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BACKGROUND AND PURPOSE

Cannabinoid CB, receptors are up-regulated in reactive microglia in the spinal cord of TDP-43 (A315T) transgenic mice, an ex-
perimental model of amyotrophic lateral sclerosis. To determine whether this up-regulation can be exploited pharmacologically,
we investigated the effects of different treatments that affect CB, receptor function.

EXPERIMENTAL APPROACH
We treated TDP-43 (A315T) transgenic mice with the non-selective agonist WIN55,212-2, alone or combined with selective CB;4
or CB, antagonists, as well as with the selective CB, agonist HU-308, and evaluated their effects on the pathological phenotype.

KEY RESULTS

WINS55,212-2 had modest beneficial effects in the rotarod test, Nissl staining of motor neurons, and GFAP and Iba-1
immunostainings in the spinal cord, which were mediated in part by CB; receptor activation. HU-308 significantly improved the
rotarod performance of the transgenic mice, with complete preservation of Nissl-stained motor neurons in the ventral horn. Re-
active astrogliosis labelled with GFAP was also attenuated by HU-308 in the dorsal and ventral horns, in which CB; receptors
colocalize with this astroglial marker. Furthermore, HU-308 reduced the elevated Iba-1 immunostaining in the ventral horn of
TDP-43 transgenic mice, but did not affect this immunoreactivity in white matter, in which CB, receptors also colocalize with this
microglial marker.

CONCLUSIONS AND IMPLICATIONS

Our study shows an important role for glial CB, receptors in limiting the progression of the pathological phenotype in TDP-43
(A315T) transgenic mice. Such benefits appear to derive from the activation of CB, receptors concentrated in astrocytes and
reactive microglia located in spinal dorsal and ventral horns.

LINKED ARTICLES
This article is part of a themed section on 8" European Workshop on Cannabinoid Research. To view the other articles in this
section visit http://onlinelibrary.wiley.com/doi/10.1111/bph.v176.10/issuetoc

© 2018 The British Pharmacological Society DOI:10.1111/bph.14216


http://orcid.org/0000-0002-4490-0604
http://onlinelibrary.wiley.com/doi/10.1111/bph.v176.10/issuetoc

m F Espejo-Porras et al.

Abbreviations

ALS, amyotrophic lateral sclerosis; CB;, cannabinoid receptor type-1; CB,, cannabinoid receptor type-2; FAAH, fatty acid
amide hydrolase; FTD, frontotemporal dementia; FUS, fused in sarcoma; GFAP, glial fibrillary acidic protein; GLAST,
glutamate-aspartate transporter; GLT-1, glutamate transporter type-1; TDP-43, TAR-DNA binding protein-43

Introduction

Amyotrophic lateral sclerosis (ALS) is a chronic neurodegen-
erative disorder characterized by the progressive damage in
the upper and lower motor neurons, which results in muscle
denervation, atrophy and paralysis (Hardiman et al., 2011;
Van Damme et al., 2017). The combination of several
cytotoxic events, for example, excessive glutamate levels,
oxidative stress, protein aggregation and chronic inflamma-
tion, are responsible for this neuronal damage (Foran and
Trotti, 2009; Ferraiuolo et al., 2011; Renton et al., 2014). The
disease is frequently sporadic (Al-Chalabi and Hardiman,
2013), but there is also familial cases, in general associated
with mutations in genes encoding, among others, for SOD1,
TAR-DNA binding protein-43 (TDP-43), FUS (fused in
sarcoma) and C9orf72 (Hardiman et al., 2011; Renton et al.,
2014). In the case of mutations in TDP-43, FUS, C90rf72
and other recent genes discovered over the past decade, the
disease also presents features of frontotemporal lobar demen-
tia (FTD), which supports the idea that, rather than being one
disorder, ALS belongs to a spectrum of disorders having motor
but also cognitive deficits (Cruts et al., 2013). One of these
dual genes is TARDBP encoding TDP-43. This protein is
involved in pre-mRNA splicing, transport and/or stability
(Buratti and Baralle, 2010; Lagier-Tourenne et al., 2010), and
its alterations 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). Different transgenic models for TDP-43
have been developed (reviewed in Tsao et al., 2012; Van
Damme et al., 2017), which represent important tools for
the study of ALS and also FTD, being the most used alterna-
tive to the classic mutant SOD1 mice generated in the 1990s
(Ripps et al., 1995).

Despite the efforts addressed to develop effective treat-
ments able to alleviate specific symptoms or to delay disease
progression in ALS, this disorder still lacks an effective ther-
apy, the anti-excitotoxic agent riluzole (Rilutek®) and the
antioxidant compound edaravone (Radicava®), being the
only approved medicines, but having only modest effects
(Habib and Mitsumoto, 2011; Bova and Kinney, 2013;
Rothstein, 2017). Recent preclinical studies have demon-
strated neuroprotective effects with cannabinoids (reviewed
by de Lago et al., 2015), including the phytocannabinoids
Ag-tetrahydrocannabinol (Raman et al., 2004) and can-
nabinol (Weydt et al., 2005), and, to a lesser extent, the
phytocannabinoid-based formulation Sativex® (Moreno-
Martet et al., 2014). Beneficial effects were also obtained
with synthetic cannabinoids such as WINS5,212-2
(Bilsland et al., 2006), the selective cannabinoid receptor
type-2 (CB, receptor) agonist AM1241 (Kim et al., 2006;
Shoemaker et al., 2007) and fatty acid amide hydrolase
(FAAH) inhibitors (Bilsland et al., 2006). In this last case,
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the efficacy of the cannabinoid treatments is likely related
to the changes observed in those elements of the
endocannabinoid signalling that serve as pharmacological
targets for the cannabinoids being investigated. This is the
case for the CB, receptor, which has been found to be
overexpressed in microglial cells in ALS patients (Yiangou
et al., 2006), or the FAAH enzyme, whose inhibition
explains the elevated levels of endocannabinoids found in
the spinal cord in ALS (Witting ef al., 2004; Bilsland et al.,
2006).

