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We studied whether combinations of botanical extracts
enriched in either A%-tetrahydrocannabinol (A®-THC) or
cannabidiol (CBD), which are the main constituents of the
cannabis-based medicine Sativex, provide neuroprotec-
tion in rat models of Huntington’s disease (HD). We used
rats intoxicated with 3-nitropropionate (BNP) that were
given combinations of A®-THC- and CBD-enriched bo-
tanical extracts. The issue was also studied in malonate-
lesioned rats. The administration of A®-THC- and CBD-
enriched botanical extracts combined in a ratio of 1:1 as
in Sativex attenuated 3NP-induced GABA deficiency, loss
of Nissl-stained neurons, down-regulation of CB; recep-
tor and IGF-1 expression, and up-regulation of calpain
expression whereas it completely reversed the reduction
in superoxide dismutase-1 expression. Similar responses
were generally found with other combinations of A°-THC-
and CBD-enriched botanical extracts, suggesting that
these effects are probably related to the antioxidant and
CB4 and CB, receptor-independent properties of both
phytocannabinoids. In fact, selective antagonists for both
receptor types, i.e., SR141716 and AM630, respectively,
were unable to prevent the positive effects on calpain
expression caused in 3NP-intoxicated rats by the 1:1
combination of A>-THC and CBD. Finally, this combina-
tion also reversed the up-regulation of proinflammatory
markers such as inducible nitric oxide synthase observed
in malonate-lesioned rats. In conclusion, this study
provides preclinical evidence in support of a beneficial
effect of the cannabis-based medicine Sativex as a
neuroprotective agent capable of delaying disease pro-
gression in HD, a disorder that is currently poorly man-
aged in the clinic, prompting an urgent need for clinical
trials with agents showing positive results in preclinical
studies. © 2011 Wiley-Liss, Inc.
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Various cannabinoid compounds have been
reported to attenuate brain damage caused by different
type of insults and reproduced in a variety of in vitro
and in vivo models of acute or chronic neurodegenera-
tion (for review see Fernandez-Ruiz et al., 2010). These
effects are produced by the capability of cannabinoids to
control multiple mechanisms involved in neuronal death,
including excitotoxicity (exerted mainly through the
activation of CB; receptors; see van der Stelt et al.,
2002), inflammatory events (exerted mainly through the
activation of CB, receptors; see Fernandez-Ruiz et al.,
2007), and oxidative injury (exerted presumably through
cannabinoid receptor-independent mechanisms; see Fer-
nandez-Ruiz et al., 2005). These findings, together with
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the observation that certain elements of the cannabinoid
signaling system, in particular, the endocannabinoids
anandamide and 2-arachidonoyl-glycerol and the CB,
receptor, are significantly up-regulated in response to
brain damage, support the idea that the cannabinoid sys-
tem might play a key protective role in response to exci-
totoxic, inflammatory, traumatic, or oxidative injury (for
review see Fernandez-Ruiz et al., 2010).

Huntington’s disease (HD) is one of the disorders
for which certain cannabinoid compounds have been
found to have neuroprotective properties in experimen-
tal models. HD is an inherited neurodegenerative disor-
der characterized by motor abnormalities, cognitive dys-
function, and psychiatric symptoms that are produced by
selective lesions in the cerebral cortex and, in particular,
in the striatum (for recent review see Roze et al., 2010).
The lesions are caused by a mutation in the gene encoding
the protein huntingtin, that consists of a CAG triplet repeat
expansion translated into an abnormal polyglutamine tract
in the amino-terminal portion of this protein (Zucato
et al., 2010). However, the intimate mechanisms underly-
ing mutated huntingtin toxicity and striatal and cortical
degeneration are still unknown. At present, there is no spe-
cific pharmacotherapy to alleviate symptoms and/or to
arrest or delay striatal degeneration in HD, although a few
compounds (i.e., minocycline, coenzyme Q10, unsaturated
fatty acids, inhibitors of histone deacetylases) are presently
under clinical evaluation (Johnson and Davidson, 2010).
Cannabinoids are also close to clinical testing based on
solid preclinical evidence obtained in various experimental
models of HD, in which specific cannabinoid agonists
have provided positive results for protection against striatal
degeneration (for review see Pazos et al., 2008; Fernandez-
Ruiz et al., 2010). Thus, antioxidant cannabinoids, includ-
ing the phytocannabinoids A’-tetrahydrocannabinol (A’-
THC) and cannabidiol (CBD), protected striatal neurons
against toxicity caused by 3-nitropropionic acid (3NP;
Lastres-Becker et al., 2004; Sagredo et al., 2007). This is an
inhibitor of mitochondrial complex II frequently used to
generate striatal atrophy (Brouillet et al., 1999, 2005) remi-
niscent of HD and of the characteristic deficiency in this
complex described in HD patients (Damiano et al., 2010).
A°-THC was also neuroprotective in a transgemc mouse
model of HD, R6/2, most likely acting through the acti-
vation of CB1 receptors (Blazquez et al., 2011). Selective
agonists of the CB, receptors were also protective both in
this genetic model (Palazuelos et al., 2009) and in other ex-
perimental models in which inflammatory events are pre-
dominant (e.g., malonate toxicity; see Sagredo et al.,
2009). CB; (Pintor et al., 2006) and CB, (Palazuelos et al.,
2009) receptor agonists were also protective in excitotoxic
models (e.g., quinolinate-lesioned rodents), whereas CB,
receptor agonists reduced cell death induced by excitotox-
icity in a cellular model of HD (Blazquez et al., 2011).
The fact that multiple targets (CB; and CB, receptors) and
different cannabinoid compounds have been linked to
neuroprotection in experimental models of HD suggests
that, when the issue is going to be studied in patients,
experiments should be done with a broad-spectrum canna-

binoid or with combinations of various cannabinoids with
different profiles. One promising option is Sativex, a can-
nabis-based medicine recently licenced for the treatment of
spasticity and pain in multiple sclerosis patients (Russo and
Guy, 2006; anht 2007). Sativex is an equimolecular
combination of A-THC- and CBD-enriched botanical
extracts that may act through different mechanisms/targets,
mainly by antioxidant mechanisms in the case of both phy-
tocannabinoids and by activation of CB; and CB, recep-
tors in the case of A“THC (Pertwee, 2009). Therefore, it
has a pharmacological profile that appears promising for
HD. However, before proceeding to a clinical evaluation
of this medicine in HD, it would be interesting to deter-
mine whether the combination of A’~THC and CBD bo-
tanical extracts used for Sativex also works in animal mod-
els of HD. For this purpose, we used the same HD model,

