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ABSTRACT

The role of CB2 cannabinoid receptors (CB2R) in global brain lesions induced by hypoxia-ischemia (HI)
insult is still unresolved. The aim of this study was to evaluate the involvement of CB2R in the behavioural
and biochemical underpinnings related to brain damage induced by Hl in adult mice, and the mechanisms
involved. CB2R knockout (KO) mice and wild-type littermates (WT) underwent permanent ligation of the
left common carotid artery and hypoxia. Behavioural measurements in the rotarod, beam walking, object
recognition, open field, and Irwin tests were carried out 24 h, 72 h and 7 days. In KO mice, more extensive
brain injury was observed. Behavioural deficits in the Irwin test were observed in both genotypes; while
WT mice showed progressive recovery by day 7, KO mice did not. Only KO mice showed alterations in
motor learning, coordination and balance, and did not recover over time. A higher expression of microglia
and astrocytes was observed in several brain areas of lesioned WT and KO mice. The possible alteration
of the inflammatory-related factors HIF-1a and TIM-3 was evaluated in these animals. In both genotypes,
HIF-1a and TIM-3 expression was observed in lesioned areas associated with activated microglia.
However, the expression levels of these proteins were exacerbated in KO mice in several lesioned and
non-lesioned brain structures. Our results indicate that CB.R may have a crucial neuroprotective role
following HI insult through the modulation of the inflammatory-related HIF-1a/TIM-3 signalling pathway in

microglia.
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1. Introduction

Cerebral ischemia related with stroke, cardiac arrest, cardiovascular surgery, and neurosurgical
procedures is one of the major causes of death and disability world-wide, and represents a great burden to
society (Flynn et al., 2008). These conditions are often associated with low blood oxygen content
(hypoxia), and lead to a complex cascade of events in the brain including oxidative stress, inflammation
and neuronal death (Choi et al., 2013). Brain ischemia often leads to death, but those patients who survive
show major neurological deficits depending on the area of the brain affected (Kwakkel and Kollen, 2013).
Thus, treatment strategies have been focused on pharmacological agents that can help to accelerate
recovery of function. Animal models of hypoxia-ischemia (HI) injury can be useful tools to better
understand the mechanisms involved in these conditions, and to design more efficacious therapeutic
strategies. In this study, we used a model of HI that was originally described by Levine in 1960 to study
perinatal and neonatal hypoxia, applying it to adult mice. This model of global hypoxia with unilateral
ischemia is relevant in situations in which the brain is deprived of both oxygen content and blood flow,
such as cardiac arrest and neurovascular surgeries (Olson and McKeon, 2004). Previous studies using
this model in adult mice have shown that HI induces important histopathological and behavioural changes
including glial activation, cell death and motor deficits (Olson and McKeon, 2004; Koh et al., 2014; Ashton

et al., 2007; Fernandez-Ruiz et al., 2008 and Zhang et al., 2008).

The endocannabinoid system has been studied as a possible target for neuroprotective strategies in
ischemia-induced brain damage. This system consists of two main receptors, cannabinoid type 1
receptors (CB4R) and cannabinoid type 2 receptors (CB:R), their endogenous ligands, mainly N-
arachidonoylethanolamine (anandamide) and 2-arachidonoylglycerol (2-AG) and their corresponding
synthesizing and degrading enzymes (Mechoulam and Parker, 2011). CB1R are highly expressed in the
central nervous system (CNS), while CB;R are mainly localized in immune cells such as lymphocytes,
neutrophils and microglia/macrophages (de Fonseca et al., 2005; Pazos et al., 2005), but also in brain

neurons (Van Sickle et al., 2005).