So far, all studies that have investigated the neuroprotec-
tive potential of cannabinoids in ALS have been conducted
in the mutant SOD1 mouse model (Ripps et al., 1995), which
was the only experimental model available for this type of
study for several years following the discovery of SOD1, the
first gene identified to be associated with the disease (Rosen
et al., 1993). The recent discovery of new ALS-related genes
has allowed the development of new experimental models,
for example, transgenic mouse models for TDP-43
(Wegorzewska et al., 2009). We recently published the first
study that investigated the involvement of cannabinoids in
the TDP-43 (A315T) transgenic mouse model, in which we
recorded the damage to motor neurons in the spinal cord in
association with possible changes in endocannabinoid
ligands, receptors and enzymes (Espejo-Porras et al., 2015).
We used 70-80 day-old animals to represent an early
symptomatic stage, and those aged 100-110 days for the
post-symptomatic stage. Unfortunately, it was not possible
to work with older animals, as these TDP-43 (A315T)
transgenic mice develop an intestinal obstruction after the
appearance of ALS symptoms, which causes premature death
at the age of 120 days after birth (Guo et al., 2012; Esmaeili
et al., 2013). In our study, the most important observation
was that CB, receptors are up-regulated in reactive microglial
cells located in the spinal ventral horn of TDP-43 (A315T)
transgenic mice (Espejo-Porras et al., 2015). This response
has been currently found to occur in most neurodegenerative
disorders (reviewed in Fernandez-Ruiz et al., 2007; 2015), in-
cluding ALS, for example, in postmortem ALS tissues (Yiangou
et al., 2006). Furthermore, an up-regulation of CB, receptors
has also been found in reactive astrocytes in mutant SOD1
mice (Espejo-Porras et al., unpublished results) and in canine
ALS, so-called degenerative myelopathy, which is also depen-
dent on mutant SOD1 (Fernandez-Trapero et al., 2017). This
up-regulation of glial CB, receptors appears to be of great
interest from a pharmacological point of view. Therefore,
our objective in this follow-up study conducted in TDP-43
(A315T) transgenic mice was to investigate the role played
by the activation of CB, receptors identified in microglial
cells in these mice (Espejo-Porras et al., 2015). To this end,
we used different treatments to modulate CB, receptor
function, either alone or in combination with CB, recep-
tors. We also extended our studies to identify additional
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cellular substrates expressing CB, receptors in this experi-
mental ALS model.

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 from
Jackson Laboratories (Bar Harbor, ME, USA) and subjected to
genotyping for identifying the presence or absence of the
transgene containing the TDP-43 (A315T) mutation
(Wegorzewska et al., 2009). All animals were housed in a
room with controlled lighting (08:00-20:00 lights on) and
temperature (22 + 1°C) with free access to standard food and
water. All experiments were conducted according to local
and European rules (directive 2010/63/EU). Animal studies
are reported in compliance with the ARRIVE guidelines
(Kilkenny et al., 2010; McGrath & Lilley, 2015). They were
approved by the ethical committees of our university and
the regulatory institution (ref. PROEX 059/16). In addition,
experiments were conducted in compliance with the journal
guidelines concerning design and analysis. Then, once
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genotyped, wild-type and transgenic mice were identified by
numbered ear marks, prior to the start of the different exper-
iments, they were randomly allocated to the different treat-
ment groups. For data collection, in all behavioural and
histological analyses, researchers were blinded to the animal
treatment, whereas for the biochemical analyses, due to the
form in which the data are collected, blinding was not
considered to be necessary.

In the first experiment, we treated non-transgenic and
Prp-hTDP-43 (A315T) transgenic male mice with the non-
selective agonist WINSS5,212-2 (Sigma-Aldrich, Madrid,
Spain) at the dose of 5 mg-kg™" or vehicle (Tween 80-saline),
both administered i.p. The treatment was initiated when
animals were 65 days old and prolonged daily up to the age
of 90 days. During this period, we recorded the animals’
weight gain and their response in the rotarod test to detect
muscle weakness. In the second experiment, Prp-hTDP-43
(A315T) transgenic male mice and their corresponding wild-
type controls were treated again with the non-selective
agonist WIN55,212-2 at the dose of 5 mg-kg™', in the
presence or absence of selective antagonists for the two
cannabinoid receptor types. We used rimonabant
(provided by Sanofi-Aventis, Montpellier, France) at the dose
of 5 mg-kg ™' to selectively block CB; receptors and AM630
(Tocris Bioscience, Bristol, UK) at the dose of 5 mg~kg’1 to
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Animal weight (panel A) and rotarod performance (panel B) of TDP-43 (A315T) transgenic and wild-type male mice after the daily treatment with
WINS55,212-2 (5 mg-kg ') or vehicle from day 65 up to day 90 after birth. Quantification of Nissl-stained motor neurons (panel D), including
representative images, in which the area analysed is marked by a circle (panel C; scale bar = 300 pm), in the lumbar ventral horn of the spinal cord
in the three experimental groups once animals were killed 24 h after the last injection. In all cases, values are means = SEM of 12 animals per group.
Data were assessed by one-way (Niss| staining) and repeated measures two-way (weight and rotarod) ANOVA followed by the Bonferroni test

(*P < 0.05 vs. wild type).
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selectively block CB, receptors. These doses were selected
from previous experiments conducted with the same
antagonists and also against WINSS5,212-2 in the context of
anti-inflammatory effects in neurodegenerative disorders
(de Lago et al., 2012). All compounds were prepared in Tween
80-saline as vehicle and were administered i.p. The treatment
was initiated again when animals were 65 days old and
prolonged daily up to the age of 90 days. During this period,
we also recorded the animals” weight gain (data not shown)
and their response in the rotarod test. Lastly, in the third
experiment, we treated non-transgenic and Prp-hTDP-43
(A315T) transgenic male mice with the selective CB,
agonist HU-308 (Tocris Bioscience, Bristol, UK) at the
dose of 5 mg-kg ™' or vehicle (Tween 80-saline), both adminis-
tered i.p. Again, the treatment was initiated when animals
were 65 days old and prolonged daily up to the age of 90 days.
During this period, we recorded the animals’ weight gain and
their response in the rotarod test.