rats subjected to 3NP intoxication, in which both A’-

THC (Lastres-Becker et al., 2004) and CBD (Sagredo
et al,, 2007) administered as pure and individual com-
pounds have already been found to display neuroprotective
properties. We conducted three experiments in these ani-
mals. First, we examined the neuroprotectlve effects of a
1:1 combination of botanical extracts of A’-THC and
CBD, the same as that used in Sativex. The degree of neu-
roprotection was evaluated by measuring the extent of
GABA deficiency and the number of Nissl-stained neurons
in the striatal parenchyma as well as the expression of a se-
ries of markers related to 3NP intoxication and/or HD pa-
thology. These markers were 1) the antioxidant enzyme
superoxide dismutase-1 (SOD-1; see Sagredo et al., 2007),
2) the calcium-binding protein calpain (Bizat et al.,
2003a,b; Brouillet et al., 2005), and 3) the neurotrophin
insulin-like growth factor-1 (IGF-1; Alexi et al., 1999;
Mochel et al., 2007; Pouladi et al., 2010). We also meas-
ured the expression of the CBj receptor, because previ-
ously published data suggest that this may serve as a marker
of striatal degeneration in patients and experimental models
of HD (Blazquez et al., 2011). Several inflammatory
markers, e.g.,, OX-42 and GFAP immunostaining and
expression of inducible nitric oxide synthase 1INOS), were
also employed, even though that inflammation is very
modest in this model, which relies more on oxidative
events. We also carried out a few analyses (calpain and
SOD-1 expression, which are significantly affected in 3NP
intoxicated rats) in experlments conducted with two addi-
tional combinations of A’-THC and CBD botanical
extracts, i.e., 1:2 and 2:1, with the total cannabinoid
administered always equivalent to 3 mg/kg. In a third
experiment, we explored whether the neuroprotectlve
effects observed with the combination of A’-THC and
CBD used for Sativex were induced by the activation of
CB; or CB, receptors using selective antagonists for these
two receptors (SR141716 and AM630, respectively). For
this third experiment, we recorded expression of calpain,
which constitutes a very selective and sensitive marker of
3NP intoxication (Bizat et al., 2003a,b; Brouillet et al.,
2005). Finally, we also wanted to study whether the Sati-
vex-like combination might also afford neuroprotection in
another experimental model of HD. To this end, we
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lesioned rats using intrastriatal injection of malonate,
which, as mentioned above, generates striatal damage asso-
ciated with a marked up-regulation of inflammatory
markers such as iNOS (Sagredo et al., 2009).

MATERIALS AND METHODS
Animals, Treatments, and Sampling

Adult (12 weeks old, 350—400 g) male Sprague-Dawley
rats (Harlan Ibérica, Barcelona, Spain) were used for the
experiments. Animals were housed in a room with con-
trolled photoperiod (08:00-20:00 light) and temperature
(22°C = 1°C) with free access to standard food and water.
All experiments were conducted according to local and Eu-
ropean rules (directive 86/609/EEC). Rats were subjected to
intraperitoneal (i.p.) injections of 3NP for 5 days (two injec-
tions per day) at a dose of 10 mg/kg each. At 4 hr after the
first injection of 3NP, rats were also injected with combina-
tions of botanical extracts enriched with either A’-THC,
kindly provided by GW Pharmaceuticals Ltd. (Cambridge-
shire, United Kingdom; A’-THC botanical extract contains
67.1% A°-THC, 0.3% CBD, 0.9% cannabigerol, 0.9% can-
nabichromene, and 1.9% other phytocannabinoids) or CBD,
also provided by GW Pharmaceuticals Ltd. (CBD botanical
extract contains 64.8% CBD, 2.3% A()—THC, 1.1% cannabi-
gerol, 3.0% cannabichromene, and 1.5% other phytocannabi-
noids). We focused mainly on the 1:1 combination used in
Sativex, but we also conducted additional experiments with
the 1:2 and 2:1 combinations, although the total dose of
cannabinoid administered was always 4.63 mg/kg (equivalent
to 3 mg/kg of pure CBD and A’-THC), a dose within the
range of eftective doses of both compounds when they were
administered in pure form in this experimental HD model
(Lastres-Becker et al., 2004; Sagredo et al., 2007). Cannabi-
noids were prepared in Tween 80-saline solution (1:16) and
were administered 1.p.; 3NP-lesioned rats treated with vehi-
cle (Tween 80-saline) were also included in this experiment.
Injections were repeated daily for a total period of 5 days,
and the animals were killed 90 min after the last injection.
Their brains were rapidly removed and frozen in 2-methylbu-
tane cooled in dry ice and stored at —80°C for neurochemical
and histological evaluation indicative of the degree of 3NP-
induced neuronal injury. In the case of samples that were
used for qRT-PCR analysis, the two striata of each animal
were dissected immediately after killing and were frozen at
—80°C. In a further experiment, rats injected with 3NP, by
the same procedure described above, were injected once daily
over 5 days with the 1:1 combination of A’-THC- and
CBD-enriched botanical extracts used in the previous
experiment, administered alone or coadministered (15 min
before Sativex-like combination) daily with the CB; receptor
antagonist SR141716 (1 mg/kg), kindly provided by Sanofi-
Aventis (Montpellier, France) or the CB, receptor blocker
AMG630 (1 mg/kg), purchased from Tocris (Biogen Cientifica
S.L., Madrid, Spain), both prepared in Tween 80-saline
(1:16). Animals were killed 90 min after the last injection,
and their brains were rapidly removed and processed as
described above.
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We also used a few rats for inducing unilateral lesions of’
the striatum with malonate, another complex II inhibitor, fol-
lowing a procedure described previously (Sagredo et al,
2009). Rats were injected stereotaxically (coordinates: +0.8
mm anterior, +2.9 mm lateral from the bregma, —4.5 mm
ventral from the dura mater) into the left striatum with 2 M
malonate (dissolved in PBS 0.1 M, pH 7.4) in a volume of 1
pl. The contralateral striatum of each animal remained unaf-
fected, when data generated in this experimental model are
expressed as percentage of the lesioned side over the corres-
ponding nonlesioned side. Animals were treated with the 1:1
combination of A’-THC- and CBD-enriched botanical
extracts used in the previous experiments, administered 30
min before and 2 hr after the intrastriatal injection of malo-
nate. Malonate-lesioned rats given vehicle, as well as sham-
operated animals, were also included in this experiment. All
animals were killed 48 hr after the administration of malonate,
and their brains were rapidly removed; the two striata dis-
sected and frozen separately in 2-methylbutane cooled in dry
ice and stored at —=80°C to be used for qRT-PCR analysis. In
all experiments, five or six animals were used per experimental

group.

