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Changes in the endocannabinoid signaling system in CNS
structures of TDP-43 transgenic mice: relevance
for a neuroprotective therapy in TDP-43-related disorders
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Abstract Because of their neuroprotective properties, canna-
binoids are being investigated in neurodegenerative disorders,
mainly in preclinical studies. These disorders also include
amyotrophic lateral sclerosis (ALS), a degenerative disease
produced by the damage of the upper and lower motor neu-
rons leading to muscle denervation, atrophy and paralysis.
The studies with cannabinoids in ALS have been conducted
exclusively in a transgenic mouse model bearing mutated
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forms of human superoxide dismutase-1, the first gene that
was identified in relation with ALS. The present study repre-
sents the first attempt to investigate the endocannabinoid sys-
tem in an alternative model, the transgenic mouse model of
TAR-DNA binding protein-43 (TDP-43), a protein related to
ALS and also to frontotemporal dementia. We used these
mice for behavioral and histological characterization at an
early symptomatic phase (70-80 days of age) and at a post-
symptomatic stage (100—110 days of age). TDP-43 transgenic
mice exhibited a worsened rotarod performance at both dis-
ease stages. This was accompanied by a loss of motor neu-
rons in the spinal cord (measured by Nissl staining) and by
reactive microgliosis (measured by Iba-1 immunostaining) at
the post-symptomatic stage. We also detected elevated levels
of the CB, receptor (measured by qRT-PCR and western
blotting) in the spinal cord of these animals. Double-
staining studies confirmed that this up-regulation occurs in
microglial cells in the post-symptomatic stage. Some trends
towards an increase were noted also for the levels of
endocannabinoids, which in part correlate with a small reduc-
tion of FAAH. Some of these parameters were also analyzed
in the cerebral cortex of TDP-43 transgenic mice, but we did
not observe any significant change, in agreement with the
absence of anomalies in cognitive tests. In conclusion, our
data support the idea that the endocannabinoid signaling sys-
tem, in particular the CB, receptor, may serve for the devel-
opment of a neuroprotective therapy in TDP-43-related dis-
orders. We are presently engaged in pharmacological experi-
ments to investigate this possibility.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive neurode-
generative disease produced by the damage of the upper and
lower motor neurons leading to muscle denervation, atrophy
and paralysis (Hardiman et al. 2011). The damage of these
neurons occurs by the combination of several cytotoxic events
including, among others, excitotoxicity, chronic inflamma-
tion, oxidative stress and protein aggregation (Foran and Trotti
2009; Ferraiuolo et al. 2011; Renton et al. 2014), although the
pathogenesis of ALS is still pending of complete identifica-
tion. The disease may be sporadic (the most abundant cases;
see Al-Chalabi and Hardiman 2013) or familial, associated
with mutations in genes encoding for superoxide dismutase-
1 (SOD-1), TAR-DNA binding protein-43 (TDP-43) or FUS
(fused in sarcoma) protein, as well as the more recent CCGG
GG hexanucleotide expansion in the C90rf72 gene (Hardiman
et al. 2011; Renton et al. 2014). In familial cases, which ac-
count for only 5 % ofall ALS cases, depending on the mutated
gene, ALS can be accompanied by features of frontotemporal
lobar dementia (FTD), which supports the idea that, rather
than being one disorder, ALS belongs to a spectrum of disor-
ders having motor but also cognitive deficits (Cruts et al.
2013). One of these dual genes is TARDBP encoding TDP-
43, which is involved in pre-mRNA splicing, transport and/or
stability (Buratti and Baralle 2010; Lagier-Tourenne et al.
2010). Mutations in TDP-43 represent a new type of
proteinopathy characterized by the accumulation of TDP-43
in the cytosol in the form of protein aggregates (Janssens and
Van Broeckhoven 2013). Transgenic mice for TDP-43 have
been recently developed (reviewed in Tsao et al. 2012) and
they represent crucial tools for the study of ALS and also
FTD, alternative to the classic mutant SOD-1 mice generated
in the 90’s (Ripps et al. 1995).

Despite the efforts aimed at developing novel therapies for
symptoms and/or disease progression in ALS, this disorder still
lacks an effective treatment, with the antiexcitotoxic agent
riluzole (Rilutek®) as the only approved medicine (Habib
and Mitsumoto 2011). Recent preclinical studies suggest that
several cannabinoids, e.g., A’-tetrahydrocannabinol (Raman
et al. 2004), cannabinol (Weydt et al. 2005), WINS55,212-2
(Bilsland et al. 2006), and the selective CB, agonist AM1241
(Kim et al. 2006; Shoemaker et al. 2007), may be beneficial as
neuroprotectant agents in ALS. We recently investigated the
phytocannabinoid-based medicine Sativex® and found a
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strong preservation of spinal motor neurons, although the
translation of this effect to the neurological status and the sur-
vival of animals was poor (Moreno-Martet et al. 2014), thus
indicating: (i) that neuron-muscle joint may be still affected
despite the neuron preservation; and (ii) the need to investigate
additional phytocannabinoid combinations. The efficacy of
these cannabinoid treatments possibly relates to the changes
in certain elements of the endocannabinoid signalling, which
may serve as pharmacological targets for the investigated can-
nabinoids. For example, the efficacy shown by compounds that
target the CB, receptor (Kim et al. 2006; Shoemaker et al.
2007) correlates with the fact that this receptor has been found
to be overexpressed in microglial cells in ALS (Yiangou et al.
2006; Shoemaker et al. 2007). Similarly, the efficacy of FAAH
inhibition/inactivation (Bilsland et al. 2006) agrees with the
elevated levels of endocannabinoids found in the spinal cord
in ALS (Witting et al. 2004; Bilsland et al. 2006).