In the three pharmacological experiments, immediately
after the last behavioural recording, animals were killed by
rapid decapitation and their spinal cords were dissected and
removed. The spinal samples (lumbar area) to be used for
histology were fixed for 1 day at 4°C in fresh 4% paraformal-
dehyde prepared in 0.1 M PBS, pH 7.4. Samples were then
cryoprotected by immersion in a 30% sucrose solution for a
further day, and finally stored at —80°C for Nissl staining
and immunohistochemical analysis. The spinal samples (also
lumbar area) to be used for biochemistry were collected and
maintained for 24 h at 4°C in RNAlater (Thermo-Fisher
Scientific, Waltham, MA, USA) before being frozen and stored
at —80°C for analysis of different markers by qPCR and for
glutamate content by using a commercial kit. In the three
experiments, we examined the intestinal tract of each animal
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to exclude those cases in which a premature intestinal lesion
might have influenced our results. However, we did not find
any intestinal lesions in animals younger than 110 days after
birth, according to the data published by Esmaeili et al.
(2013). In all experiments, at least 10 animals were used per
experimental group, except a few analyses included fewer
numbers, but always greater than five animals per group
(indicated for each parameter in the legends to figures).

Behavioural recording

TDP-43 (A315T) transgenic and wild-type mice were evalu-
ated for possible motor weakness using the rotarod test, using
a LE8200 device (Panlab, Barcelona, Spain). After a period of
acclimation and training (first session: O r.p.m. for 30 s;
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 three consecutive trials
with a rest period of approximately 15 min between trials
and the mean of the three trials was calculated.

Real time gRT-PCR analysis

Total RNA was extracted from tissues using Trizol (Life
Technologies, Alcobendas, Spain) and purified using
PureLink® RNA Mini Kit RNATidy reagent (Life Technolo-
gies, Alcobendas, Spain). The total amount of RNA extracted
was quantified by spectrometry at 260 nm, and its purity
was evaluated by the ratio between the absorbance values at
260 and 280 nm. Its integrity was confirmed in agarose gels.
To prevent genomic DNA contamination, DNA was removed
and single-stranded cDNA was synthesized from 1 ug (or less)
of total RNA using a commercial kit (Rneasy Mini Quantitect
Reverse Transcription, Qiagen, Izasa, Madrid, Spain). The
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Gene expression for CB, receptor, PPAR-y, IL-1B, TNF-o, GLT-1 and GLAST glutamate transporters measured by qRT-PCR, and glutamate contents
measured with a commercial kit, in the lumbar spinal cord of male TDP-43 (A315T) transgenic and wild-type male mice after the daily treatment
with WIN55,212-2 (5 mg-kg’1) or vehicle from day 65 up to day 90 after birth. Values correspond to the percentage over the mean obtained in
the wild-type group for each parameter and are expressed as means + SEM of 12 animals per group, except for glutamate contents and GLT-1 and
GLAST gene expression that corresponded to five animals per group. Data were assessed by one-way ANOVA followed by the Bonferroni test
[*P < 0.05 vs. wild type; #P < 0.05 vs. TDP-43 (A315T) transgenic mice treated with vehicle].
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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, USA) to quantify mRNA levels
for the CB, receptor (Mm00438286_m1), PPAR-y (MmO11
84322_m1), TNF-a (Mm99999068_m1), IL-1p (MmO0043
4228_ml), glutamate transporter type-1 (GLT-1)
(MmO00441457_m1) and glutamate-aspartate trans-
porter (GLAST) (MmO00600697_m1) using GAPDH
expression (Mm99999915_g1) as an endogenous control
gene for normalization. The PCR assay was performed using
the 7300 Fast Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA), and the threshold cycle (Ct) was
calculated by the instrument’s software. Expression levels
were calculated using the 272" method, but, for presenta-
tion, data were transformed to the percentage over the mean
obtained in the wild-type group for each parameter.

Analysis of glutamate tissue contents

Spinal cords were homogenized in 150 mM potassium
phosphate buffer, pH 6.8 and then used for the analysis of
glutamate contents using a commercial Glutamate Assay Kit
(#K629-100, BioVision, Mountain View, CA, USA), following
the instructions provided by the manufacturer. Values were
calculated as pg-mg ' of protein (measured by the Lowry
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Histological procedures

Tissue slicing.  Fixed spinal cords were sliced with a cryostat
at the lumbar level (L4-L6) to obtain coronal sections
(20 pum thick) that were collected on gelatin-coated slides.
These sections were then used for the Nissl-staining and
immunofluorescence.

Nissl staining.  Slices were used for Nissl staining using cresyl
violet, as previously described (Alvarez et al., 2008), which
permitted us to determine the effects of particular
treatments on cell number. A Leica DMRB microscope
(Leica, Wetzlar, Germany) and a DFC300Fx camera (Leica)
were used to study and photograph the tissue respectively.
To count the number of Nissl-stained motor neurons
(>400 pmz) in the wventral horn, high-resolution
photomicrographs were taken with a 10x objective under
the same conditions of light, brightness and contrast.
Counting was carried out with the Image] software (U.S.
National Institutes of Health, Bethesda, Maryland, USA,
http://imagej.nih.gov/ij/, 1997-2012). Four images from at
least three sections per animal were analysed to establish
the mean of all animals studied in each group.