HPLC Analysis of GABA Concentrations

Brain coronal slices (approximately 500 pm thick) were
made at levels containing the caudate-putamen, according to
Palkovits and Brownstein (1988). Subsequently, this structure
was dissected and homogenized in 20—40 volumes of cold
150 mM potassium phosphate bufter, pH 6.8. Homogenates
were diluted (1:2) with 0.4 N perchloric acid containing
0.4 mM sodium disulfite, 0.90 mM EDTA, and B-aminobuti-
ric acid as internal standard. Afterward, samples were centri-
fuged for 3 min (15,000¢) and the supernatants subjected to a
derivatization process with o-phthaldehide (OPA)-sulfite solu-
tion (14.9 mM OPA, 45.4 mM sodium sulfite, and 4.5% etha-
nol in 327 mM borate bufter, pH 10.4) prior to their injec-
tion into the HPLC system. This system consisted of an iso-
cratic Spectra-Physics 8810 pump and on an RP-18 column
(Spherisorb ODS-2; 150 mm, 4.6 mm, 5 pm particle size;
Waters). The mobile phase, previously filtered and degassed,
consisted of 0.06 M sodium dihydrogen phosphate, 0.06 mM
EDTA, and 20-30% methanol (pH 4.4). The flow rate was
0.8 ml/min. The effluent was monitored with a Metrohm
bioanalytical system amperometric detector using a glassy car-
bon electrode. The potential was 0.85 V relative to an Ag/
AgCl reference electrode with a sensitivity of 50 nA (approxi-
mately 2 ng per sample). The signal was recorded on a Spec-
tra-Physics 4290 integrator. The results were obtained from
the peaks and calculated by comparison with the area under
the corresponding internal standard peak. Values were
expressed as micrograms per total tissue analyzed.

Histological Analyses

Coronal brain sections (20 pm thick) were obtained
with a cryostat and collected on gelatin-coated slides. Slices
obtained at the level of the caudate-putamen were used for
Nissl staining (see details in Alvarez et al., 2008), which per-
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mitted determination of the effects of particular treatments on
cell number and for immunohistochemical analysis of OX-42,
a marker of reactive microglia, and GFAP, a marker of astro-
cytes. For immunohistochemistry, sections were incubated
overnight at 30°C with 1) monoclonal anti-rat CD11b anti-
body (AbD Serotec, Oxford, United Kingdom) used at 1:500
or 2) monoclonal anti-rat GFAP (Sigma-Aldrich, Madrid,
Spain) used at 1:500. After incubation with the corresponding
primary antibody, sections were washed in 0.1 M PBS and
incubated for 2 hr at 37°C with the appropriate mouse, rat,
and rabbit highly cross-adsorbed AlexaFluor 546 (for GFAP)
or 488 (for OX-42) secondary antibody (Invitrogen, Carlsbad,
CA) used at 1:400. Negative control sections were obtained
using the same protocol with omission of the primary anti-
body. All sections for each immunohistochemical procedure
were processed at the same time and under the same condi-
tions. A Nikon Eclipse 901 confocal microscope and a Nikon
DXM 1200F camera were used for slide observation and pho-
tography, and all image processing, including cell counting,
was performed in Image], the software developed and freely
distributed by the U.S. National Institutes of Health.

Real-Time qRT-PCR Analysis

Total RNA was isolated from striata using RNATidy rea-
gent (AppliChem, Cheshire, CT). The total amount of RINA
extracted was quantitated by spectrometry at 260 nm and its
purity from the ratio of the absorbance values at 260 and 280
nm, whereas its integrity was confirmed in agarose gels. After
genomic DNA had been removed (to eliminate DNA contam-
ination), single-stranded complementary DNA was synthesized
from 1 pg total RNA using a commercial kit (Rneasy Mini
Quantitect Reverse Transcription; Qiazen, Izasa, Madrid,
Spain). The reaction mixture was kept frozen at —20°C until
enzymatic amplification. Quantitative real-time PCR assays
were performed using TagMan Gene Expression Assays
(Applied Biosystems, Foster City, CA) to quantify mRNA lev-
els for IGF-1 (ref. Rn99999087_ml), CB; receptor
(ref. Rn00562880_m1), calpain (ref. Rn00569689_m1), SOD-
1 (ref. Rn00566938_m1), and iNOS (ref. Rn00561646_m1),
using B-actin expression (ref. Rn00667869_m1) as an endoge-
nous control gene for normalization. The PCR assay was per-
formed using the 7300 Fast Real-Time PCR System (Applied
Biosystems), and the threshold cycle was calculated by the
instrument’s software (7300 Fast System).

Statistical Analysis

All data were subjected to one-way analysis of variance,
followed by the Student-Newman-Keuls test.

RESULTS

Effects of Phytocannabinoids on 3NP-Induced
Striatal Damage

As expected, the administration of 3NP damaged
the striatum as reflected by GABA deficiency (Fs 17 =
3.79, P < 0.05; Fig. 1), a reduction in the number of
Nissl-stained neurons (F,;; = 5.94, P < 0.05; Fig. 1),

and a lowered expression of the antioxidant enzyme
SOD-1 (F,14 = 3.82, P < 0.05; Fig. 2) and the neuro-
trophic factor IGF-1 (F, 1, = 3.73, P < 0.05; Fig. 2).
These changes, although found in a specific experimental
model of HD, have also been found in HD patients
using CSF, blood cell, and postmortem brain samples
(Manyam et al., 1981; Storey and Beal, 1993; Boll et al.,
2008). They include changes in SOD-1 expression and
also in GABA concentration, despite the fact that the
reduction in this neurotransmitter found here after 3NP
intoxication was very modest (Fig. 1). This also happens
in patients and reflects the selectivity in the degeneration
of GABA-containing neurons in both patients and 3NP-
lesioned rats that includes striatal projection neurons but
not other GABA-containing neurons such as striatal
interneurons (for review see Pazos et al., 2008). 3NP
intoxication also caused an up-regulation of the calcium-
binding protein calpain (F> 15 = 3.92, P < 0.05; Fig. 2),
as reported previously (Bizat et al.,, 2003a,b; Brouillet
et al., 2005), and it dramatically impaired the expression of
CBy receptors in the striatum (F, 13 = 4.12, P < 0.05;
Fig. 2), a change that has also been detected in patients
(for review see Pazos et al., 2008) and transgenic mouse
models of HD, even at presymptomatic phases (Blazquez
et al.,, 2011). Although key cytotoxic events after 3NP
intoxication are related to mitochondrial dysfunction, oxi-
dative stress, and calpain activation, we also analyzed a few
parameters related to glial activation in these animals and
found elevated immunostaining for OX-42, a marker of
reactive microgliosis, that was restricted to a small area in
the striatal parenchyma (Fig. 1). However, other proin-
flammatory markers analyzed such as iNOS or GFAP, a
marker of astrogliosis, were not affected after 3NP intoxi-
cation, in accordance with the idea that inflammatory
events are modest in this HD model (Bantubungi et al.,
2005). All these responses are compatible with 3NP selec-
tively damaging the striatum even though this neurotoxin
was systemically administered (for review see Brouillet
et al., 2005). As mentioned above, this selective damage is
consistent with some of the pathogenic changes that occur
in HD patients, particularly those that relate to oxidative
injury and calpain activation.