Importantly, CB2,R appear to be localized in both astrocytes and microglia (Kearn and Hilliard, 1997;
Sheng et al., 2005), and their expression is increased in these types of cells in response to inflammatory
stimuli during experimental autoimmune encephalomyelitis (Maresz et al., 2005), and following
inflammation associated to ischemic and HI episodes (Ashton et al., 2007; Fernandez-Ruiz et al., 2008;
Zhang et al., 2008). Various studies have evaluated the neuroprotective role of CB2R activation following
brain damage due to cerebral ischemia. Thus, the CB2R agonist, trans-caryophyllene suppressed hypoxia-
induced cytotoxicity of cultured BV, microglia cells through inhibition of NF-kB activation (Guo et al., 2014).
In addition, administration of the CB2R agonists, JWH-133 (Murikinati et al., 2010; Zarruk et al., 2012), O-
3853 and 0-1966 (Zhang et al., 2007) attenuated infarct volume in mice following middle cerebral artery
occlusion (MCAQ), although, one study shows that the CB,R agonist GW405833 does not ameliorate
brain damage induced by HI in rats (Rivers-Auty et al., 2014). The beneficial effects of CB2;R agonists
were attributed to the inhibition by CB2R of either neutrophil recruitment (Murikinati et al., 2010), inhibition
of leukocyte/endothelial adhesion (Zhang et al., 2007), or to a decrease in microglia/macrophage
activation (Zarruk et al., 2012). Only a few genetic studies have evaluated the role of CB.R in focal
ischemia with contradictory results (Murikinati et al., 2010; Zarruk et al., 2012; Zhang et al., 2009).
Moreover, the mechanisms involved in the neuroprotective role of CB2R in global brain injury following HI

in adult mice are still largely unknown.

Interestingly, recent findings reveal that HI injury in adult mice, increases the expression of the T-cell
immunoglobulin and mucin domain protein (TIM-3) in activated microglia, and this effect is mediated by
the hypoxia-inducible factor 1 (HIF-1) (Koh et al., 2015). HIF-1 is a heterodimeric transcriptional regulator
of various genes under hypoxic conditions, and has been implicated in inflammatory responses after
ischemia (Shi, 2009). TIM-3 is expressed in various immune cell types including microglia, where it
modulates adaptive and innate immunity, and is a key promoter of tissue inflammation (Anderson et al.,
2007). Since the expression of CB:R increases in activated microglia (Atwood and Mackie, 2010), and
CB2R regulate microglial activation in pathological conditions (Mecha et al., 2015), we tested the

hypothesis that CB2R may confer neuroprotection after HI through modulation of the HIF-1a/TIM-3 axis.



Therefore, we assessed brain damage in adult WT and CB2:R KO mice subject to HI conditions, and
determined the associated behavioural alterations at three different time-points (24 h, 72 h and 7 days)
post-insult. In addition, we evaluated the expression levels of astrocytes and activated microglia, as well
as the levels of the pro-inflammatory factors, HIF-1a and TIM-3 in activated microglia of several brain

structures of both genotypes.

2. Experimental Procedures

2.1. Animals

Homozygote male CB;R KO mice and WT littermates on a C57BL/6J background (kindly provided by
Nancy E. Buckley, Cal State Polytechnic University, Pomona, CA) (Buckley et al., 2000), were bred in the
animal facilities of the PRBB. Mice (8 to 15 weeks old) were group-housed and maintained in a
temperature (21£1 °C) and humidity (65£10%) controlled room with food and water available ad libitum.
All the experiments were performed during the light phase of the dark/light cycle (lights on from 08:00 to
20:00 h). Animal procedures were conducted in accordance with the standard ethical guidelines (EU
Directive 2010/63/EU for animal experiments), and approved by the local ethical committee (CEEA,
PRBB). All experiments were performed under blind conditions. At the end of the experimental procedure,
in order to confirm the genotype of the mice, DNA was obtained from the tail. Genotyping was performed
routinely by PCR analysis using the following primers: 5-GGGGATCGATCCGTCCTGTAAGTCT-3’
(CB:KO forward); 5-GGAGTTCAACCCCATGAAGGAGTAC-3 (WT forward); 5-

GACTAGAGCTTTGTAGGTAGGCGGG - 3 (WT and CBKO reverse).