Immunofluorescence. Slices were used for detection and
quantification of glial fibrillary acidic protein (GFAP) or Iba-1
immunofluorescence or for double-labelling analyses with the
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Figure 3

GFAP (panels A and B) and Iba-1 (panels C-F) immunofluorescence analysis, including representative images (scale bar = 300 um for GFAP and
200 um for Iba-1), in the dorsal and ventral horns for GFAP (analysed areas are marked in the images), and in the dorsal and ventral white matter
(indicated in the graphical schemes with representative images in panels C and D) and in the ventral horn for Iba-1 of the lumbar spinal cord of
male TDP-43 (A315T) transgenic and wild-type male mice after the daily treatment with WIN55,212-2 (5 mg-kgq) or vehicle from day 65 up to
day 90 after birth. Values are means + SEM of 12 animals per group. Data were assessed by one-way ANOVA followed by the Bonferroni test
[*P < 0.05 vs. wild type; #P < 0.05 vs. TDP-43 (A315T) transgenic mice treated with vehicle].
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CB; receptor. After preincubation for 1 h with Tris-buffered saline
with 1% Triton X-100 (pH 7.5), sections were sequentially
incubated overnight at 4°C with a polyclonal anti-Iba-1 (1:500;
Wako Chemicals, Richmond, VI, USA) or polyclonal anti-GFAP
(1:200; Dako Cytomation, Glostrup, Denmark), followed by
washing in Tris-buffered saline and incubation (at 37°C for 2 h)
with an anti-rabbit secondary antibody made in donkey (1:200;
Biolegend, San Diego, CA, USA), conjugated with Alexa 488
(Invitrogen, Carlsbad, CA, USA) rendering green fluorescence for
anti-Iba-1, or conjugated with Alexa 546 (Invitrogen, Carlsbad,
CA, USA) rendering red fluorescence for anti-GFAP (except in
the double-labelling analysis and the immunostaining for
exploring the activated state of GFAP-positive cells, which were
carried out with green fluorescence as for Iba-1). For
quantification, high-resolution digital microphotographs were
taken with the 10x objective under the same conditions of light
and brightness/contrast. They were used to measure the mean
density of labelling in a selected area, using the Image]J software
(U.S. National Institutes of Health, Bethesda, Maryland, USA,
http://imagej.nih.gov/ij/, 1997-2012). All data were expressed in
arbitrary units. For quantification of the glial activation state, we
classified the GFAP- or Iba-1-positive cells as resting or activated
based on morphological criteria published previously (Guida
et al., 2015) or by calculating the ratio between cell body area
and cell process length following the procedure published by
Ceprian et al. (2017). Both procedures led to equivalent results.
For double-labelling analyses, sections were then washed again
and incubated overnight at 4°C with a polyclonal anti-CB,
receptor (1:100; Santa Cruz Biotechnology, Santa Cruz, CA,
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USA). This was followed by washing in Tris-buffered saline and a
further incubation (at room temperature for 2 h) with a biotin-
conjugated anti-goat (1:200; Vector Laboratories, Burlingame,
CA, USA) secondary antibody, followed by another wash and an
incubation (at 37°C for 2 h) with red streptavidin (Vector
Laboratories, Burlingame, CA, USA) rendering red fluorescence
for CB, receptor. Sections were counter-stained with the 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

The data and statistical analysis comply with the recommenda-
tions on experimental design and analysis in pharmacology
(Curtis et al., 2015). Briefly, data were assessed using one-way
or two-way (with repeated measures) ANOVA followed by the
Student-Newman-Keuls test or the Bonferroni test, as
required. A P value lower than 0.05 was used as the limit for
statistical significance. The sample sizes in the different
experimental groups were always >5.

Nomenclature of taigets and ligands

Key protein targets and ligands in this article are hyperlinked
to corresponding entries in http://www.guidetopharma-
cology.org, in the common portal for data from the
IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al.,
2018), and are permanently archived in the Concise Guide
to PHARMACOLOGY 2017/18 (Alexander et al., 2017a,b,c,d).
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Figure 4

Rotarod performance (panel A) of TDP-43 (A315T) transgenic and wild-type male mice after the daily treatment with WIN55,212-2 (5 mg-kg '),
in the absence or presence of the selective CB; receptor antagonist rimonabant (5 mg-kgq) or the selective CB; receptor antagonist AM630
(5 mg-kg™ "), or vehicle, from day 65 up to day 90 after birth. Quantification of Nissl-stained motor neurons (panel B), including representative
images, in which the area analysed in the ventral horn is marked by a circle (panel C; scale bar =300 um), and GFAP immunofluorescence analysis
(panel E), including representative images (panel D; scale bar = 300 pm), in the dorsal and ventral horns (analysed areas are marked in the images),
in the lumbar spinal cord in the five experimental groups once animals were killed 24 h after the last injection. In all cases, values are means + SEM
of 10 animals per group. Data were assessed by one-way (Nissl staining and GFAP immunofluorescence) and repeated measures two-way
(rotarod) ANOVA followed by the Bonferroni test [*P < 0.05 vs. wild-type; #P < 0.05 vs. TDP-43 (A315T) transgenic mice treated with vehicle].

1590 British Journal of Pharmacology (2019) 176 1585-1600


http://imagej.nih.gov/ij
http://www.guidetopharmacology.org
http://www.guidetopharmacology.org

Results

Treatment with WIN55,212-2 in TDP-43
(A3157) transgenic mice

Our first experiment consisted of a chronic treatment of
TDP-43 (A315T) transgenic mice (from the age of 65 days
up to 90 days) with the non-selective cannabinoid agonist
WINSS,212-2 or vehicle, using wild-type animals also
treated with vehicle as controls. We found a progressive
weight loss in TDP-43 (A315T) transgenic mice that
reached statistical significance compared with wild-type
animals from day 80 (Figure 1A) and this was partially
attenuated by the treatment with WINSS5,212-2, although
without reaching statistically significant differences com-
pared with TDP-43 (A315T) transgenic mice treated with
vehicle (Figure 1A). A similar pattern was found for the
rotarod response with TDP-43 (A315T) transgenic mice,
which showed a deteriorated response from week 10 that
worsened at week 13, and the treatment with WINS55,212-2

A Ventral horn
200- *

—_—
a
(=]

1
®

IBA-1 immunoreactivity
(% over wild type)
g 38

TDP-43(A315T) + WIN TDP-43(A315T) + AM630 + WIN

wild type | TDP-43(A315T) + vehicle

Targeting CB; receptors in TDP-43 transgenic mice m

improved the response, but no statistically significant
differences (due to high variation in this group) were reached
when compared with TDP-43 (A315T) transgenic mice
treated with vehicle (Figure 1B). This was paralleled by a
certain trend towards a recovery after the treatment with
WINSS5,212-2 of the number of Nissl-stained motor neurons
measured in the spinal ventral horn of TDP-43 (A315T)
transgenic mice (Figure 1C, D).

