS tissue from inflam-
matory lesions of patients with active or silent MS and
normal control patients was analyzed in a recent study,
showing a 3.7-fold higher concentration of AEA in inflam-
matory lesions in patients with active MS and a 1.9-fold
higher concentration in lesions of patients with silent MS
in comparison to healthy controls (38). Cannabinoid CB,
immunoreactivity was found to be increased in activated
microglial cells/macrophages of the spinal cord of
patients with MS and ALS (73). In brain plaques, CB,
receptors appear to be upregulated in cortical neurons,
oligodendrocytes, oligodendrocyte precursors, macro-
phages and infilirated T-lymphocytes, whereas CB,
receptors are overexpressed in T-lymphocytes, astro-
cytes and perivascular and reactive microglia, and FAAH
is overexpressed in neurons and hypertrophic astrocytes
(74). From a therapeutic point of view, after several
decades of merely anecdotal reports (see [75] for a com-
prehensive review), the results of a multicenter, random-
ized, placebo-controlled study in over 600 patients with
MS were published in 2003 (76). Although no benefit on
spasticity was found with a low oral dose of THC (5
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mg/day) when this symptom was assessed using the
Ashworth scale, over 60% of the treated patients exhibit-
ed objective improvements in mobility and reported sub-
jective improvements in pain, with an overall very low inci-
dence of adverse events. Furthermore, the 12-month
follow-up of this study indicated beneficial effects for THC
beyond those observed in the first part of the study (77).

Independent clinical trials extended the efficacy
against spasticity to Cannabis extracts administered
either as capsules or as an oromucosal spray (GW
Pharmaceuticals’ Sativex®). These extracts contain THC
together with nonpsychotropic plant cannabinoids, the
most abundant of which is cannabidiol (CBD), which is
endowed with a wide range of pharmacological properties
in vitro and in vivo in animals (78). In one case, 57 MS
patients with persistent spasticity were enrolled in a
prospective, randomized, double-blind, placebo-con-
trolled, crossover study of Cannabis extract capsules
standardized to contain 2.5 mg THC and 0.9 mg CBD
each. Significantly lower spasm frequency and increased
mobility, with tolerable side effects, were observed in the
37 treated patients who completed the study (79). In
another study, 160 MS patients were administered oro-
mucosal sprays of matched placebo or a whole-plant
extract containing equal amounts of THC and cannabidi-
ol at a dose of 2.5-120 mg/day of each. The primary out-
come measure was a visual analogue scale (VAS) score
for each patient’s most troublesome symptom. Spasticity
scores were significantly reduced by the extract
(Sativex®) in comparison with placebo (p = 0.001) and
there were no significant adverse effects on cognition or
mood, and intoxication was generally mild (80). In anoth-
er study, 24 patients with MS, SCI, brachial plexus dam-
age and limb amputation due to neurofibromatosis were
treated with Sativex® or matched placebo by sublingual
spray at doses determined by titration within the range of
2.5-120 mg/24 h. Measures used were patient-recorded
symptoms, well-being and intoxication scores on a daily
basis using VAS. At the end of each 2-week period, an
observer rated the severity and frequency of symptoms
on numerical rating scales, administered standard mea-
sures of disability (Barthel Index), mood and cogpnition,
and recorded adverse events. The authors reported sig-
nificant pain relief associated with Sativex® compared to
placebo. Impaired bladder control, muscle spasms and
spasticity were also improved by the extract in some
patients with these symptoms. Three patients had tran-
sient hypotension and intoxication with rapid initial dosing
of the THC-containing extract (81).

With regard to the safety profile of Cannabis extracts,
the results of a large study were recently published. A
total of 137 MS patients with symptoms not controlled sat-
isfactorily using standard drugs and treated with Sativex®
entered an open-label trial following a 10-week, placebo-
controlled study. Patients were assessed every 8 weeks
using VAS and diary scores of main symptoms, and were
followed for an average of 434 days. A total of 58 patients
(42.3%) withdrew due to lack of efficacy, adverse events,
withdrawn consent, loss to follow-up and other reasons.

Patients reported 292 adverse events, of which 251
(86%) were mild to moderate, including oral pain, dizzi-
ness, diarrhea, nausea and oromucosal disorder. Three
patients had five ‘serious adverse events’: two cases of
seizures, one fall, one case of aspiration pneumonia and
one case of gastroenteritis. Four patients had first-ever
seizures. The improvements recorded and dose taken in
the acute study remained stable. Planned, sudden inter-
ruption of treatment for 2 weeks in 25 patients (of 62
approached) did not cause a consistent withdrawal syn-
drome, although 11 (46%) patients reported at least one
occurrence of tiredness, interrupted sleep, hot and cold
flushes, mood alteration, reduced appetite, emotional
lability, intoxication or vivid dreams. Twenty-two (88%)
patients re-started the treatment. The authors concluded
that “long-term use of oromucosal Sativex® maintains its
effect in those patients who perceive initial benefit’, and
that “the precise nature and rate of risks with long-term
use, especially epilepsy, will require larger and longer
term studies” (82).