The major problem with the studies that so far have in-
vestigated the neuroprotective potential of cannabinoids in
ALS is that they were conducted exclusively in the transgen-
ic mouse model bearing mutations in SOD-1 (Ripps et al.
1995), the first gene that was identified in relation with the
disease (Rosen et al. 1993). There is no evidence of similar
studies in additional ALS models whose development has
been initiated after the discovery of the new ALS-related
genes, in particular the TDP-43 transgenic mice mentioned
above, which provides the advantage to serve to investigate
also the cognitive deficits associated with ALS or with the
ALS/FTD spectrum of diseases (Robberecht and Philips
2013). The present study represents the first attempt to in-
vestigate the endocannabinoid system in the TDP-43 trans-
genic mouse model. In all experiments, we used these mice
and their wild-type controls at two ages: (i) an early symp-
tomatic stage (70-80 days of age), and (ii) a post-
symptomatic stage (100-110 days of age). It was not possi-
ble to work with older animals as, during the course of our
experiments, a couple of studies (Guo et al. 2012; Esmaeili
et al. 2013) demonstrated that TDP-43 transgenic mice used
in our study (Wegorzewska et al. 2009) develop intestinal
obstruction after the appearance of ALS symptoms, and that
these intestinal problems cause premature death at the age of
120 days after birth in males, and later in females (Esmaeili
et al. 2013), thus making difficult to work with older ani-
mals. We used animals at 70-80 and 100-110 days of age to
investigate the damage of motor neurons in the spinal cord in
relation with possible changes in endocannabinoid ligands,
receptors and enzymes. Given the relevance of TDP-43
transgenic mice for FTD too, we also performed some bio-
chemical and behavioral analysis in relation with cognitive
processes and cortical structures.
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Materials and Methods
Animals, Treatments and Sampling

All experiments were conducted with Prp-hTDP-43(A315T)
transgenic and non-transgenic littermate sibling mice bred in
our animal facilities from initial breeders purchased to Jack-
son Laboratories (Bar Harbor, ME, USA) and subjected to
genotyping for identifying the presence or absence of the
transgene containing the TDP-43 mutation (Wegorzawska
et al. 2009). All animals were housed in a room with con-
trolled photoperiod (08:00-20:00 light) and temperature (22
+1 °C) with free access to standard food and water. All
experiments were conducted according to local and Europe-
an rules (directive 2010/63/EU) and approved by the
“Comité de Experimentaciéon Animal” of our university
(ref. CEA-UCM 56/2012). In a first experiment, we used
non-transgenic and Prp-hTDP-43(A315T) transgenic male
mice for a longitudinal study aimed at characterizing the
appearance of the pathological phenotype at behavioral and
histological levels. To this end, we analyzed these mice in
the rotarod test at two different disease stages: (i) early symp-
tomatic stage that included animals of 70-80 days after birth,
an age at which, according to previous studies
(Wegorzewska et al. 2009), motor deficits in mutant mice
were not still evident, but that, in our hands, already proved
a worsened rotarod performance; and (ii) post-symptomatic
stage that included animals at the age of 100—110 days after
birth. Possible cognitive deficits were also investigated but
only at the post-symptomatic stage. Immediately after the
last behavioral recording, animals were transcardially per-
fused with saline followed by fresh 4 % paraformaldehyde
prepared in 0.1 M phosphate buffered-saline (PBS), pH 7.4,
and their spinal cord were collected and post-fixed for two
days at 4 °C, then immersed in 30 % of sucrose solution for
another two days, and finally stored at —80 °C for Nissl
staining and immunohistochemical analysis. In a second ex-
periment, Prp-hTDP-43(A315T) transgenic male and female
mice and their corresponding wild-type animals were eutha-
nized at the early symptomatic phase and at the post-
symptomatic stage and their spinal cords and brains (to dis-
sect the cerebral cortex) were rapidly removed, frozen in 2-
methylbutane cooled in dry ice, and stored at —80 °C for
subsequent biochemical analysis of endocannabinoid recep-
tors and enzymes (QRT-PCR and western blotting), as well as
of endocannabinoid levels. In the two experiments, we ex-
amined the intestinal tract of euthanized animals to exclude
those cases in which a premature intestinal lesion might have
influenced our results. We did not find any case working
with ages younger than 110 days after birth, according to

the data published by Esmaeili et al. (2013). In all experi-
ments, at least 5-8 animals were used per experimental

group.