We also measured the levels of some inflammation-
related factors by qRT-PCR in the lumbar spinal cord of
TDP-43 (A315T) transgenic mice and found the CB, recep-
tor, IL-1p and TNF-a levels were all elevated in these mice
(Figure 2), but not PPAR-y (Figure 2). None of these
changes was reversed by the treatment with WINS5,212-2,
rather the elevation in CB, receptors and, to a lesser
extent, in TNF-a were enhanced by the treatment with this
cannabinoid (Figure 2). The contents of glutamate and the
expression of its glial transporters GLT-1 and GLAST were
also analysed in the spinal cord, but no changes were

H wild type
B TDP-43(A315T) +vehicle

B TDP-43(A315T) + WIN

B TDP-43(A315T) + AMB30 + WIN
B TDP-43(A315T) + rimo + WIN

TDP-43(A315T) + rimo + WIN

Figure 5

Iba-1 immunofluorescence analysis (panel A), including representative images (panel B; scale bar = 200 um), in the ventral horn (indicated in the
graphical scheme) of the lumbar spinal cord of male TDP-43 (A315T) transgenic and wild-type male mice after the daily treatment with
WINS55,212-2 (5 mg-kg ), in the absence or presence of the selective CB; receptor antagonist rimonabant (5 mg-kg ') or the selective CB,
receptor antagonist AM630 (5 mg~kgf1), or vehicle, from day 65 up to day 90 after birth. Values are means + SEM of 10 animals per group. Data
were assessed by one-way ANOVA followed by the Bonferroni test [*P < 0.05 vs. wild type; @P < 0.05 vs. TDP-43 (A315T) transgenic mice treated

with WIN55,212-2 and AM630].
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found in TDP-43 (A315T) transgenic mice compared with
wild-type, or after the treatment with WINS5,212-2
(Figure 2).

GFAP immunoreactivity was also found to be elevated,
reflecting reactive astrogliosis, in the dorsal and ventral
horns of the spinal cord of TDP-43 (A315T) transgenic
mice (Figure 3A, B), as previously found in postmortem
tissues from ALS patients (Schiffer et al.,, 1996). The
treatment with WINS5S5,212-2 attenuated this increase in
GFAP immunoreactivity, particularly in the dorsal horn
(Figure 3A, B). An elevated Iba-1 immunostaining,
reflecting reactive microgliosis, was also found in numer-
ous grey and white matter areas of the lumbar spinal cord
in TDP-43 (A315T) transgenic mice (Figure 3C-F). In our
previous study (Espejo-Porras et al., 2015), we concentrated
on studying changes in the ventral horn, but here, we also
investigated changes in the dorsal (ascending somatosen-
sory tracts) and ventral (descending motor tracts) white
matter areas. We found elevated Iba-1 immunostaining in
both spinal areas of TDP-43 (A315T) transgenic mice: dor-
sal (Figure 3C, E) and ventral white matter (Figure 3D, E).
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However, the treatment with WINS5S5,212-2 was not able
to reduce these responses, it even elevated the Iba-1 immu-
noreactivity in the case of the ventral white matter
(Figure 3C-E). By contrast, the elevated Iba-1 immunoreac-
tivity detected in the ventral horn of TDP-43 (A315T)
transgenic mice, already found in our previous study
(Espejo-Porras et al., 2015), was attenuated (loss of statisti-
cal significance compared with wild-type animals) after
WINSS,212-2 treatment (Figure 3F).

Blockade of WINSS,212-2 effect with selective
CB; and CB, antagonists

Given that WINSS,212-2 had effects on rotarod perfor-
mance, number of Nissl-stained spinal motor neurons,
and GFAP and Iba-1 immunostaining, we conducted a sec-
ond experiment aimed at identifying whether these effects
of WINSS5,212-2, which is a non-selective CB receptor ago-
nist, were mediated by the activation of CB; and/or CB,
receptors, using selective antagonists for these receptors,
rimonabant and AMG630, respectively, administered at

TDP-43 (A315T) + vehicle TDP-43 {A315T) + WIN

TDP-43 (A315T) + AM630 + WIN] TDP-43(A315T) + rimo+ WIN

TDR=-43 (A315T) + vehicle TDP-43 (A315T).+ WIN

TDP-43(A315T) + AM630 + WIN | TDP-43 (A315T) # rimo + WIN

Iba-1 immunofluorescence analysis (panels A and C), including representative images (panels B and D; scale bar = 200 um), in the dorsal and ven-
tral white matter areas (indicated in the graphical schemes in Figure 3) of the lumbar spinal cord of male TDP-43 (A315T) transgenic and wild-type
male mice after the daily treatment with WIN55,212-2 (5 mg-kg '), in the absence or presence of the selective CB; receptor antagonist
rimonabant (5 mg-kgq) or the selective CB, receptor antagonist AM630 (5 mg-kgq), or vehicle, from day 65 up to day 90 after birth. Values
are means + SEM of 10 animals per group. Data were assessed by one-way ANOVA followed by the Bonferroni test [*P < 0.05 vs. wild type;
#P < 0.05 vs. TDP-43 (A315T) transgenic mice treated with vehicle; @P < 0.05 vs. TDP-43 (A315T) transgenic mice treated with WIN55,212-2].

1592  British Journal of Pharmacology (2019) 176 1585-1600



active doses, according to previous studies (de Lago et al.,
2012), in combination with WINS5,212-2 and following
the same protocol as in the first experiment. Our data
demonstrated a modest reversal (simply a loss of statistical
significance compared with TDP-43 (A315T) transgenic
mice treated with vehicle) of the positive effects of
WINSS,212-2 on the deteriorated rotarod performance
shown by TDP-43 (A315T) transgenic mice, with rimona-
bant and, to a greater extent, with AM630 (Figure 4A),
but both effects were just modest. The involvement of
CB, receptors was most clear in the case of the positive ef-
fects of WINSS5,212-2 on the number of Nissl-stained motor
neurons in the spinal ventral horn, which were diminished
in TDP-43 (A315T) transgenic mice treated with
WINSS5,212-2 and AM630 down to the same values as in
TDP-43 (A315T) transgenic mice treated with vehicle
(Figure 4B, C), an effect that did not happen with mice
treated with WINSS5,212-2 combined with rimonabant
(Figure 4B, C).