The administration of a mixture of A’~THC- and
CBD-enriched botanical extracts (1:1, as in Sativex)
attenuated to different extents all these 3NP-induced
changes. For example, it slightly reduced GABA deple-
tion (Fig. 1), as indicated by the loss of statistical signifi-
cance of 3NP-lesioned rats vs. controls after administra-
tion of cannabinoids. The same type of response (loss of
statistical significance of the effect found in 3NP-
lesioned rats vs. controls) was found for the effect of
A’-THC- and CBD-enriched botanical extracts on
3NP-induced loss of Nissl-stained neurons (Fig. 1),
down-regulation of the CB; receptor and of IGF-1
expression (Fig. 2), and up-regulation of calpain (Fig.
2). However, this mixture completely reversed the
reduction in SOD-1 expression; the differences between
vehicle- and cannabinoid-injected 3NP-lesioned rats
reached statistically significant differences in this case
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Fig. 1. GABA content, number of Nissl-stained neurons, and OX-42
immunoreactivity measured in the caudate-putamen of rats subjected to
systemic injections of 3-nitropropionic acid (3NP) for 5 days and receiv-
ing a daily injection of A>-THC- and CBD-enriched botanical extracts
combined in a Sativex-like ratio 1:1 (total cannabinoid dose equivalent
to 3 mg/kg weight) or vehicle (Tween 80-saline). For details see text.
Values are expressed as means = SEM for five or six animals per group

(Fig. 2). In addition, the administration of a mixture of
A’-THC- and CBD-enriched botanical extracts also
attenuated the enhanced OX-42 immunostaining
(Fig. 1). These findings support the notion that the
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(three or four per group in the case of histological analyses). The Nissl
staining data correspond to percentage over the control group. Data
were subjected to one-way analysis of variance followed by the Student-
Newman-Keuls test (*P < 0.05 compared with controls). Representa-
tive Niss-stained and OX-42-immunostained microphotographs for
each experimental group are included. 20X. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

combination of both phytocannabinoid botanical
extracts may be effective as a neuroprotective therapy,
as has been found previously when they are administered
alone as pure compounds (Lastres-Becker et al., 2004;
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Fig. 2. Calpain, CB; receptor, SOD-1, and IGF-1 gene expression
measured in the caudate-putamen of rats subjected to systemic injections
of 3-nitropropionic acid (3NP) for 5 days and receiving a daily injection
of A>-THC- and CBD-enriched botanical extracts combined in a Sati-
vex-like ratio 1:1 (total cannabinoid dose equivalent to 3 mg/kg weight)

Sagredo et al., 2007). In this study, we also performed
experiments with other combinations of A” -THC- and
CBD-enriched botanical extracts, i.e., 2:1 and 1:2, but
always maintaining the same total amount of cannabinoid
administered. The objective of this additional testing was
to elucidate whether increasing CB; and CB, receptor-
mediated effects (in the case of the 2:1 combination of
A°-THC and CBD) or augmenting cannabinoid receptor-
independent effects of phytocannabmmds (in the case of
the 1:2 combination of A’-THC and CBD) would
enhance or diminish the effects of the Sativex-like 1:1
combination. Our data revealed that changes in SOD-1
expression elicited by 3NP (F4.; = 4.01, P < 0.05) were
totally reversed after the treatment with phytocannabi-
noids and to a similar extent with the three combinations
used in this study (Fig. 3). In addition, the treatment with
phytocannabinoids reversed the changes elicited by 3NP
in calpain expression (Fyo4 = 3.91, P < 0.05), also to a
similar extent with the three combinations (Fig. 3),
although in this case the reversal was smaller (evident only
by the loss of statistical significance for the eftect found in
3NP-lesioned rats vs. controls).

Effects of CB; and CB, Receptor Antagonists on
the Beneficial Effects of Phytocannabinoids on
3NP-Induced Striatal Damage

The finding that the three combinations of A’-
THC- and CBD-enriched botanical extracts induced

CB, receptor gene expression
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or vehicle (Tween 80-saline). For details see text. Values correspond to
percentage over the control group and are expressed as means = SEM
for five or six animals per group. Data were subjected to one-way analysis
of variance followed by the Student-Newman-Keuls test (*P < 0.05
compared with controls; *P < 0.05 compared with 3NP + vehicle).

equivalent degrees of neuroprotection against 3NP
intoxication strongly favors the idea that these eftects are
due to the antioxidant and cannabinoid receptor-inde-
pendent properties of both phytocannabinoids rather
than to their activation of CB; and/or CB, receptors.
We wanted to see whether we could confirm this
notion by conducting additional experiments with selec-
tive antagonists for CB; and CB, receptor types, i.e.,
SR141716 and AMG630, respectively. Although 3NP
again up-regulated calpaln expression, and phytocannabi-
noids (combined A’~-THC- and CBD-enriched botanical
extracts, 1:1) prevented these responses (F4,4 = 57.28,
P < 0.005; see Fig. 4; note that, in this experiment, the
effect of phytocannabinoids was more pronounced than
in the previous experiments insofar as the differences
between vehicle- and phytocannabinoid-injected 3NP-
lesioned rats did reach statistical significance), neither
SR 141716 nor AM630 antagonized the protective effects
of these phytocannabinoids (Fig. 4). In addition, the
administration of SR141716 or AM630 in the absence
of phytocannabinoid extracts did not alter 3NP-induced
up-regulation of calpain (data not shown).