Behavioral Recording

TDP-43 transgenic and wild-type mice were evaluated for
possible motor weakness using the rotarod test, using a
LE8200 device (Panlab, Barcelona, Spain). After a period of
acclimation and training (first session: 0 r.p.m. for 30s; second
and third sessions: 4 r.p.m. for 60 s, with periods of 10 min
between sessions) conducted 30 min before, animals were
tested with an acceleration from 4 to 40 r.p.m. over a period
of 300 s. Mice were tested for 3 consecutive trials with a rest
period of approximately 15 min between trials and the mean
of the 3 trials was calculated. Mice were also evaluated for
possible cognitive deficits using the Water Morris test follow-
ing a previously-published procedure (Patil et al. 2009).

Real Time qRT-PCR Analysis

Total RNA was extracted from spinal cord samples using
SurePrep™ RNA/Protein Purification kit (Fisher
BioReagents, Fair Lawn, NJ, USA). The total amount of
RNA extracted was quantitated by spectrometry at 260 nm
and its purity was evaluated by the ratio between the absor-
bance values at 260 and 280 nm, whereas its integrity was
confirmed in agarose geles. To prevent genomic DNA con-
tamination, DNA was removed and single-stranded comple-
mentary DNA was synthesized from 1 pg of total RNA using
a commercial kit (Rneasy Mini Quantitect Reverse Transcrip-
tion, Qiagen, Izasa, Madrid, Spain). The reaction mixture was
kept frozen at —20 °C until enzymatic amplification. Quanti-
tative real-time PCR assays were performed using TagMan
Gene Expression Assays (Applied Biosystems, Foster City,
CA, U.S.A)) to quantify mRNA levels for CB; receptor (ref.
MmO00432621 sl1), CB, receptor (ref. Mm00438286 ml),
FAAH (ref. Mm00515684 m1), MAGL (ref.
MmO00449274 ml), DAGL (ref. Mm00813830 m1) and
NAPE-PLD (ref. Mm00724596 _m1) using GAPDH expres-
sion (ref. Mm99999915 gl) as an endogenous control gene
for normalization. The PCR assay was performed using the
7300 Fast Real-Time PCR System (Applied Biosystems, Fos-
ter City, CA, USA) and the threshold cycle (Ct) was calculated
by the instrument’s software (7300 Fast System, Applied
Biosystems, Foster City, CA, USA). Expression levels were
calculated using the 2"22C method, but, for presentation, data
were transformed to the percentage over the mean obtained in
the wild-type group for each parameter
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Western Blot Analysis

We employed the Stain-Free technology which has recently
demonstrated to be a more reliable, more robust, and more
sensitive normalization tool for Western blot analysis when
compared to traditional housekeeping protein normalization
(Giirtler et al. 2013). Purified protein fractions were isolated
using SurePrep™ RNA/Protein Purification kit (Fisher
BioReagents, Fair Lawn, NJ, USA). Subsequently, 10—
15 pg of protein were boiled for 5 min in Laemmli SDS
loading buffer (10 % glycerol, 5 % SDS, 5 % f3-
mercaptoethanol, 0.01 % bromophenol blue and 125 mM
TRIS-HCI pH 6.8) and loaded on TGX Stain-Free™
FastCast™ Acrylamide kit (12 % gradient; Bio-Rad Labora-
tories, Hercules, CA, USA), and then transferred to a PVDF
membrane using Trans-Blot® Turbo™ Blotting System (Bio-
Rad Laboratories, Hercules, CA, USA). Membranes were in-
cubated overnight at 4 °C with the following antibodies: (i)
rabbit anti-FAAH antibody (1:200; Cayman Chemical, Ann
Abor, M1, USA), or (ii) rabbit anti-CB, antibody (1:200; Cay-
man Chemical, Ann Abor MI, USA), followed by a second
incubation during 2 h at room temperature with an ECL™
Anti-Rabbit IgG, Horseradish Peroxidase-linked whole anti-
body (1:5000; Ge Healthcare UK Limited, Buckinghamshire,
UK). Reactive bands were detected by chemiluminescence
with the Amersham™ ECL™ Prime Western Blotting Detec-
tion Reagent (Healthcare UK Limited, Buckinghamshire,
UK). Images were analyzed on a ChemiDoc station with
Quantityone software (Bio-Rad Laboratories, Madrid, Spain).
Data were calculated as the ratio between the optical densities
of the specific protein band and the total protein bands trans-
ferred to a PVDF membrane, and they were normalized as %
over the control group for presentation. Representative blots
are presented in Supplementary Fig. S1)

