






Moreno-Martet et al., 2014; Espejo-Porras et al., 2015) and
ALS patients (Yiangou et al., 2006). The response is not
exclusive to ALS but is also observed in other acute or chronic
neurodegenerative disorders (e.g. ischemia, Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease; reviewed in Fernández-
Ruiz et al., 2007, 2015; Iannotti et al., 2016). These findings support
the idea that the rise in CB2 receptors in activated glial elements is an
endogenous response of endocannabinoid signalling aimed at
protecting neurons against cytotoxic insults, as well as restoring

neuronal homeostasis and integrity (Pacher and Mechoulam, 2011;
de Lago et al., 2015; Fernández-Ruiz et al., 2015).

Results of our study further demonstrated that the elevation of CB2

receptors occurs in activated astrocytes rather than in microglial cells.
This finding has been previously described in the spinal cords of
transgenic SOD1 mice (F.E.P., unpublished results). In other
transgenic models of ALS, e.g. TDP-43 transgenic mice, the
upregulatory response of these receptors occurs predominantly in
reactive microglial cells (Espejo-Porras et al., 2015) and in tissues of

Fig. 3. Status of CB1 receptors in spinal samples of DM-
affected dogs.Gene expression for the CB1 receptor (CNR1)
and NAPE-PLD, DAGL, FAAH and MAGL measured by
qPCR (A), and representative microphotographs for CB1

receptor immunostaining using DAB (C) and its quantification
in the grey matter in the ventral horn (B), in the spinal cord
samples (for qPCR) or T7-T10 sections (for immunostaining)
of DM-affected and age-matched control dogs. Values are
expressed as means±s.e.m. for 7-8 animals per group. Data
were analysed using the unpaired Student’s t-test. Scale bar:
150 µm.

Fig. 2. Iba-1 distribution in spinal cord sections of DM-affected dogs. Representative photomicrographs of Iba-1 immunostaining using DAB (A) and Iba-1
immunofluorescence (B) and its quantification (C) in spinal cord sections (grey matter in the ventral horn and white matter in the dorsal area, both at T7-T10) of
DM-affected and age-matched control dogs. Values are expressed as means±s.e.m. for 5-7 animals per group. Data were analysed using the unpaired Student’s
t-test (**P<0.01 compared with control animals). Scale bar: 300 µm (A) and 200 µm (B).
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human ALS patients (Yiangou et al., 2006). In multiple sclerosis and
Huntington’s disease, the overexpression of CB2 receptors occurs in
both activated astrocytes and reactive microglia (Benito et al., 2007;
Sagredo et al., 2009). The increase in CB2 receptors in activated glial
elements may be related to the influence of these cells on neuronal
homeostasis, for example, by enhancing metabolic support and
glutamate reuptake activity exerted by astrocytes (Fernández-Ruiz
et al., 2015 for review), by facilitating the transfer of microglial cells
from M1 to M2 phenotypes (Mecha et al., 2016 for review) or by
attenuating the generation of proinflammatory cytokines,
chemokines, nitric oxide and reactive oxygen species by either
astrocytes ormicroglial cellswhen they become activated (Fernández-
Ruiz et al., 2015 for review). These possibilities place the receptor in a
promising position for the development of novel therapies. In light of
our present study, and given their preferential location in activated
astrocytes, we will need to conduct additional research aimed at

investigating the consequences of selective CB2 receptor activation in
these glial cells during the progression of this canine disease.

In conclusion, our results demonstrated a marked upregulation of
CB2 receptors occurring in the spinal cord of dogs affected by DM.
Such upregulation occurred in the absence of changes in other
endocannabinoid elements and was concentrated in activated
astrocytes, then becoming a potential target to enhance the
protective effects exerted by these glial cells to improve neuronal
homeostasis and integrity.

MATERIALS AND METHODS
Management of the post-mortem tissues
All experimentswere conducted on post-mortem spinal cord tissues collected
from DM-affected and unaffected dogs. All tissues (formalin-fixed tissues
for routine histopathology and frozen tissues for qPCR and western blotting)
were provided byDr JoanR.Coates (Department of VeterinaryMedicine and
Surgery, College of VeterinaryMedicine, University of Missouri, Columbia,
MO, USA). Protocols for tissue collection were approved by the University
of Missouri Animal Care and Use Committee.