Effects of Phytocannabinoids on Malonate-Induced
Striatal Damage

We also Wanged to determine whether a Sativex-like
combination of A’-THC- and CBD-enriched botanical
extracts might also protect striatal neurons in a different ex-
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Fig. 3. SOD-1 and calpain gene expression measured in the caudate-
putamen of rats subjected to systemic injections of 3-nitropropionic
acid (3NP) for 5 days and receiving a daily injection of one of three
different combinations of A’-THC- and CBD-enriched botanical
extracts, 1:1 (as in Sativex), 1:2, and 2:1 (total cannabinoid dose
equivalent to 3 mg/kg weight for each of the three combinations),
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Fig. 4. Calpain gene expression measured in the caudate-putamen of
rats subjected to systemic injections of 3-nitropropionic acid (3NP) for
5 days and receiving a daily administration of A>-THC- and CBD-
enriched botanical extracts combined in a Sativex-like ratio 1:1 (total
cannabinoid dose equivalent to 3 mg/kg weight), selective antagonists
for the CBy (SR141716) or the CB, (AM630) receptor, or vehicle
(Tween 80-saline). For details see text. Values correspond to percentage
over the control group and are expressed as means = SEM for five or six
animals per group. Data were subjected to one-way analysis of variance
followed by the Student-Newman-Keuls test (*P < 0.05 compared with
controls; “P < 0.05 compared with 3NP).

perimental model of HD. We used malonate-lesioned rats
in which striatal damage 1s frequently accompanied by up-
regulatory responses of different inflammatory markers (i.e.,
COX-2, iNOS, tumor necrosis factor-a; for details see
Sagredo et al., 2009). In the present study, we focused on
iNOS, because this enzyme is strongly up-regulated by
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Fig. 5. iNOS gene expression measured in the caudate-putamen of
rats subjected to unilateral intrastriatal administration of malonate and
receiving two injections of A>-THC- and CBD-enriched botanical
extracts combined in a Sativex-like ratio 1:1 (total cannabinoid dose
equivalent to 3 mg/kg weight) or vehicle (Tween 80-saline). For
details see text. Values correspond to percentage over the control
group and are expressed as means = SEM for five or six animals per
group. Data were subjected to one-way analysis of variance followed
by the Student-Newman-Keuls test (*P < 0.05 compared with con-
trols; #P < 0.05 compared with malonate).

malonate injection (Sagredo et al., 2009), a fact also
observed in our experiments (F;; = 5.783, P < 0.05;
Fig. 5). Interestin%ly, the treatment with a Sativex-like
combination of A-THC- and CBD-enriched botanical
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extracts reduced the malonate-induced up-regulation of
iNOS expression to levels similar to controls (Fig. 5).

DISCUSSION

As mentioned in the introductory paragraphs,
chronic administration of specific cannabinoids has pro-
ven neuroprotective effects in HD (Pazos et al., 2008),
which adds to their ability to contribute to the suppres-
sion of certain motor symptoms (e.g., hyperkinetic
movements) because of their hypokinetic profile
(Lastres-Becker et al., 2002, 2003). The evidence for this
is already strong; signs of such neuroprotective eftects
have been observed in a variety of experimental models
of HD (e.g., generated by mitochondrial or excitotoxic
neurotoxins, transgenic mice, etc.) and produced by various
types of cannabinoid compounds (CB; or CB, agonists,
antioxidant cannabinoids, etc.; for recent review see Pazos
et al., 2008; Fernandez-Ruiz et al., 2010). Therefore, there
is now enough evidence for clinically evaluating a canna-
bis-based medicine in HD patients. In fact, previous studies
have already tried to determine whether specific cannabi-
noids are efficacious in HD, although all have concentrated
on HD symptoms rather than on disease progression. For
example, nabilone, a A’-THC analog that activates CB;
receptors, was assayed in two uncontrolled, single-patient
studies. However, these studies yielded conflicting results.
Thus, although nabilone induced signs of improvement in
one of these studies (Curtis and Rickards, 2006), in the
other study it made symptoms worse (Miiller-Vahl et al.,
1999). More recently, nabilone was also used in a double-
blind, placebo-controlled, crossover study (Curtis et al.,
2009) in which it induced improvements in various motor
and cognitive indices. Finally, CBD has also been studied in
a controlled trial, showing no effect on chorea severity in
15 HD patients (Consroe et al., 1991).

It is also important to note that all these previous
trials did not examine disease progression and were con-
ducted with individual cannabinoid agonists, whereas the
data obtained in animal models more recently suggest, as
mentioned above, that combinations of different canna-
binoids or the use of a broad-spectrum cannabinoid is to
be recommended for clinical testing of neuroprotective
effects given the diversity of targets and cytotoxic pro-
cesses in which cannabinoid compounds may afford pos-
itive results. This might explain the lack of positive
effects found in some of these previous trials. In this
context, we believe that a good choice may be the
recently licenced cannabis-based medicine Sativex. This
medlcmal preparation is an equimolecular combination

of A>-THC- and CBD-enriched botanical extracts (for
recent review see Russo and Guy, 2006; Wright, 2007;
Pertwee, 2009). Both A’THC and CBD have already
been 1nvest1gated in animal models of HD (Lastres-
Becker et al,, 2004; Sagredo et al., 2007). However,
since the two were administered by themselves but not
in combination, it was of interest, before testing Satlvex
in the clinic, to evaluate a Sativex-like mixture of A’-
THC and CBD in the same animal model in which

both A-THC and CBD alone have been found to
induce neuroprotection. This was the objective of the
present study. Collectively, our data demonstrate that a
Sativex-like 1:1 combination of A’-THC- and CBD-
enriched botanical extracts protected striatal neurons
against 3NP toxicity. We found that the different neuro-
chemical (GABA depletion), molecular (up-regulation of
calpain and losses of IGF-1, CB; receptors, and SOD-1),
and histological (loss of Nissl-stained cells and increased
OX-42 immunoreactivity) alterations associated with
HD pathogenesis and efficaciously reproduced in the ex-
perimental model of 3NP-induced striatal degeneration
(see key references in the introductory paragraphs) were
totally or partially attenuated by treatment with the Sati-
vex-like 1:1 combination of A>-THC and CBD. Some
of these effects had already been observed to be pro-
duced by CBD or A’-THC administered alone as pure
compounds in the same HD model, 3NP-lesioned rats
(Lastres-Becker et al.,, 2004; Sagredo et al.,, 2007). In
addition, these or similar effects have also been seen
when these two compounds or other cannabinoids were
evaluated as neuroprotective agents in other models of
HD (Pintor et al., 2006; Sagredo et al., 2009; Palazuelos
et al.,, 2009; Blazquez et al,, 2011). In fact, we also
wanted to examine here whether the Sativex-like com-
bination of A’-THC- and CBD-enriched botanical
extracts may afford neuroprotection in a HD model
other than 3NP-lesioned animals. We used malonate-
lesioned rats, in which striatal damage is frequently asso-
ciated with up-regulation of proinflammatory factors,
and we found that Sativex-like combination was also
effective in this model. Therefore, all the evidence col-
lected here and coming from previous studies strongly
supports the hypothesis that Sativex is an effective medi-
cine for the treatment of HD patients, prompting an
urgent need for its clinical evaluation.