Analysis of Endocannabinoid Levels

Tissues were homogenized in 5 vol of chloroform/methanol/
Tris—HCI 50 mM (2:1:1) containing 10 pmol of d®-ananda-
mide, d*-palmitoylethanolamide (PEA), d*-oleylethanolamide
(OEA) and d°-2-AG. Deuterated standards were synthesized
from d®-arachidonic acid and ethanolamine or glycerol, or
from d*-ethanolamine and palmitic or oleic acid, as described
(Devane et al. 1992; Bisogno et al. 1997, respectively). Ho-
mogenates were centrifuged at 13,000g for 16 min (4 °C), the
aqueous phase plus debris were collected and extracted again
twice with 1 vol of chloroform. The organic phases from the
three extractions were pooled and the organic solvents evap-
orated in a rotating evaporator. Lyophilized extracts were re-
suspended in chloroform/methanol 99:1 by vol. The solutions
were then purified by open bed chromatography on silica as
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described (Bisogno et al. 1997). Fractions eluted with
chloroform/methanol 9:1 by vol. (containing anandamide, 2-
AG, OEA and PEA) were collected and the excess solvent
evaporated with a rotating evaporator, and aliquots analyzed
by isotope dilution-liquid chromatography/atmospheric pres-
sure chemical ionisation/mass spectrometry (LC-APCI-MYS)
carried out under conditions described previously (Marsicano
et al. 2002) and allowing the separations of 2-AG, ananda-
mide, OEA and PEA. MS detection was carried out in the
selected ion monitoring mode using m/z values of 356 and
348 (molecular ion +1 for deuterated and undeuterated anan-
damide), 384.35 and 379.35 (molecular ion +1 for deuterated
and undeuterated 2-AG), 304 and 300 (molecular ion +1 for
deuterated and undeuterated PEA), and 330 and 326 (molec-
ular ion +1 for deuterated and undeuterated OEA). The
amounts of endocannabinoids and related N-
acylethanolamines were expressed as pmol/mg or g of tissue.

Histological Procedures

Tissue Slicing Fixed spinal cords were sliced with a cryostat
at the lumbar level (L4-L6) to obtain coronal sections (20 um
thick) that were collected on gelatin-coated slides. Sections
were used for procedures of Nissl-staining, immunohisto-
chemistry and immunofluorescence.

Nissl Staining Slices were used for Nissl staining using cresyl
violet, as previously described (Alvarez et al. 2008), which per-
mitted to determine the effects of particular treatments on cell
number. Particle analysis from ImageJ software (U.S. National
Institutes of Health, Bethesda, Maryland, USA, http://image;.
nih.gov/ij/, 1997-2012) was used to count large motor neurons
(>400 pm?) in the anterior horn (different sections per mouse).

Immunohistochemistry Slices were preincubated for 20 min
in 0.1 M PBS with 0.1 % Triton X-100, pH 7.4, and subjected to
endogenous peroxidase blockade by 1 h incubation at room
temperature in peroxidase blocking solution (Dako Cytomation,
Glostrup, Denmark). Then, they were incubated in 0.1 M PBS
with 0.01 % Triton X-100, pH 7.4, with one of the following
primary antibodies: (i) polyclonal anti-rabbit Iba-1 antibody
(Wako Chemicals, Richmond, VI, USA) used at 1/1000; (ii)
polyclonal anti-rabbit GFAP antibody (Dako Cytomation,
Glostrup, Denmark) used at 1/1000; (iii) polyclonal anti-rabbit
CB; receptor antibody (Frontier Institute, Hokkaido, Japan)
used at 1/500; (iv) polyclonal anti-goat CB, receptor antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) used at 1/
100; (v) polyclonal anti-goat FAAH antibody (Santa Cruz Bio-
technology, Santa Cruz, CA, USA) used at 1/400; and (vi) poly-
clonal anti-rabbit MAGL antibody (Frontier Institute, Hokkai-
do, Japan) used at 1/50. Incubation was prolonged overnight at
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4 °C, then sections were washed in 0.1 M PBS and incubated
for 2 h at room temperature with the appropriate biotin-
conjugated anti-goat or anti-rabbit (1:200; Vector Laboratories,
Burlingame, CA, USA) secondary antibodies. Vectastain® Elite
ABC kit (Vector Laboratories, Burlingame, CA, USA) and a
DAB substrate—chromogen system (Dako Cytomation,
Glostrup, Denmark) were used to obtain a visible reaction prod-
uct. Negative control sections were obtained using the same
protocol with omission of the primary antibody. All sections
for each immunohistochemical procedure were processed at
the same time and under the same conditions. A Nikon Eclipse
90i microscope and a Nikon DXM 1200 F camera were used for
slide observation and photography.