Tissues provided included those of DM-affected dogs and age-matched
controls and accompanied by adequate clinical and genetic testing
information (see details in Table 1). DM diagnoses were confirmed
histopathologically by assessing the mid to lower thoracic spinal cord
segment for evidence of myelinated axon loss and pronounced astrogliosis
in the dorsal portion of the lateral funiculus (Averill, 1973; March et al.,
2009). Dogs that had exhibited clinical signs of DM but did not show
the typical histopathology were presumed to have another cause for the
myelopathy and were excluded from the study. The spinal cord segments
were examined for the presence of SOD1-immunoreactive aggregates
within ventral horn motor neurons (Avano et al., 2009). Dogs that had not
exhibited any clinical signs of DM prior to euthanasia and whose thoracic
spinal cords were histologically normal were used as controls.

Tissues from DM-affected dogs were sorted by different stages of disease
progression characterized at origin according to the following clinical and
histopathological characteristics: (i) Stage 1 (upper motor neuron
paraparesis): progressive general propioceptive ataxia and asymmetric
spastic paraparesis, but intact spinal reflexes; (ii) Stage 2 (non-ambulatory
paraparesis to paraplegia): mild to moderate loss of muscle mass, reduced to
absent spinal reflexes in pelvic limbs, and possible urinary and faecal
incontinence; (iii) Stage 3 (lower motor neuron paraplegia to thoracic limb
paresis): signs of thoracic limb paresis, flaccid paraplegia, severe loss of
muscle mass in pelvic limbs, and urinary and faecal incontinence; and
(iv) Stage 4 (lower motor neuron tetraplegia and brainstem signs): flaccid
tetraplegia, difficulty with swallowing and tongue movements, reduced to
absent cutaneous trunci reflex, generalized and severe loss of muscle mass,
and urinary and faecal incontinence (see details in Coates and Wininger,
2010). All DM tissues were accompanied by details of symptoms, genotype

Fig. 4. Gene expression and protein levels of CB2 receptor in DM-affected dogs. Gene expression of the CB2 receptor (CNR2) measured by qPCR (A), as
well as western blot analysis for this receptor (B) in spinal cord samples of DM-affected and age-matched control dogs. Values correspond to % over control
animals and are expressed as means±s.e.m. for 7 animals per group. Data were analysed using the unpaired Student’s t-test (*P<0.05 compared with control
animals).

Fig. 5. CB2 receptor immunostaining and quantification in DM-affected
dogs. Representative photomicrographs for CB2 receptor immunostaining
using DAB (A) and its quantification (B) in the grey matter of the ventral horn in
T7-T10 spinal cord sections of DM-affected and age-matched control dogs.
Values are expressed as means±s.e.m. for 5-6 animals per group. Boxed
region in DM dog image is shown enlarged in panel below. Datawere analysed
using the unpaired Student’s t-test (*P<0.05 compared with control animals).
Scale bars: 150 µm and 50 µm (enlargement). Arrows indicate CB2 receptor-
positive cells.
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and clinical diagnosis (see details in Table 1). Tissue studies confirm the loss
of motor neurons using Nissl staining and accompanied by analysis of glial
reactivity using GFAP and Iba-1 immunostaining. Next, we investigated the
status of endocannabinoid receptors and enzymes using biochemical (qPCR,
western blot) and, in some cases, immunostaining procedures, including
double immunofluorescence staining to identify the cellular substrates in
endocannabinoid elements (CB2 receptors). For all measures, tissues used
corresponded to 7-8 different animals per experimental group.

Real-time qRT-PCR analysis
Total RNAwas extracted from spinal cord samples (from T7 to T10) using
TRI Reagent (Sigma). 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, whereas its integrity was confirmed
in agarose gels. To prevent genomic DNA contamination, DNA was
removed and single-stranded complementary DNA was synthesized from
0.6 μg total RNA using a commercial kit (RNeasy Mini Quantitect Reverse

Transcription, Qiagen). The reaction mixture was kept frozen at −80°C until
enzymatic amplification. Quantitative real-time PCR assays were performed
using TaqMan Gene Expression Assays (Applied Biosystems) to quantify
mRNA levels for CB1 receptor (Cf02716352_u1), CB2 receptor
(Cf02696139_s1), DAGL (Cf02705627_m1), FAAH (Cf02648944_m1)
and MAGL (Cf02662432_m1). For NAPE-PLD, we used a custom-
designed assay (Custom Plus TaqMan RNA Assay Design, Applied
Biosystems). In all cases, we used GAPDH expression (Cf04419463_gH) as
an endogenous control gene for normalization. The PCR assay was
performed using the 7300 Fast Real-Time PCR System (Applied
Biosystems) and the threshold cycle (Ct) was calculated by the
instrument’s software (7300 Fast System, Applied Biosystems). Values
were normalized as percentages over the control group.