Additional support for conducting such a clinical
evaluation comes from studies conducted here with
other combinations of A~ THC- and CBD-enriched bo-
tanical extracts in 3NP-lesioned rats. In addition to the
1:1 combination of A’-THC and CBD, two other com-
binations were studied with the objective of seeing
whether the beneficial effects of the Sativex-like combi-
nation could be improved by increasing CB; and CB, re-
ceptor—medaated effects (in the case of the combination
2:1 of A>~THC and CBD) or by potentiating CBD effects
that are CB; and CB, receptor independent (in the case of
the combination 1:2 of A>-THC and CBD). In both cases,
we reached levels of neuroprotection that were similar to
those produced by the Sativex-like 1:1 combination of
A’-THC and CBD, which would support the idea that
these neuroprotective effects are mediated by cannabinoid
receptor-independent mechanisms. This was confirmed in
additional experiments aimed at determlmng whether
coadministration of the 1:1 combination of A’ THC and
CBD with either SR141716 (a selective CB; receptor an-
tagonist) or AM630 (a selective CB, receptor blocker)
attenuated the effects of this cannabinoid mixture. Neither
SR 141716 nor AM630 reduced its effects, supporting the
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idea that the effects were not mediated by CB; or CB,
receptors, in accordance with similar experiments con-
ducted with CBD administered alone and as a pure com-
pound (Sagredo et al., 2007).

Therefore, in absence of additional experlmenta—
tion, we attribute the protective effects of A’-THC and
CBD in 3NP-lesioned rats to their antioxidant proper-
ties, which are of similar magnitude for both phytocan-
nabinoids (Hampson et al., 1998; Marsicano et al., 2002;
Lastres-Becker et al., 2005) and comparable, or even
superior, to those reported for classic antioxidants such
as ascorbate or a-tocopherol (Hampson et al., 2000).
Both cannabinoids may act as scavengers of reactive oxy-
gen species that are produced by mitochondial defects
after 3NP exposure in laboratory animals (Fontaine
et al,, 2000), replicating the situation in HD patients,
which is also associated with an increased generation of
reactive oxygen species (Tabrizi et al, 1999). In this
sense, the antioxidant action of phytocannabinoids might
then be equivalent to the neuroprotective action of other
known antioxidant compounds, such as N-acetylcysteine, S-
allylcysteine, coenzyme Q10, taurine, the flavonoid kaemp-
ferol, vitamins C and E, ginseng components, melatonin, or
dehydroepiandrosterone, all of which are highly effective at
protecting the brain against 3NP-induced neurotoxicity or
in similar HD models (Fontaine et al., 2000; Tadros et al.,
2005; Ttnez et al., 2005; Nam et al., 2005; Herrera-Mundo
et al., 2006; Lagoa et al., 2009; Yang et al., 2009; Kalonia
et al., 2010). It is possible, however, that this antioxidant/
neuroprotectlve effect of phytocannabinoids involves the
activation of signaling pathways implicated in the control of
redox balance (e.g., nrf-2/ARE), as suggested recently for
cystamine (Calkins et al., 2010). It is well known that nrf-2
activation is neuroprotective against a variety of cytotoxic
stimuli, including 3NP (Calkins et al.,, 2005), and indeed
such activation may constitute a common mechanism of
action for a range of different antioxidants, including phyto-
cannabinoids. If this is so, it could be that there is a cannabi-
noid receptor/target, other than CB; or CB, receptors, that
can be coupled to the activation of nrf-2 signaling. We are
presently exploring this possibility.

In summary, the present study demonstrates that
combinations of A’-THC and CBD botanical extracts
reduce the striatal atrophy generated by 3NP intoxica-
tion. This capability seems to be based mainly on the
antioxidant and  cannabinoid receptor-independent
actions of these phytocannab1n01ds In addition, a Sati-
vex-like combination of A’-THC and CBD botanical
extracts was also effective in an alternative model of
striatal damage in which inflammatory events are more
relevant. In our opinion, these data provide sufficient
preclinical evidence to justify a clinical evaluation of the
cannabis-based medicine Sativex as a neuroprotective
agent capable of delaying disease progression in patients
aftected by HD, a disorder that is currently poorly man-
aged in the clinic, prompting an urgent need for clinical
trials with agents showing positive results in preclinical
studies.

Journal of Neuroscience Research

Phytocannabinoids and Huntington’s Disease 9

ACKNOWLEDGMENTS
The authors are indebted to Yolanda Garcia-
Movellin for administrative assistance. Disclosure:

Authors have formal links with GW Pharmaceuticals
Ltd., which funds some of their research; however, the
granting agencies for this work had no further role in
study design; in collection, analysis, and interpretation of
data; in writing the report, or in the decision to submit
the paper for publication.

REFERENCES

Alexi T, Hughes PE, van Roon-Mom WM, Faull RL, Williams CE, Clark
RG, Gluckman PD. 1999. The IGF-I amino-terminal tripeptide glycine-
proline-glutamate (GPE) is neuroprotective to striatum in the quinolinic
acid lesion animal model of Huntington’s disease. Exp Neurol 159:84-97.

Alvarez FJ, Lafuente H, Rey-Santano MC, Mielgo VE, Gastiasoro E,
Rueda M, Pertwee RG, Castillo AIl, Romero ], Martinez-Orgado J.
2008. Neuroprotective effects of the nonpsychoactive cannabinoid can-
nabidiol in hypoxic-ischemic newborn piglets. Pediatr Res 64:653—-658.

Bantubungi K, Jacquard C, Greco A, Pintor A, Chtarto A, Tai K, Galas
MC, Tenenbaum L, Déglon N, Popoli P, Minghetti L, Brouillet E,
Brotchi J, Levivier M, Schiftmann SN, Blum D. 2005. Minocycline in
phenotypic models of Huntington’s disease. Neurobiol Dis 18:206-217.