Immunofluorescence Slices were used for double-labelling
studies after preincubation for 1 h with Tris-buffered saline
with 1 % Triton X-100 (pH 7.5). Then, sections were sequen-
tially incubated overnight at 4 °C with a polyclonal anti-Iba-1
(1:2000; Wako Chemicals, Richmond, VI, USA), followed by
washing in Tris-buffered saline and a new incubation (at 37 °C
for 2 h) with an Alexa 488 anti-rabbit antibody conjugate
made in donkey (1:200; Biolegend, San Diego, CA, USA),
rendering green fluorescence for anti-Iba-1. Sections were
then washed again and incubated overnight at 4 °C with a
polyclonal anti-CB, receptor (1:200; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA). This was followed by washing in
Tris-buffered saline and a further incubation (at room temper-
ature for 2 h) with a biotin-conjugated anti-goat (1:200; Vector
Laboratories, Burlingame, CA, USA) secondary antibody,
followed by a new washing and an incubation (at 37 °C for
2 h) with red streptavidin (Vector Laboratories, Burlingame,
CA, USA) rendering red fluorescence for anti-CB, receptor.
Sections were counter-stained with nuclear stain TOPRO-3-
iodide (Molecular Probes, Eugene, OR, USA) to visualize cell
nuclei. A SP5 Leica confocal microscopy was used for slide
observation and photography.

Statistics

Data were assessed by unpaired Student’s #-test or two-way
ANOVA followed by the Student-Newman-Keuls test or the
Bonferroni test, as required.

Results

Characterization of TDP-43 Transgenic Mice

TDP-43 transgenic male mice already showed a worsened

rotarod performance compared to wild-type animals at the
early symptomatic stage, with a reduction in the time on the

rod of a relatively similar magnitude to that found in TDP-43
transgenic male mice at the post-symptomatic stage (geno-
type: F(1,22)=18.29, p<0.0005; time: F(1,22)=8.357,
p<0.01; Fig. 1a). We assumed that the reduction found at this
late stage was originated by a loss of motor neurons quantified
in the spinal cord with Nissl staining (Figs. 1b and c).
Microgliosis was also evident in the spinal cord of these
TDP-43 transgenic male mice at the post-symptomatic stage
(Fig. 1d), but we did not obtain any evidence of astrogliosis
labeled with GFAP (Fig. 1e). We also evaluated possible cog-
nitive deficits in TDP-43 transgenic male mice, using the Wa-
ter Morris test, but were unable to find any alteration at the
post-symptomatic stage (see Supplementary Figure S2).

Analysis of the Endocannabinoid System in TDP-43
Transgenic Mice

Next, we used TDP-43 transgenic male and female mice and
their wild-type animals for recording the changes in different
endocannabinoid genes, measured by qRT-PCR, at the two
stages used in this study. We detected an important increase in
mRNA levels for the CB, receptor in the spinal cord of these
animals at the post-symptomatic stage (Fig. 2), also evident at
the early symptomatic stage (Fig. 2). These increases were
found in both males and females (Fig. 2), and they were con-
firmed in post-symptomatic animals using Western blotting
(Fig. 3a and representative blots in Supplementary Figure S1).
We assumed that the up-regulation of CB, receptors presum-
ably occurs in reactive microglial cells. This was demonstrated
in double-staining studies using antibodies against the CB, re-
ceptor and the microglial marker Iba-1, which showed co-
localization in the spinal cord (Fig. 4) that was confirmed by
orthogonal reconstruction (data not shown). Some CB,
receptor-positive cells that were not positive for Iba-1 were also
observed (Fig. 4). We hypothesize that these cells may be as-
trocytes, although this remains to be investigated. CB, receptor
immunostaining was significantly lower in the spinal cord of
wild-type mice and the detection of co-localization with Iba-1
was almost negligible (Fig. 4). It is important to mention that,
given that many of the available anti-CB, antibodies lack the
necessary specificity (reviewed in Atwood and Mackie 2010),
we checked our antibody in a recently developed CB,-knock-
out mouse model in which the CB, receptor protein is not
truncated but completely absent (Vazquez et al. 2014). We
found a complete disappearance of the CB, receptor signal in
these mice compared to wild-type and, in particular, TDP-43
transgenic mice (see Supplementary Figure S3), supporting that
our CB; receptor immunostaining was specific.

Another important observation was a small reduction of
FAAH gene expression seen in the spinal cord of TDP-43
transgenic males at the early symptomatic stage and of
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Fig. 1 a Rotarod performance of TDP-43 transgenic and wild-type male
mice at early symptomatic (70-80 days after birth) and postsymptomatic
(100-110 days after birth) stages. Values are means+SEM for 6-8 ani-
mals per group. Data were assessed by two-way analysis of variance
followed by the Bonferroni test (*p<0.05, **p<0.01 versus wild-type).
b Number of motor neurons stained with Nissl (indicated by arrows in
representative images shown in panel ¢ magnification was 5x) in the
spinal cord of TDP-43 transgenic and wild-type male mice at the