Western blot analysis
Purified protein fractions were isolated using ice-cold RIPA buffer. Then,
20 μg protein was boiled for 5 min in Laemmli SDS loading buffer (10%

Fig. 6. Double immunofluorescence analysis for CB2 receptor and GFAP in spinal cord sections of DM-affected dogs. Representative photomicrographs
showing double immunofluorescence analysis for the CB2 receptor and GFAP, using TOPRO-3 for labelling cell nuclei, in the greymatter of the ventral horn in T7-
T10 spinal cord sections of DM-affected and age-matched control dogs (n=3/group). Scale bar: 50 µm. Arrows indicate cells labelled with the antibodies for the
two markers.

Fig. 7. Double immunofluorescence analysis for CB2 receptor and Iba-1 in DM-affected dogs. Representative photomicrographs showing double
immunofluorescence analysis for the CB2 receptor and Iba-1, using TOPRO-3 for labelling cell nuclei, in the grey matter of the ventral horn in T7-T10 spinal cord
sections of DM-affected and age-matched control dogs (n=3/group). Scale bar: 50 µm.
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glycerol, 5% SDS, 5% β-mercaptoethanol, 0.01% Bromophenol Blue and
125 mM Tris-HCl, pH 6.8) and loaded onto a 12% acrylamide gel (Bio-
Rad), and then transferred to a PVDF membrane (Immobilon-P, Millipore)
using mini Trans-Blot Electrophoretic transfer cell (Bio-Rad). Membranes
were blocked with 5% non-fat milk and incubated overnight at 4°C with a
mouse anti-CB2 receptor antibody (1:200; Santa Cruz Biotechnology,
SC-293188), followed by a second incubation during 2 h at room
temperature with an ECL horseradish peroxidase-linked whole secondary
antibody (GEHealthcare) at a 1:5000 dilution. Reactive bands were detected
by chemiluminescence with the Amersham ECL Prime Western Blotting
Detection Reagent (GE Healthcare). Images were analysed on a ChemiDoc
station with Quantity One software (Bio-Rad). Data were calculated as the
ratio between the optical densities of the specific protein band and the
housekeeping protein GAPDH, and they were normalized as percentages
over the control group.

Histological procedures
Tissue slicing
Fixed spinal cords were sliced with a cryostat at the thoracic level, always
between T7-T10, which correspond to the spinal level in which the axonal
degeneration was most severe (Coates and Wininger, 2010). Coronal
sections (20 μm thick) were collected on gelatin-coated slides. Sections
were used for procedures of Nissl-staining, immunohistochemistry and
immunofluorescence.

Nissl staining
Slices were used for Nissl staining using Cresyl Violet, as previously
described (Alvarez et al., 2008). A Leica DMRB microscope (Leica,
Wetzlar, Germany) and a DFC300FX camera (Leica) were used for the
observation and photography of the slides, respectively. For counting the
number of Nissl-stained large motor neurons in the anterior horn, high-
resolution photomicrographs were taken with the 20× objective under the
same conditions of light, brightness and contrast. Four images coming from
at least three sections per animal were analysed. The final value is the mean
for all animals included in each experimental group.

Immunohistochemistry
Slices were pre-incubated for 20 min in 0.1 M PBSwith 0.1% Triton X-100,
pH 7.4, and subjected to endogenous peroxidase blockade by incubation for
1 h at room temperature in peroxidase blocking solution (Dako). 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
(1:500; Wako Chemicals, #019-19741); (ii) polyclonal anti-rabbit CB1

receptor (1:400; Thermo Fisher Scientific, PA1-743) and (iii) polyclonal
anti-goat CB2 receptor antibody (1:100; Santa Cruz Biotechnology,
SC10076). Samples were incubated overnight at 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) secondary antibodies. The Vectastain Elite ABC kit (Vector
Laboratories) and a DAB substrate-chromogen system (Dako) were used to
obtain a visible reaction product. 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 Leica DMRBmicroscope (Leica, Wetzlar,
Germany) and a DFC300FX camera (Leica) were used for slide observation
and photography.