Bizat N, Hermel JM, Boyer F, Jacquard C, Creminon C, Ouary S,
Escartin C, Hantraye P, Kajewski S, Brouillet E. 2003a. Calpain is a
major cell death eftector in selective striatal degeneration induced in
vivo by 3-nitropropionate: implications for Huntington’s disease.
J Neurosci 23:5020-5030.

Bizat N, Hermel JMH, Humbert S, Jacquard C, Créminon C, Escartin
C, Saudou F, Krajewski S, Hantraye P, Brouillet E. 2003b. In vivo cal-
pain/caspase cross-talk during 3-nitropropionic acid-induced striatal
degeneration: implication of a calpain-mediated cleavage of active cas-
pase-3. ] Biol Chem 278:43245-43253.

Blazquez C, Chiarlone A, Sagredo O, Aguado T, Pazos MR, Resel E,
Palazuelos J, Julien B, Salazar M, Borner C, Benito C, Carrasco C,
Diez-Zaera M, Paoletti P, Diaz-Hernandez M, Ruiz C, Sendtner M,
Lucas JJ, de Yébenes JG, Marsicano G, Monory K, Lutz B, Romero J,
Alberch J, Ginés S, Kraus J, Fernandez-Ruiz J, Galve-Roperh I, Guz-
man M. 2011. Loss of striatal type 1 cannabinoid receptors is a key
pathogenic factor in Huntington’s disease. Brain 134:119-136.

Boll MC, Alcaraz-Zubeldia M, Montes S, Rios C. 2008. Free copper,
ferroxidase and SOD1 activities, lipid peroxidation and NO(x) content
in the CSF. A different marker profile in four neurodegenerative dis-
eases. Neurochem Res 33:1717-1723.

Brouillet E, Condé F, Beal MF, Hantraye P. 1999. Replicating Huntinton’s
disease phenotype in experimental animals. Prog Neurobiol 59:427-468.
Brouillet E, Jacquard C, Bizat N, Blum D. 2005. 3-Nitropropionic acid:
a mitochondrial toxin to uncover physiopathological mechanisms
underlying striatal degeneration in Huntington’s disease. ] Neurochem

95:1521-1540.

Calkins M]J, Jakel RJ, Johnson DA, Chan K, Kan YW, Johnson JA.
2005. Protection from mitochondrial complex II inhibition in vitro and
in vivo by Nrf2-mediated transcription. Proc Natl Acad Sci U S A
102:244-249.

Calkins MJ, Townsend JA, Johnson DA, Johnson JA. 2010. Cystamine
protects from 3-nitropropionic acid lesioning via induction of nf-e2
related factor 2 mediated transcription. Exp Neurol 224:307-317.

Consroe P, Laguna J, Allender J, Snider S, Stern L, Sandyk R, Kennedy
K, Schram K. 1991. Controlled clinical trial of cannabidiol in Hunting-
ton’s disease. Pharmacol Biochem Behav 40:701-708.

Curtis A, Rickards H. 2006. Nabilone could treat chorea and irritability
in Huntington’s disease. ] Neuropsychiatry Clin Neurosci 18:553-554.



10 Sagredo et al.

Curtis A, Mitchell I, Patel S, Ives N, Rickards H. 2009. A pilot study
using nabilone for symptomatic treatment in Huntington’s disease. Mov
Disord 24:2254-2259.

Damiano M, Galvan L, Déglon N, Brouillet E. 2010. Mitochondria in
Huntington’s disease. Biochim Biophys Acta 1802:52—-61.

Fernandez-Ruiz J, Gonzalez S, Romero ], Ramos JA. 2005. Cannabinoids
in neurodegeneration and neuroprotection. In: Mechoulam R, editor.
Cannabinoids as therapeutics (MDT). Basel: Birkhatiser Verlag. p 79-109.

Fernandez-Ruiz J, Romero J, Velasco G, Tolon RM, Ramos JA, Guz-
man M. 2007. Cannabinoid CB, receptor: a new target for controlling
neural cell survival? Trends Pharmacol Sci 28:39-45.

Fernandez-Ruiz J, Garcia C, Sagredo O, Goémez-Ruiz M, de Lago E.
2010. The endocannabinoid system as a target for the treatment of neu-
ronal damage. Expert Opin Ther Targets 14:387-404.

Fontaine MA, Geddes JW, Banks A, Butterfield DA. 2000. Effect of ex-
ogenous and endogenous antioxidants on 3-nitropionic acid-induced in
vivo oxidative stress and striatal lesions: insights into Huntington’s dis-
ease. ] Neurochem 75:709-1715.

Hampson AJ, Grimaldi M, Axelrod J, Wink D. 1998. Cannabidiol and
(-)A’-tetrahydrocannabinol are neuroprotective antioxidants. Proc Natl
Acad Sci U S A 95:8268-8273.

Hampson AJ, Grimaldi M, Lolic M, Wink D, Rosenthal R, Axelrod J.
2000. Neuroprotective antioxidants from marijuana. Ann N 'Y Acad Sci
899:274-282.

Herrera-Mundo MN, Silva-Adaya D, Maldonado PD, Galvan-Arzate S,
Andres-Martinez L, Perez-De La Cruz V, Pedraza-Chaverri J, Santama-
ria A. 2006. S-allyleysteine prevents the rat from 3-nitropropionic acid-
induced hyperactivity, early markers of oxidative stress and mitochon-
drial dysfunction. Neurosci Res 56:39—44.

Johnson CD, Davidson BL. 2010. Huntington’s disease: progress toward
effective disease-modifying treatments and a cure. Hum Mol Genet
19:R98-R102.

Kalonia H, Kumar P, Kumar A. 2010. Targeting oxidative stress attenu-
ates malonic acid induced Huntington like behavioral and mitochon-
drial alterations in rats. Eur J Pharmacol 634:46-52.

Lagoa R, Lopez-Sanchez C, Samhan-Arias AK, Ganan CM, Garcia-
Martinez V, Gutierrez-Merino C. 2009. Kaempferol protects against rat
striatal degeneration induced by 3-nitropropionic acid. ] Neurochem
111:473-487.

Lastres-Becker I, Hansen HH, Berrendero F, de Miguel R, Pérez-Rosado
A, Manzanares J, Ramos JA, Fernandez-Ruiz J. 2002. Alleviation of motor
hyperactivity and neurochemical deficits by endocannabinoid uptake inhi-
bition in a rat model of Huntington’s disease. Synapse 44:23-35.