2.2. Surgery

Mice were randomly assigned to either the sham-operated group or the HI groups. The HI procedure was
adapted from a previously described methodology (Levine, 1960; Rice et al., 1981). Briefly, mice were
anesthetized with isoflurane (mixture of O, and N2O (0.3/0.7 L/min), and placed on a heat plate to maintain
a constant body temperature of 37 °C during the surgery. A median incision in the neck was performed

exposing the left common carotid artery, which was then isolated from nerve and vein to permanently



ligated it in two locations with 4-0 surgical silk. The carotid artery was not severed in order to prevent
possible death from haemorrhage. The ligature was placed just proximal to the bifurcation of the common
carotid artery into the internal and external carotid artery. The wound was then sutured, and the animals
were returned to their cages. Hypoxic episodes were conducted 60 min after left common carotid artery
occlusion, when the animals had recovered from anaesthesia and presented normal behaviours. A
hypoxia chamber (BioSpherix, NY, USA) was used to conduct hypoxic episodes consisting of a constant
flow of 10% oxygen for 60 min. The temperature of the mice (37 °C) was maintained inside the chamber
via heating devices placed beneath the animal cage. Sham-operated animals received common carotid
artery isolation, but no ligation or hypoxia was performed. After the HI episode, mice were allowed free
access to food and water. Body temperature was measured before and after surgery, and before and after
hypoxia by using a mouse rectal probe. Sixty seven WT and 58 KO mice followed the HI procedure, while

17 WT and 14 KO mice were sham-operated controls.

2.3. Behavioural tests

In order to evaluate the behavioural, motor and cognitive alterations associated with HI, sham-operated
and HI mice were tested in the rotarod, the beam-walking, the open field and the Irwin test 24 h, 72 h and
7 days after the procedure. Cognitive performance was tested 72 h and 7 days after HI using the novel
object recognition test (NOR). All of the tests were conducted by observers blind to the experimental

conditions.

Irwin test. Mice were placed in a Plexiglas cylinder and a modified Irwin test (Irwin, 1968) was conducted
to evaluate subjective signs of behavioural dysfunction produced by HI and the sham operation. Several
symptoms were evaluated by their presence or absence (loss of balance, ptosis and loss of traction) on a
1 point scale. Other symptoms were rated on a 2-point scale (abnormal gait, piloerection, low reactivity to
touch), and neurological deficits rated on a scale from 0-2 (no deficit = 0, forelimb weakness and torso
turning to the affected side when held by de tail = 1, or circling to affected side = 2). The final score was

expressed by the sum of all symptoms observed in each animal (Total from 0 to11).



Open field test. Mice were placed in an experimental arena (Plexiglas box, 90x70) in order to evaluate
locomotor activity, and the total distance travelled was determined by counting the number of squares

crossed (units) during a 5 min period.

Rotarod test. The accelerating rotarod (Panlab) was used to evaluate motor coordination. Mice were
trained for 2 days before HI. Each training day consisted of 60 sec at 6 rpm (day 1) and 60 sec at 8 rpm
(day 2). The test day consisted of 5 trials using the rotarod in acceleration mode from 4 rpm to 20 rpm until
the animal fell from the rod. The latency to fall off the rod on every trial was determined, and the mean of

the 5 trials was used in the data analysis.

Beam-walking test. To evaluate motor coordination and balance, the beam-walking test was performed.
This test examines the ability of the animal to remain upright and to walk on an elevated beam with
varying thicknesses. The beams consisted of 1-m long strips of wood with 20 or 6 mm square cross
sections. The beams were placed horizontally, 40 cm above the floor, with one end mounted on a support
and the other end attached to the home cage of the animal as the escape box. Mice were trained for 2
days before HI. Each training day consisted in the animal traversing the 20 mm square beam (2 trials) and
on the test day, mice traversed a narrower beam of 6 mm. The latency to traverse the beam was

determined, and the analysis was based on the mean scores of the two trials.

Novel object recognition test (NOR). In this paradigm, a black Plexiglas maze with two corridors (30 cm
long x 4.5 cm wide, and 15 ¢cm high walls) set at a 90° angle (Panlab) was used. First, mice were
habituated to the empty maze for 9 min. Twenty-four h later, mice were place back in the maze for another
9 min, but this time two identical objects were presented, one on each arm of the maze, and the time that
the mice spent exploring each object was recorded. The mice were again placed in the maze 3 h later for
9 min, but one of the familiar objects was replaced with a novel object, and the total time spent exploring
each object (novel and familiar) was recorded. Object exploration was defined as the orientation of the
nose to the object at a distance of less than 2 cm. A discrimination index was calculated as the time spent
exploring the novel object minus the time exploring the familiar object divided by the total time exploring

both objects. A higher discrimination index is considered to reflect greater memory retention.