Immunofluorescence
Quantification of GFAP and Iba-1 immunoreactivity was also carried out
using immunofluorescence, and this procedure was also used for double-
labelling studies. Slices were preincubated for 1 h with Tris-buffered saline
with 1% Triton X-100 (pH 7.5). Then, sections were sequentially incubated
overnight at 4°C with a polyclonal anti-Iba-1 (1:500; Wako Chemicals,
#019-19741) or polyclonal anti-GFAP (1:200; Dako, Z0334), followed by
washing in Tris-buffered saline and a further incubation (at 37°C for 2 h)
with an Alexa Fluor 488 anti-rabbit antibody conjugate made in donkey
(1:200; Invitrogen), rendering green fluorescence for anti-Iba-1 or anti-

GFAP. Immunofluorescence was quantified using a SP5 Leica confocal
microscope and ImageJ software (US National Institutes of Health,
Bethesda, Maryland, USA). For double-labelling studies, sections were
then washed again and incubated overnight at 4°C with a polyclonal anti-
CB2 receptor (1:100; Santa Cruz Biotechnology, SC-10076). 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) 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-CB2 receptor.
Sections were counter-stained with nuclear stain TOPRO-3-iodide
(Molecular Probes) to visualize cell nuclei. To quench endogenous
autofluorescence, tissue sections were also treated with 0.5% Sudan Black
(Merck, Darmstadt, Germany) in 70% ethanol for 1 min and differentiated
with 70% ethanol (Schnell et al., 1999). A Leica TCS SP5 microscope was
used for slide observation and photography. Differential visualization of the
fluorophores was accomplished through the use of specific filter
combinations. Samples were scanned sequentially to avoid any potential
for bleed-through of fluorophores.

Statistics
Data were assessed by unpaired Student’s t-test or one-way ANOVA
followed by the Student-Newman-Keuls test, as required.

This article is part of a special subject collection ‘Neurodegeneration: fromModels to
Mechanisms to Therapies’, which was launched in a dedicated issue guest edited by
Aaron Gitler and James Shorter. See related articles in this collection at http://dmm.
biologists.org/collection/neurodegenerative-disorders.
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(2008). Neuroprotective effects of the nonpsychoactive cannabinoid cannabidiol
in hypoxic-ischemic newborn piglets. Pediatr. Res. 64, 653-658.

Averill, D. R. Jr (1973). Degenerative myelopathy in the aging German Shepherd
dog: clinical and pathologic findings. J. Am. Vet. Med. Assoc. 162, 1045-1051.

Awano, T., Johnson, G. S., Wade, C. M., Katz, M. L., Johnson, G. C., Taylor, J. F.,
Perloski, M., Biagi, T., Baranowska, I., Long, S. et al. (2009). Genome-wide
association analysis reveals a SOD1mutation in canine degenerative myelopathy
that resembles amyotrophic lateral sclerosis. Proc. Natl. Acad. Sci. USA 106,
2794-2799.

Benito, C., Romero, J. P., Tolón, R. M., Clemente, D., Docagne, F., Hillard, C. J.,
Guaza, C. andRomero, J. (2007). Cannabinoid CB1 and CB2 receptors and fatty
acid amide hydrolase are specific markers of plaque cell subtypes in human
multiple sclerosis. J. Neurosci. 27, 2396-2402.

Bilsland, L. G. and Greensmith, L. (2008). The endocannabinoid system in
amyotrophic lateral sclerosis. Curr. Pharm. Des. 14, 2306-2316.

Bilsland, L. G., Dick, J. R., Pryce, G., Petrosino, S., Di Marzo, V., Baker, D. and
Greensmith, L. (2006). Increasing cannabinoid levels by pharmacological and

557

RESEARCH ARTICLE Disease Models & Mechanisms (2017) 10, 551-558 doi:10.1242/dmm.028373