More recent studies extended the potential efficacy of
Cannabis-based medicines to MS-related pain and uri-
nary incontinence, as well as to spasticity caused by
other disorders. In an open-label pilot study in 21 MS
patients taking Sativex® for 8 weeks followed by THC only
(2.5 mg/spray) for a further 8 weeks, a reduction in lower
urinary tract symptoms was also reported (83). A single-
center, 5-week (1-week run-in, 4-week treatment), ran-
domized, double-blind, placebo-controlled, parallel-group
trial was recently carried out in 66 patients with MS and
central pain states (59 dysesthetic, 7 painful spasms)
administered Sativex® oromucosal spray as adjunctive
analgesic treatment. Each spray delivered 2.7 mg of THC
and 2.5 of CBD, and patients could gradually self-titrate to
a maximum of 48 sprays in 24 h. The extract was gener-
ally well tolerated, although more patients on treatment
reported dizziness, dry mouth, and somnolence com-
pared to placebo. Cognitive side effects were limited to
long-term memory storage. Most importantly, the treat-
ment was effective in reducing pain and sleep distur-
bances (84). A meta-analysis of several published clinical
trials recently concluded that cannabinoids, including the
cannabidiol/THC buccal spray, are effective in treating
neuropathic pain in MS, although the authors emphasized
that their review was based on a small number of trials
and patients, and that pain related to MS was assumed to
be similar to neuropathic pain (85).

Another double-blind, placebo-controlled, crossover
study evaluated the safety and efficacy of low-dose treat-
ment with the synthetic cannabinoid receptor agonist
nabilone (1 mg/day) on spasticity-related pain in patients
with upper motor neuron syndrome (UMNS). Eleven of 13
patients completed the study. An 11-point box scale
showed a significant decrease in pain on nabilone (p <
0.05), while spasticity, motor function and activities of
daily living did not change. Five patients reported side
effects: one case of moderate transient weakness of the
lower limbs (nabilone phase, dropout), three cases of
mild drowsiness (two nabilone, one placebo) and one
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case of mild dysphagia (placebo). One patient was
excluded from the study due to an acute relapse of MS
(nabilone phase, dropout). The authors concluded that
nabilone 1 mg/day is a safe and easily applicable option
in the care of patients with chronic UMNS and otherwise
uncontrollable spasticity-related pain (86).

Finally, a double-blind study was performed several
years ago comparing 5 mg THC p.o., 50 mg codeine p.o.
and placebo in a patient with spasticity and pain due to
SCI. The three treatments were applied 18 times each in
a randomized and balanced order. THC and codeine both
had an analgesic effect in comparison with placebo. Only
THC showed a significant beneficial effect on spasticity.
At the dose of THC used, no altered consciousness
occurred (87). Unfortunately, this pilot study was never
followed by larger clinical trials in patients with SCI.

New antispastic drugs from the endocannabinoid
system?

As reviewed in this article, endocannabinoids appear
to be ideal candidates for neuroprotection in several pos-
sible insults to central and peripheral nervous tissues,
including those eventually resulting in spasticity. By acti-
vating cannabinoid CB, receptors and, in the case of
AEA, by activating/desensitizing vanilloid TRPV1 recep-
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tors, these compounds can reduce the excitotoxicity
involved in all neurodegenerative disorders causing limb
spasticity, and by activating CB, receptors they can
downregulate the immunological neuroinflammatory com-
ponents of these disorders that may render the neuronal
damage caused by excitotoxicity irreversible, and are, in
the case of MS, one of the causes of the disorder.
Accordingly, the levels of endocannabinoids and/or their
molecular targets undergo plastic changes during disor-
ders causing spasticity, and in the case of the CREAE
model of MS, are elevated during spasticity itself. In fact,
these changes either represent adaptive mechanisms
aimed at counteracting the symptoms of the disorder, as
in the case of spasticity and pain, or contribute to disease
progression, particularly when they result in a decrease in
endocannabinoid tone. In either case, Cannabis prepara-
tions or synthetic molecules that prolong the half-life of
the endocannabinoids or elevate otherwise impaired
endocannabinoid tone, have shown efficacy in the treat-
ment of several symptoms of neurodegenerative disor-
ders, including spasticity, in both preclinical and clinical
studies. In particular, inhibitors of endocannabinoid
degradation (Fig. 2), such as blockers of endocannabi-
noid cellular reuptake and enzymatic hydrolysis (46, 88-
93), inhibit spasticity in the CREAE model of MS (44-47),
or restore locomotion and interfere with the inflammatory
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Fig. 2. Chemical structures of inhibitors of endocannabinoid inactivation (by cellular reuptake via the putative endocannabinoid mem-
brane transporter or enzymatic hydrolysis by fatty acid amide hydrolase [FAAH]) that have been found to date to be effective against
spasticity in the chronic-relapsing experimental allergic encephalomyelitis (CREAE) model of multiple sclerosis (45, 46, 88, 89).
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components of EAE (50, 51, 57). The utility of these “indi-
rect” agonists is underlined by the fact that they might
also act by exploiting the activity at non-CB,, non-CB,
receptors of the compounds whose half-life they prolong
(48, 50, 60). At the same time, in view of the “on-demand
“character of endocannabinoid biosynthesis, these
inhibitors will produce their effects only in those tissues
where endocannabinoids are being produced and degrad-
ed, thus acting in a potentially very selective manner and
showing few side effects. On the other hand, preparations
containing THC (or nabilone) have proven effective at
reducing spasticity, particularly when the neuroprotective
and antispastic effect of THC is accompanied by the
strong antiinflammatory actions of cannabidiol, which also
seems to “buffer” its unwanted psychoactive effects (94).
Future studies should extend to the clinic the utility of
inhibitors of endocannabinoid inactivation against spastic-
ity observed in animal models, and also determine
whether selective and nonpsychotropic CB, agonists
reduce spasticity by retarding the progression of disorders
like MS and ALS. Finally, further experiments in animal
models will need to clarify the exact neurochemical mech-
anism(s) underlying CB, receptor-mediated inhibition of
spasticity (42), in order to develop new therapeutics capa-
ble of ameliorating this symptom while being devoid of the
collateral effects of psychoactive cannabinoids.
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