CB, receptors, however, appeared to be involved in the
reduction in reactive astrogliosis in the spinal dorsal horn
mediated by WINS5,212-2, as the combination of
WINSS5,212-2 and rimonabant elevated GFAP immunoreac-
tivity compared with the animals treated with WINSS5,212-2
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alone (simply a loss of statistical significance compared with
TDP-43 (A315T) transgenic mice treated with vehicle), and
the same happened when CB, receptors were blocked with
AM630 (Figure 4D, E). By contrast, the data in the ventral
horn were less clear, with no reversal of WINS5,212-2’s effects
after the blockade of CB, receptors with AM630 and only a
trend after the blockade of CB; receptors with rimonabant
(Figure 4D, E).

As regards Iba-1 immunostaining in the ventral horn,
again we found an increase in TDP-43 (A315T) transgenic
mice that was apparently diminished by the treatment with
WINSS5,212-2 (loss of statistical significance compared with
wild-type animals; Figure SA, B). This response was reversed
by the blockade of CB; receptors with rimonabant and, in
particular, of CB, receptors with AM630, which even elevated
Iba-1 levels up to values higher than those seen in TDP-43
(A315T) transgenic mice treated with vehicle (Figure 5A, B).
Lastly, Iba-1 immunostaining in the spinal white matter areas
showed again that WINSS5,212-2 was unable to reverse the
elevated Iba-1 immunoreactivity found in TDP-43 (A315T)
transgenic mice in dorsal white matter (Figure 6A, B), it even
elevated the values found in the ventral white matter
(Figure 6C, D). The blockade of CB; receptors with
rimonabant did not alter these levels, which remained similar

2004
E wild type

Bm TDP-43 (A315T) + vehicle
@ TDP-43 (A315T) + HU-308

#
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TDP-43 (A315T) + vehicle TDP-43 (A315T) + HU-308

Animal weight (panel A) and rotarod performance (panel B) of TDP-43 (A315T) transgenic and wild-type male mice after the daily treatment with
HU-308 (5 mg-kg ") or vehicle, from day 65 up to day 90 after birth. Quantification of Nissl-stained motor neurons (panel C), including represen-
tative images, in which the area analysed is marked by a circle (panel D; scale bar = 300 um), in the ventral horn of the lumbar spinal cord in the
three experimental groups once animals were killed 24 h after the last injection. In all cases, values are means + SEM of 10 animals per group. Data
were assessed by one-way (Nissl staining) and repeated measures two-way (weight and rotarod) ANOVA followed by the Bonferroni test
(*P < 0.05 vs. wild type; #P < 0.05 vs. TDP-43 (A315T) transgenic mice treated with vehicle].
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to animals treated with WINSS5,212-2 alone (Figure 6A-D),
whereas the same happened with the blockade of CB,
receptors with AM630, but, in this case, the values of Iba-1
immunoreactivity were even higher when compared with an-
imals treated with WINSS5,212-2 alone (Figure 6A-D), indicat-
ing an exacerbated microglia activation after this treatment.

Treatment with HU-308 in TDP-43 (A315T)
transgenic mice

In the third experiment, we wanted to further explore more
specifically the role of CB, receptors in TDP-43 (A315T)
transgenic mice by targeting these receptors with the selec-
tive agonist HU-308, following the same protocol as in the
previous experiments. We found that the progressive loss of
weight observed in TDP-43 (A3157T) transgenic mice was sig-
nificantly attenuated by the treatment with HU-308, in par-
ticular in the second part of the period analysed (Figure 7A).
The same effect was found with regard to the deteriorated
rotarod response observed in TDP-43 (A31S5T) transgenic
mice when these mice were treated with HU-308, in particu-
lar at week 13 (Figure 7B). The treatment with HU-308 was
also able to completely preserve the Nissl-stained motor
neurons in the spinal ventral horn, with values similar to
those found in wild-type mice and much higher than those
found in TDP-43 (A315T) transgenic mice treated with
vehicle (Figure 7C, D).
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Reactive astrogliosis, labelled with GFAP immunostain-
ing, was also attenuated in the dorsal and, to a lesser extent,
in the ventral horns by the treatment with HU-308 (Figure 8
A, B). This effect was particularly evident with regard to the
number of GFAP-positive cells showing morphological
characteristics to be activated, something that was deter-
mined using the procedure described by Guida et al. (2015),
which, in general, consisted of classifying the cells according
to their size (higher cell volume in activated cells) and shape
(reduced number and length of processes in activated cells).
Using this procedure, the total number of GFAP-positive cells
did not vary among wild type, TDP-43 (A315T) transgenic
treated with vehicle, or treated with HU-308 (Figure 8C),
but the changes were significant when only the number of ac-
tivated GFAP-positive cells was quantified, with a significant
elevation in TDP-43 (A315T) transgenic mice (cells with great
volume and reduced processes; see Figure 8D) that returned
close to the levels of wild-type animals after the treatment
with HU-308 (Figure 8C).

HU-308 also reduced the elevated Iba-1 immunostaining
found in the ventral horn of TDP-43 (A315T) transgenic mice
to the levels found in wild-type animals (Figure 9A, B). As
occurred with GFAP immunostaining, this reduction was
particularly evident when the number of activated Iba-1 pos-
itive cells was quantified; these were identified by measuring
the ratio between the cell area and the length of cell pro-
cesses, following the method described by Ceprian et al.
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GFAP immunofluorescence analysis (panel B), including representative images (panel A; scale bar = 300 pm), in the dorsal and ventral horns
(analysed areas are marked in the images) of the lumbar spinal cord of male TDP-43 (A315T) transgenic and wild-type male mice after the daily
treatment with HU-308 (5 mg-kg ') or vehicle from day 65 up to day 90 after birth. Number of total or activated GFAP positive cells (panel C)
identified by their morphological characteristics [see details in the text; representative images are included in panel D; scale bar = 50 and
20 pm (enlargement)] in the ventral horn of the lumbar spinal cord in the three experimental groups. Values are means + SEM of 10 animals
per group. Data were assessed by one-way ANOVA followed by the Bonferroni test [*P < 0.05 vs. wild type; #P < 0.05 vs. TDP-43 (A315T)