Lastres-Becker I, de Miguel R, De Petrocellis L, Makriyannis A, Di
Marzo V, Fernandez-Ruiz J. 2003. Compounds acting at the endocan-
nabinoid and/or endovanilloid systems reduce hyperkinesia in a rat
model of Huntington’s disease. J] Neurochem 84:1097-1109.

Lastres-Becker I, Bizat N, Boyer F, Hantraye P, Fernandez-Ruiz ],
Brouillet E. 2004. Potential involvement of cannabinoid receptors in
3-nitropropionic acid toxicity in vivo. Neuroreport 15:2375-2379.

Lastres-Becker I, Molina-Holgado F, Ramos JA, Mechoulam R, Fernan-
dez-Ruiz J. 2005. Cannabinoids provide neuroprotection against 6-hy-
droxydopamine toxicity in vivo and in vitro: relevance to Parkinson’s
disease. Neurobiol Dis 19:96-107.

Manyam BV, Katz L, Hare TA, Kaniefski K, Tremblay RD. 1981. Isoni-
azid-induced elevation of CSF GABA levels and effects on chorea in
Huntington’s disease. Ann Neurol 10:35-37.

Marsicano G, Moosmann B, Hermann H, Lutz B, Behl C. 2002. Neuro-
protective properties of cannabinoids against oxidative stress: role of the
cannabinoid receptor CB;. ] Neurochem 80:448—456.

Mochel F, Charles P, Seguin F, Barritault ], Coussieu C, Perin L, Le
Bouc Y, Gervais C, Carcelain G, Vassault A, Feingold J, Rabier D,
Durr A. 2007. Early energy deficit in Huntington disease: identification

of a plasma biomarker traceable during disease progression. PLoS One
2, e647.

Nam E, Lee SM, Koh SE, Joo WS, Maeng S, Im HI, Kim YS. 2005.
Melatonin protects against neuronal damage induced by 3-nitropro-
pionic acid in rat striatum. Brain Res 1046:90-96.

Palazuelos J, Aguado T, Pazos MR, Julien B, Carrasco C, Resel E, Sagredo
O, Benito C, Romero J, Azcoitia I, Fernandez-Ruiz J, Guzman M,
Galve-Roperh 1. 2009. Microglial CB, cannabinoid receptors are neuro-
protective in Huntington’s disease excitotoxicity. Brain 132:3152-3164.

Palkovits M, Brownstein J. 1988. Maps and guide to microdissection of
the rat brain. New York: Elsevier.

Pazos MR, Sagredo O, Fernindez-Ruiz J. 2008. The endocannabinoid
system in Huntington’s disease. Curr Pharm Des 14:2317-2325.

Pertwee RG. 2009. Emerging strategies for exploiting cannabinoid recep-
tor agonists as medicines. Br ] Pharmacol 156:397—411.

Pintor A, Tebano MT, Martire A, Grieco R, Galluzzo M, Scattoni ML,
Pezzola A, Coccurello R, Felici F, Cuomo V, Piomelli D, Calamandrei
G, Popoli P. 2006. The cannabinoid receptor agonist WIN 55,212-2
attenuates the eftects induced by quinolinic acid in the rat striatum.
Neuropharmacology 51:1004-1012.

Pouladi MA, Xie Y, Skotte NH, Ehrnhoefer DE, Graham RK, Kim JE, Bis-
sada N, Yang XW, Paganetti P, Friedlander RM, Leavitt BR, Hayden MR.
2010. Full-length huntingtin levels modulate body weight by influencing in-
sulin-like growth factor 1 expression. Hum Mol Genet 19:1528-1538.

Roze E, Bonnet C, Betuing S, Caboche J. 2010. Huntington’s disease.
Adv Exp Med Biol 685:45-63.

Russo E, Guy GW. 2006. A tale of two cannabinoids: the therapeutic ra-
tionale for combining tetrahydrocannabinol and cannabidiol. Med
Hypoth 66:234-246.

Sagredo O, Ramos JA, Decio A, Mechoulam R, Fernandez-Ruiz J. 2007.
Cannabidiol reduced the striatal atrophy caused 3-nitropropionic acid in
vivo by mechanisms independent of the activation of cannabinoid, vanil-
loid TRPV1 and adenosine A2A receptors. Eur | Neurosci 26:843-851.

Sagredo O, Gonzilez S, Aroyo I, Pazos MR, Benito C, Lastres-Becker I,
Romero JP, Tolon RM, Mechoulam R, Brouillet E, Romero J, Fer-
nandez-Ruiz J. 2009. Cannabinoid CB, receptor agonists protect the
striatum against malonate toxicity: relevance for Huntington’s disease.
Glia 57:1154-1167.

Storey E, Beal MF. 1993. Neurochemical substrates of rigidity and chorea
in Huntington’s disease. Brain 116:1201-1222.

Tabrizi §J, Cleeter MW, Xuereb J, Taanman JW, Cooper JM, Schapira
AH. 1999. Biochemical abnormalities and excitotoxicity in Hunting-
ton’s disease brain. Ann Neurol 45:25-32.

Tadros MG, Khalifa AE, Abdel-Naim AB, Arafa HM. 2005. Neuropro-
tective effect of taurine in 3-nitropropionic acid-induced experimental
animal model of Huntington’s disease phenotype. Pharmacol Biochem
Behav 82:574-582.

Tanez I, Muioz MC, Montilla P. 2005. Treatment with dehydroepian-
drosterone prevents oxidative stress induced by 3-nitropropionic acid in
synaptosomes. Pharmacology 74:113-118.

van der Stelt M, Veldhuis WB, Maccarrone M, Bir PR, Nicolay K, Veldink
GA, Di Marzo V, Vliegenthart JF. 2002. Acute neuronal injury, excitotox-
icity, and the endocannabinoid system. Mol Neurobiol 26:317-346.

Wright S. 2007. Cannabinoid-based medicines for neurological disor-
ders—clinical evidence. Mol Neurobiol 36:129-136.

Yang L, Calingasan NY, Wille EJ, Cormier K, Smith K, Ferrante R]J,
Beal MF. 2009. Combination therapy with coenzyme Q10 and creatine
produces additive neuroprotective effects in models of Parkinson’s and
Huntington’s diseases. ] Neurochem 109:1427-1439.

Zuccato C, Valenza M, Cattaneo E. 2010. Molecular mechanisms and
potential therapeutical targets in Huntington’s disease. Physiol Rev
90:905-981.

Journal of Neuroscience Research