D
is
ea

se
M
o
d
el
s
&
M
ec
h
an

is
m
s

http://dmm.biologists.org/collection/neurodegenerative-disorders
http://dmm.biologists.org/collection/neurodegenerative-disorders
http://dx.doi.org/10.1038/nrneurol.2013.203
http://dx.doi.org/10.1038/nrneurol.2013.203
http://dx.doi.org/10.1203/PDR.0b013e318186e5dd
http://dx.doi.org/10.1203/PDR.0b013e318186e5dd
http://dx.doi.org/10.1203/PDR.0b013e318186e5dd
http://dx.doi.org/10.1203/PDR.0b013e318186e5dd
http://dx.doi.org/10.1073/pnas.0812297106
http://dx.doi.org/10.1073/pnas.0812297106
http://dx.doi.org/10.1073/pnas.0812297106
http://dx.doi.org/10.1073/pnas.0812297106
http://dx.doi.org/10.1073/pnas.0812297106
http://dx.doi.org/10.1523/JNEUROSCI.4814-06.2007
http://dx.doi.org/10.1523/JNEUROSCI.4814-06.2007
http://dx.doi.org/10.1523/JNEUROSCI.4814-06.2007
http://dx.doi.org/10.1523/JNEUROSCI.4814-06.2007
http://dx.doi.org/10.2174/138161208785740081
http://dx.doi.org/10.2174/138161208785740081
http://dx.doi.org/10.1096/fj.05-4743fje
http://dx.doi.org/10.1096/fj.05-4743fje


genetic manipulation delay disease progression in SOD1 mice. FASEB J. 20,
1003-1005.

Buratti, E. and Baralle, F. E. (2010). The multiple roles of TDP-43 in pre-mRNA
processing and gene expression regulation. RNA Biol. 7, 420-429.

Coates, J. R. and Wininger, F. A. (2010). Canine degenerative myelopathy. Vet.
Clin. North Am. Small Anim. Pract. 40, 929-950.

Cruts, M., Gijselinck, I., Van Langenhove, T., van der Zee, J. and Van
Broeckhoven, C. (2013). Current insights into the C9orf72 repeat expansion
diseases of the FTLD/ALS spectrum. Trends Neurosci. 36, 450-459.

de Lago, E., Moreno-Martet, M., Espejo-Porras, F. and Fernández-Ruiz, J.
(2015). Endocannabinoids and amyotrophic lateral sclerosis. In Cannabinoids in
Neurologic and Mental Disease (ed. L. Fattore), pp. 99-124. The Netherlands:
Elsevier.

Espejo-Porras, F., Piscitelli, F., Verde, R., Ramos, J. A., Di Marzo, V., de Lago, E.
and Fernández-Ruiz, J. (2015). Changes in the endocannabinoid signaling
system in CNS structures of TDP-43 transgenic mice: relevance for a
neuroprotective therapy in TDP-43-related disorders. J. Neuroimmune
Pharmacol. 10, 233-244.

Fernández-Ruiz, J., Romero, J., Velasco, G., Tolón, R. M., Ramos, J. A. and
Guzmán, M. (2007). Cannabinoid CB2 receptor: a new target for controlling
neural cell survival? Trends Pharmacol. Sci. 28, 39-45.

Fernández-Ruiz, J., Romero, J. and Ramos, J. A. (2015). Endocannabinoids and
neurodegenerative disorders: Parkinson’s disease, Huntington’s chorea,
Alzheimer’s disease, and others. Handb. Exp. Pharmacol. 231, 233-259.

Habib, A. A. and Mitsumoto, H. (2011). Emerging drugs for amyotrophic lateral
sclerosis. Expert Opin. Emerg. Drugs 16, 537-558.

Hardiman, O., van den Berg, L. H. and Kiernan, M. C. (2011). Clinical diagnosis
and management of amyotrophic lateral sclerosis. Nat. Rev. Neurol. 7, 639-649.

Iannotti, F. A., Di Marzo, V. and Petrosino, S. (2016). Endocannabinoids and
endocannabinoid-related mediators: targets, metabolism and role in neurological
disorders. Prog. Lipid Res. 62, 107-128.

Kim, K., Moore, D. H., Makriyannis, A. and Abood, M. E. (2006). AM1241, a
cannabinoid CB2 receptor selective compound, delays disease progression in a
mouse model of amyotrophic lateral sclerosis. Eur. J. Pharmacol. 542, 100-105.

Lagier-Tourenne, C., Polymenidou, M. and Cleveland, D. W. (2010). TDP-43 and
FUS/TLS: emerging roles in RNA processing and neurodegeneration. Hum. Mol.
Genet. 19, R46-R64.

March, P. A., Coates, J. R., Abyad, R. J., Williams, D. A., O’Brien, D. P., Olby,
N. J., Keating, J. H. and Oglesbee, M. (2009). Degenerative myelopathy in 18
Pembroke Welsh Corgi dogs. Vet. Pathol. 46, 241-250.

Mecha, M., Carrillo-Salinas, F. J., Feliú, A., Mestre, L. and Guaza, C. (2016).
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