transgenic mice treated with vehicle].
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(2017). Using this method, the number of activated Iba-1
positive cells was elevated in TDP-43 (A315T) transgenic
mice, but this elevation returned to levels of wild-type
animals when TDP-43 (A315T) transgenic mice were treated
with HU-308 (Figure 9C, E). The same pattern was seen when
the number of activated Iba-1 positive cells was measured by
using the procedure described for GFAP immunostaining
(Figure 9D, E). By contrast, the treatment with HU-308 did
not affect, as happened with WINS5,212-2, the elevated
immunoreactivity for Iba-1 found in the dorsal white matter
of TDP-43 (A315T) transgenic mice (Figure 10A, B), and this
immunoreactivity was even exacerbated by HU-308 in the
ventral white matter (Figure 10C, D), suggesting the possible
existence of different roles for the CB, receptors located in the
different microglial cell subpopulations labelled in this study.

Double-labelling analysis to identify cell
substrates for the CB; receptor in TDP-43
(A315T) transgenic mice

The above pharmacological experiments demonstrated that
the most active treatment corresponded to the
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administration of the selective CB, receptor agonist. In addi-
tion, in our previously published article (Espejo-Porras et al.,
2015), we identified CB, receptor immunofluorescence only
in reactive microglial cells located in the ventral horn of
TDP-43 (A315T) transgenic mice, but we also demonstrated
the presence of CB, receptor-positive cells in the ventral horn
of these animals, whose phenotype was not elucidated in the
study (Espejo-Porras et al., 2015). Therefore, our next experi-
ment consisted of conducting double-staining analyses for
the CB, receptor and Iba-1 or GFAP in different areas of the
spinal cord altered in TDP-43 (A315T) transgenic mice. Our
analyses indicated that the presence of this receptor was in-
creased in the periphery of astrocytes that were completely la-
belled with GFAP in the spinal grey matter of TDP-43 (A315T)
transgenic mice, an effect found only marginally in wild-type
mice (Figure 11A). The different subcellular location of both
proteins may be because the CB, receptor is a membrane pro-
tein, whereas GFAP is located in the cytosol (Figure 11A). In
additional double-labelling analyses, we also found CB,
receptors located in Iba-1 positive cells (microglial cells) in
the spinal white matter, both in the dorsal and ventral areas,
of TDP-43 (A315T) transgenic mice compared with wild-type
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Iba-1 immunofluorescence analysis (panel B), including representative images, in which the area analysed is marked by a circle (panel A; scale bar-
=100 um), in the ventral horn of the lumbar spinal cord of male TDP-43 (A315T) transgenic and wild-type male mice after the daily treatment
with HU-308 (5 mg-kg ") or vehicle from day 65 up to day 90 after birth. Values for the ratio between body cell area and cell process length (panel
C) and number of total or activated Iba-1 positive cells (panel D) identified by their morphological characteristics [see details in the text; represen-
tative images are included in panel E; scale bar = 50 and 20 pm (enlargement)], in the ventral horn of the lumbar spinal cord in the three exper-
imental groups. Values are means + SEM of eight animals per group. Data were assessed by one-way ANOVA followed by the Bonferroni test
[*P < 0.05 vs. wild type; #P < 0.05 vs. TDP-43 (A315T) transgenic mice treated with vehicle].
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Iba-1 immunofluorescence analysis (panels A and C), including representative images (panels B and D; scale bar = 200 um), in the dorsal and ven-
tral white matter areas (indicated in the graphical schemes in Figure 3) of the lumbar spinal cord of male TDP-43 (A315T) transgenic and wild-type
male mice after the daily treatment with HU-308 (5 mg-kg’1) or vehicle from day 65 up to day 90 after birth. Values are means + SEM of 10 animals
per group. Data were assessed by one-way ANOVA followed by the Bonferroni test [*P < 0.05 vs. wild type; #P < 0.05 vs. TDP-43 (A315T) trans-

genic mice treated with vehicle].

animals in which the signal was residual (Figure 11B).
However, the activation of these receptors with HU-308 did
not appear to reduce the microglial reactivity detected with
Iba-1 immunostaining (Figure 10A-D), being that, as indi-
cated previously, the CB, receptor is located in microglial cells
in spinal grey matter areas (Espejo-Porras et al., 2015) the
most probable cellular target for the benefits found after
selective activation of these receptors (Figure 9A-E).

Discussion

Our study is the first one to investigate whether cannabinoid
treatments have potential as neuroprotective agents in an
experimental model of ALS other than the classic mutant
SOD1 mice. In our previous study (Espejo-Porras et al.,
2015), we demonstrated the involvement of CB, receptors
in TDP-43 (A315T) transgenic mice, which became up-
regulated in reactive microglial cells located in the spinal grey
matter, so that their manipulation may serve to attenuate the
consequences of microglial reactivity and to preserve spinal
motor neurons. This has been investigated in this follow-up
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study using different pharmacological strategies. Firstly, we
used a non-selective CB,/CB, receptor agonist, WINS55,212-
2, which showed beneficial effects by improving the
deteriorated rotarod response in TDP-43 (A315T) transgenic
mice. We assume that these benefits are not simply the
consequence of an acute effect of this cannabinoid agonist
increasing motor activity, as the dose of WINS5,212-2 used
is associated with decreased rather than increased motor
activity. Conversely, these benefits appear to be more likely
related to preservation of spinal motor neurons and the re-
duction in astroglial and microglial reactivity labelled with
GFAP and Iba-1, respectively, in spinal grey matter areas. It
is true that the effects were modest, not particularly elevated,
and that they were not exclusively mediated by the activation
of CB, receptors, as a subsequent experiment using
WINSS,212-2 in combination with selective CB; or CB,
antagonists has proved. However, we also conducted experi-
ments here using a selective CB, receptor agonist, which does
not activate CB; or other endocannabinoid-related targets,
and, in this case, we obtained a greater improvement in the
deteriorated rotarod performance, a complete preservation
of spinal motor neurons and a strong attenuation in the
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Figure 11

Representative double-immunofluorescence images for CB, receptors and GFAP (dorsal horn; see panel A) or Iba-1 (white matter; see panel B) in
the spinal cord of TDP-43 (A315T) transgenic and wild-type male mice at 90 days after birth. Immunostainings were repeated in five animals per
group. Cells positive for GFAP or Iba-1 and CB; receptors are indicated with arrows (scale bar = 25 um).

activation of astrocytes and microglial cells in the dorsal and
ventral horns, in which cell bodies of ascending and descend-
ing spinal neurons are located (reviewed in Diaz and Morales,
2016). These effects appear to be genuine and support the
therapeutic value of the activation of CB, receptors in this
disease, a finding also observed in other experimental models
of ALS (Kim et al., 2006; Shoemaker et al., 2007).