females at the post-symptomatic stage (Fig. 2). The changes in
females were paralleled by a reduction in FAAH levels mea-
sured by Western blotting (Fig. 3b and representative blots in
Supplementary Figure S1). We also measured FAAH levels
by Western blotting in the spinal cord of post-symptomatic
TDP-43 transgenic males but we did not find any difference
compared to wild-type animals (Fig. 3b), in agreement with
the lack of changes in FAAH gene expression (Fig. 2) and
immunostaining (Fig. 3d) at the post-symptomatic stage. Giv-
en the changes in FAAH, we next measured the levels of
endocannabinoids anandamide and 2-AG in the spinal cord
of TDP-43 transgenic males and females at the two stages.
Our data revealed that levels of anandamide showed a trend
towards an increase in TDP-43 transgenic females (genotype:
F(1,14)=3.636, p=0.077) and a statistically significant in-
crease in TDP-43 transgenic males (genotype: F(1,16)=
7.294, p<0.05), although the post-hoc test did not reveal spe-
cific differences between groups (Fig. 5). Similar trends were
noted for 2-AG levels in TDP-43 transgenic males (genotype:
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IBA-1 immunostaining

| TDP-43 transgenic
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GFAP immunostaining

TDP-43 transgenic

Dliirs
SRV

postsymptomatic (100-110 days after birth) stage. Values are means+
SEM for 6-8 animals per group. Data were assessed by the unpaired
Student’s #-test (¥***p<0.005). d and e Representative DAB
immunostainings for Iba-1 (magnification was 10x) and GFAP (magni-
fication was 5x) in the spinal cord of TDP-43 transgenic and wild-type
male mice at the postsymptomatic (100-110 days after birth) stage. Re-
active microglial cells are indicated with arrowheads

F(1,16)=10.55, p<0.01), where the difference at the early
symptomatic stage reached statistical significance (Fig. 5),
but this was not the case for females (Fig. 5). In general, no
significant changes were seen for other endocannabinoid-
related lipids such as PEA and OEA (Table 1).

No changes were observed in other endocannabinoid ele-
ments, as revealed the data of gene expression for CB; recep-
tors and NAPE-PLD, DAGL and MAGL enzymes (Fig. 2), as
well as those corresponding to CB; receptor and MAGL
immunolabellings, which were not different between TDP-
43 transgenic and wild-type mice (Figs. 3¢ and ¢). Some of
these parameters (gene expression for CB; and CB, receptors
and for NAPE-PLD, DAGL, FAAH and MAGL enzymes, as
well as endocannabinoid levels) were also analyzed in the
cerebral cortex of TDP-43 transgenic male and female mice,
but we did not obtain any significant change (Figs. 6 and 7), in
agreement with the absence of cognitive effects in specific
behavioral tests (see Supplementary Figure S2) and the lack
of changes in a cognition-related marker as BDNF (data not
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Fig. 2 Gene expression for NAPE-PLD, DAGL, FAAH and MAGL
enzymes and the CB, and CB, receptors measured by qRT-PCR in the
spinal cord of male and female TDP-43 transgenic and wild-type mice at
early symptomatic (70-80 days after birth) and postsymptomatic (100—
110 days after birth) stages. Values correspond to the percentage over the

shown). The only noteworthy effect was a certain trend to-
wards an increase observed in CB; receptor gene expression
in post-symptomatic male mice (Fig. 6) and in 2-AG levels in
TDP-43 transgenic females (genotype: F(1,15)=10.45,
p<0.01; Fig. 7).

Discussion

The relationship between the endocannabinoid system and
ALS was revealed more than 10 years ago and has raised the
possibility that endocannabinoid malfunctioning may contrib-
ute to pathogenesis, as well as that specific targets within this
signalling system may be used to develop novel therapies for
this disease, with activity on both specific symptoms, e.g.,
cramps, and disease progression (reviewed in de Lago et al.
2015). The issue has been even investigated at the clinical level
with a few small clinical trials (Weber et al. 2010) and some
studies using human samples (Yiangou et al. 2006). Most of
the information, however, has been collected from preclinical
studies and obtained in the only experimental model that has
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mean obtained in the wild-type group for each parameter and are
expressed as means+=SEM (n=>5 animals per group). Data were assessed
by the unpaired Student’s #-test (*p<0.05, **p<0.01, ***p<0.005 versus
wild-type)

been available for long time, the mutant SOD-1 mouse, which
has been extensively used for demonstrating the neuroprotec-
tive potential of some phytocannabinoids, e.g., A’-tetrahydro-
cannabinol (Raman et al. 2004), cannabinol (Weydt et al.
2005); phytocannabinoid combinations, e.g., Sativex®-like
combination (Moreno-Martet et al. 2014); synthetic cannabi-
noids, e.g., the non-selective agonist WIN55,212-2 (Bilsland
et al. 2006), the selective CB, agonist AM1241 (Kim et al.
2006; Shoemaker et al. 2007); and FAAH inhibition (Bilsland
et al. 2006). The recent discovery of new ALS-related genes
has allowed the development of additional experimental
models for the study of this disorder, and also for the study
of FTD, which shares with ALS some of these mutated genes
leading to the assumption that both disorders belong to an
ALS-FTD spectrum of diseases (Cruts et al. 2013). One of
these ALS/FTD-related genes encodes for the TDP-43 protein,
for which transgenic mouse models have been recently devel-
oped (reviewed in Tsao et al. 2012) and provide novel aspects
in relation with ALS pathogenesis, concerned in particular
with possible alterations in RNA metabolism (Buratti and
Baralle 2010; Lagier-Tourenne et al. 2010).
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Fig.3 aandb Levels of CB; receptors and FAAH measured by Western
blotting in the spinal cord of male and female TDP-43 transgenic and
wild-type mice at the postsymptomatic (100-110 days after birth) stage.
Values correspond to the percentage over the mean obtained in the wild-
type group for each parameter and are expressed as means+SEM (n=5