Given the predominant presence of these receptors in
glial elements in the spinal cord of TDP-43 (A315T)

transgenic mice, the CB, receptor-dependent benefits are
likely to be mediated through control of the toxic effects of
these cells on neurons, a fact largely investigated in ALS and
other neurodegenerative disorders (reviewed in Fernandez-
Ruiz et al., 2007, 2015; de Lago et al., 2015). In our previous
study (Espejo-Porras et al., 2015), we demonstrated the pres-
ence of CB, receptors in reactive microglial cells located in
the spinal ventral horn, which is the area in which the cell
bodies of the damaged spinal motor neurons are located.
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In the present study, we also detected immunoreactivity for
the CB, receptors in other cells that were not
immunolabelled with the Iba-1 antibody and that were not
identified previously (Espejo-Porras et al., 2015). We have
confirmed now that these cells are positive for GFAP, so
they are astrocytes located in the vicinity of spinal motor
neurons in the ventral horn, but we found that this
colocalization was also evident in the spinal dorsal horn.
The dorsal horn is the area in which cell bodies of ascending
somatosensory pathways are located (for a recent review, see
Diaz and Morales, 2016). They receive innervation directly
from the skin, and generate nerve tracts that ascend through
the dorsal or the lateral white matter areas to reach the
encephalic nuclei. For example, the gracilis or the cunnea-
tus fasciculi, which mediate touch and vibration senses,
ascend through the dorsal white matter, whereas the
spinothalamic tracts, which are involved in mediating pain
and thermal sensitivity, ascend through the lateral white
matter (reviewed in Diaz and Morales, 2016). The interest
of the dorsal white matter in our study is that we detected
elevated Iba-1 immunoreactivity in this area, as well as in
the ventral white matter area, in TDP-43 (A315T) transgenic
mice, and further double-labelling analyses also conducted
in the present study detected CB, receptors in these
microglial cells in both areas. This is an important observa-
tion of our present study that adds to the identification of
CB, receptors in the spinal ventral horn of TDP-43
(A315T) transgenic mice in our previous study (Espejo-
Porras et al., 2015). In the present study, we identified CB,
receptors in microglial cells (labelled with Iba-1) in TDP-43
(A315T) transgenic mice located in areas of the spinal cord
associated with axonal tracts (spinal white matter), not only
in areas associated with neuronal cell bodies (spinal horns).
As mentioned above, the dorsal white matter area corre-
sponds to somatosensory tracts ascending (afferent) to the
encephalic zones, whereas the ventral white matter is the
area of descending (efferent) motor tracts (e.g. anterior
corticospinal tracts, reticulospinal tracts; reviewed in Diaz
and Morales, 2016). In both cases, microglial cells contain-
ing CB, receptors are recruited to these two white matter
areas in TDP-43 (A315T) transgenic mice. However, by
contrast with the case of CB, receptors located in these
animals in astrocytes and microglial cells in the dorsal (only
astrocytes) and ventral (both astrocytes and microglial cells)
horns, whose activation with HU-308 (and also with
WINSS,212-2, although to a lesser extent and also involving
CB; receptors) reduced the levels of GFAP or Iba-1, respec-
tively, the activation of microglial CB, receptors located in
white matter areas did not alter the microglial reactivity
detected with Iba-1 immunostaining, even provoked an
elevation in the ventral white matter.

Therefore, these results suggest that glial CB, receptors
up-regulated in TDP-43 (A315T) transgenic mice may play
different functions depending on the type of glial cells
(astrocytes vs. microglial cells) or the spinal area (grey vs.
white matters, dorsal vs. ventral zones) in which they are
located. This is an interesting hypothesis that requires further
research. Such a hypothesis is related to the non-cell autono-
mous toxicity exerted by both deteriorated astrocytes and
microglial cells on neurons, which is well-known to contrib-
ute to ALS progression (Yamanaka et al., 2008; Ilieva et al.,
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2009; Haidet-Phillips et al., 2011; Lee et al., 2016), and to
the way by which the activation of glial CB, receptors may
mitigate such toxicity. Based on work conducted in other
neurodegenerative disorders, the activation of CB, receptors
in astrocytes may enhance the metabolic support exerted by
these cells for neurons, as well as facilitating their key role
in glutamate clearance in the vicinity of glutamatergic synap-
ses limiting excitotoxic damage (reviewed in Ferndndez-Ruiz
et al., 2015; de Lago et al., 2015). In the case of microglial
CB, receptors, their activation may reduce the generation of
pro-inflammatory factors and promote the shift of macro-
phages from M1 to M2 phenotypes with evident benefits for
neuronal survival (reviewed in Fernandez-Ruiz et al., 2015;
de Lago et al., 2015).

In summary, our study shows an important role for glial
CB, receptors, together with a certain contribution of CB;
receptors, in limiting the progression of the pathological
phenotype in TDP-43 (A315T) transgenic mice. Such benefits
apparently derive from the activation of those CB, receptors
concentrated in astrocytes and reactive microglial cells
located in spinal dorsal and ventral horns. However, we also
detected the presence of microglial CB, receptors in associa-
tion with ascending (dorsal white matter area) and descend-
ing (ventral white matter area) tracts, whose function and
therapeutic potential in this pathological context remain to
be determined.
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