In the present study, we have used for the first time TDP-
43 transgenic mice, which show motor anomalies (worsened
rotarod performance) indicative of ALS, to investigate the
changes in endocannabinoid signalling system in the spinal
cord and the motor cortex. This information may be impor-
tant for the adequate design of efficacious cannabinoid-
based neuroprotective therapies for ALS. The most impor-
tant observation that we made was in the spinal cord of these
mice, in which we found the up-regulation of CB, receptors
(measured by qRT-PCR, Western blotting and immunostain-
ing), described in other neurodegenerative and
neuroinflammatory disorders (Fernandez-Ruiz et al. 2007,
2010), including patients with ALS (Yiangou et al. 2006)
and mutant SOD-1 mice (Shoemaker et al. 2007; Moreno-
Martet et al. 2014). We show that this response takes place
in reactive microglial cells, as revealed double-staining stud-
ies. This does not exclude that the up-regulation may also
occur in other cell substrates, e.g., activated astrocytes, given
that we also found CB, receptor-positive cells that were not
labelled with the microglial marker Iba-1, and that such a
scenario has been already described in other disorders, e.g.,
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animals per group). Data were assessed by the unpaired Student’s #test
(*p<0.05, **p<0.01 versus wild-type). ¢, d and e Representative DAB
immunostainings for CB; receptors and FAAH and MAGL enzymes
(magnification was 5x)

Huntington’s disease (Sagredo et al., 2009). However, the
presence of elevated CB, receptor immunostaining in reac-
tive microglia in the spinal cord is certainly evident in our
study, as in other disorders, representing the first time that
such response is found in an experimental model of a TDP-
43-related proteinopathy. An additional interesting observa-
tion is that the elevation in gene expression for the CB,
receptor in TDP-43 transgenic mice occurred in both gen-
ders and appears to be already evident in early symptomatic
stages in these transgenic animals, supporting the possibility
that it is involved in the pathogenesis, possibly as an endog-
enous protective response.

Other endocannabinoid elements, e.g., CB; receptors, syn-
thesizing and hydrolyzing enzymes, were also investigated.
However, they were in general not affected, with the only
exception of FAAH enzyme, which experienced small reduc-
tions in both males (only gene expression) and females (both
gene expression and protein levels), although the stage at
which this reduction was found differs between genders (early
symptomatic stage in males, and post-symptomatic stage in
females). A reduction in FAAH frequently correlates with
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CB, receptor-lba 1 double-immunostaining

Wild-type

Fig. 4 Double-immunofluorescence for CB, receptors and Iba-1 (mag-
nification was 40x), in the spinal cord of TDP-43 transgenic and wild-
type male mice at the postsymptomatic (100-110 days after birth) stage.
Cell nuclei were stained with TOPRO-3-iodide. Immunostainings were

increased levels of endocannabinoids, in particular ananda-
mide, and it is interesting that, although only as trends towards
an increase, the analysis of endocannabinoids in the spinal

Fig.5 Levels of anandamide and 3 wild-type males
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CB, receptors are indicated with arrowheads, whereas arrows indicate
CB; receptor-positive cells that were not labelled with Iba-1

cord of TDP-43 transgenic mice supported this correlation.
For example, we found higher levels of anandamide and 2-
AG in TDP-43 transgenic males at both stages, although the

3 wild-type females
@l TDP-43 transgenic females

e
w
1

and female TDP-43 transgenic
. . ) )
and wild-type mice at early 2% o
symptomatic (70-80 days after -g 7 ..g E = -
birth) and postsymptomatic (100— 9 £ 0.2 8= 0.2
. “
110 days after birth) stages. g k] 89
Values are expressed as means+ ‘€ g’ E CE”
SEM (n=5 animals per group). 53 0.1 33 011
D d by the two- g & g E
ata were assessed by the two s 5 S 3
way analysis of variance (geno- = <~
type x time) followed by the 0.0 — tomati PSS—— 0.0 p— . —
Bonferroni test (¥*p<0.05 versus oy sympfomatie osheymplomatie v
wild-type)
3 wild-type males 3 wild-type females
Bl TDP-43 transgenic males Bl TDP-43 transgenic females
30- * 30+
6) — T - =
] ®
2 8 2 2 &
% 3%
o =]
SE SE
& 5 101 & g 107
£ £
S e
0
Early s Early symp i Post.

@ Springer



242

J Neuroimmune Pharmacol (2015) 10:233-244

Table1 Levels of PEA and OEA

in the spinal cord and cercbral Brain area N-acylethanolamine Gender Stage Wild-type TDP-43
cortex of male and female TDP- transgenic
43 transgenic and wild-type mice
at early symptomatic (70-80 days Spinal cord PEA (pmol/mg tissue) Males Early symptomatic 1.9+0.1 2.0+0.1
after birth) and postsymptomatic Post-symptomatic 1.8+0.1 1.9+0.1
(100-110 days after birth) stages. Females Early symptomatic 5.6+14 3.2+0.5
Values are expressed as means+ .
SEM (n=>5 animals per group). Post-symptomatic 2.0+0.1 2.1+0.1
Data were assessed by the two- OEA (pmol/mg tissue) Males Early symptomatic 3.9+0.2 3.6+0.2
way ane}lysis of variance (geno- Post-symptomatic 3.1£0.1 3.1+0.2
type x tlm?) followed by the Females Early symptomatic 3.9+0.1 4.0+0.1
Bonferroni test
Post-symptomatic 3.6+0.1 34402
Cerebral cortex PEA (pmol/mg tissue) Males Early symptomatic 1.0+0.1 1.1+0.1
Post-symptomatic 0.9£0.1 1.1+0.1
Females Early symptomatic 1.2+0.1 1.1£0.1
Post-symptomatic 1.0+0.1 1.0£0.1
OEA (pmol/mg tissue) Males Early symptomatic 1.9+0.1 1.9+0.1
Post-symptomatic 1.3£0.1 1.5+0.1
Females Early symptomatic 1.7£0.1 1.6+0.1
Post-symptomatic 1.5+0.1 1.4+0.1

differences only reached statistical significance for 2-AG in
the early symptomatic stage. This correlated with a reduced
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Fig. 6 Gene expression for NAPE-PLD, DAGL, FAAH and MAGL
enzymes and the CB, and CB, receptors measured by qRT-PCR in the
cerebral cortex of male and female TDP-43 transgenic and wild-type mice
at early symptomatic (70-80 days after birth) and postsymptomatic (100—
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expression of FAAH gene also in males and at this stage. The
elevation is in agreement with similar data found in mutant
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110 days after birth) stages. Values correspond to the percentage over the
mean obtained in the wild-type group for each parameter and are
expressed as means+=SEM (n=>5 animals per group). Data were assessed
by the unpaired Student’s #-test
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Fig.7 Levels of anandamide and £33 wild-type males

2-AG in the cerebral cortex of
male and female TDP-43 trans-
genic and wild-type mice at early
symptomatic (70-80 days after
birth) and postsymptomatic (100—
110 days after birth) stages.
Values are expressed as means=+
SEM (n=5 animals per group).
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SOD-1 mice (Witting et al. 2004; Bilsland et al. 2006). The
response in TDP-43 transgenic females followed the same
trend, although only for anandamide at the two stages. This
coincides with the reduction in gene expression and protein
levels for FAAH found at the post-symptomatic stage in TDP-
43 transgenic females.

We have also investigated whether similar responses, e.g.,
up-regulation of CB, receptors, FAAH inactivation, changes
in endocannabinoid levels, may also occur in cortical struc-
tures, and whether cognitive deficits are also evident in these
mice. As mentioned above, mutations of TDP-43 are also
related to the development of cognitive deficits in ALS and,
additionally, they are representative of FTD, an ALS-related
disorder within the so-called ALS/FTD spectrum (Janssens
and Van Broeckhoven 2013). However, our data revealed
the complete absence of cognitive deficits, as measured in
the Water Morris test. This was in agreement with the data
of endocannabinoid elements in the cerebral cortex of TDP-43
transgenic and wild-type mice.

In conclusion, our data support the idea that the
endocannabinoid signaling system, in particular the CB, re-
ceptor, which becomes up-regulated in reactive microglial
cells in the spinal cord, may serve for the development of a
neuroprotective therapy in TDP-43-related disorders. In addi-
tion, the inhibition of FAAH may also be of interest for such
purpose, given the frequently lower levels found for this en-
zyme in the spinal cord of TDP-43 transgenic mice compared
to wild-type animals. Even, we do not discard that targeting
the CB, receptor may have also therapeutic value, despite the

Early i Post: mati

levels of these receptors were not altered in TDP-43 transgenic
mice. It is important to note that activation of CB, receptors
does not provide benefits in other neurodegenerative disorders
due to the frequent loss of these receptors caused by neuronal
death, a fact that does not occur in TDP-43 transgenic mice.
We are presently investigating this issue in a series of phar-
macological studies with different cannabinoid compounds in
TDP-43 transgenic mice. Preliminary data show a significant
recovery in the rotarod performance of TDP-43 transgenic
mice after the treatment with the non-selective agonist
WINS55,212-2 (data not shown), which will require further
confirmation at the biochemical and histopathological levels.
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