2.4, Histological analysis

The extent of the lesion was visualized using a standard Cresyl violet staining protocol. With this
procedure the infarct area can be identified by the loss of Nissl staining in the HI ipsilateral hemisphere.
One group of mice (see Supp. Table 1) were euthanized by cervical dislocation, and fresh brains were
harvested and sliced at 20 um with a cryostat and mounted onto gelatin-coated slides and stored at -80
°C. Brain slices were divided into 5 parallel series from 1.98 to 1.34 , from 1.18 to 0.38, from -0.22 to -
0.88, from -1.46 to -2.06 and from -2.30 to -2.96 relative to Bregma (Paxinos and Franklin, 2001). The
stained sections of the brain were analysed at 1x (zoom factor 0.8x) using an Olympus MVX10 Macro
Zoom Microscope equipped with Olympus DP71 digital camera. The ischemic lesion was delimited using
the ImageJ software. For each mouse, the lesioned area was calculated in 5 brain sections, and the sum
in pixels was transformed to um? and expressed as a percentage of the contralateral hemisphere in order

to correct for possible oedema in the ipsilateral hemisphere (Rousselet et al., 2012).

To determine the expression levels of glial fibrillary acid protein (GFAP) and Iba-1 in different brain areas,
we performed immunohistochemistry in a different group of mice (see Supp. Table 1). Mice were deeply
anesthetized by intraperitoneal injection (0.2 ml per 10 g body weight) of a mixture of ketamine (100 mg
per kg) and xylazine (20 mg per kg), and intracardially perfused with 4% paraformaldehyde in 0.1
M phosphate buffer (pH 7.5), delivered with a peristaltic pump. Brains were post-fixed overnight at 4 °C in
the same fixative solution and cryoprotected in a solution of 30% sucrose at 4°C during 24 h. Brain
sections were sliced at 30 um with a microtome and stored at 4°C in a solution containing 5% sucrose and
0.02% sodium azide in 0.1 M phosphate buffer. Free floating coronal sections from 1.18 to 0.38 and from -
1.46 to -2.06 relative to Bregma were collected to determine the expression of glial fibrillary acid protein
(GFAP) and Iba-1 in motor cortex, striatum and hippocampus. In addition, brain sections were stained with
Cresyl violet to determine the extent of lesions in these mice. The immunohistochemical procedure was
adapted from a previously described methodology (Blanco-Calvo et al., 2014). Briefly, the sections were
placed in a blocking solution containing 10% normal goat serum, 0.3% triton X-100, and 0.1% sodium
azide in PBS for 1 h, incubated overnight in the following diluted primary antibodies at 4°C: rabbit anti-

GFAP (1:500, Dako; cat. #20334) or rabbit anti-lba1 (1:500, Wako; cat. no. 019-19741). On day two,



sections were incubated with biotinylated goat anti-rabbit IgG (1:500, Vector; cat. no.BA-1000), and
ExtrAvidin peroxidase (Sigma, cat. no. E2886) diluted 1:2000 at room temperature for 1 h. Immunolabeling
was revealed with 0.05% DAB (Sigma), 0.05% nickel ammonium sulphate, and 0.03% H,O, in PBS.
Sections were mounted and analysed at 20x using a Leica DMR microscope equipped with a digital
camera Leica DFC 300FX. Three images per structure were analysed in order to quantify manually GFAP
and Iba-1 cells expression using ImageJ software (NIH). The mean number of cells per mm?2 was plotted

for motor cortex, striatum and hippocampus in WT and KO mice.

To determine the expression levels of TIM-3, HIF-1a and lba-1 in different structures of the brain,
immunofluorescence studies were carried out as previously described (Cutando et al., 2013). Free-
floating slices were placed in 0.3% Triton X-100, 10% donkey serum (Sigma) in PB, and incubated
overnight at 4°C with the following primary antibodies: anti- HIF-1 (1: 200, Abcam; cat. no. ab16066),
anti-lba-1 (1:500, Wako; cat. no. 019-19741) and anti-TIM-3 (1:500, R&D systems, cat. no. AF1529). The
following day, sections were incubated for 2 h at room temperature with Alexa 647 donkey anti-mouse-IR,
Alexa 488 donkey anti-rabbit-Cy2 and Alexa 555 donkey anti-goat-Cy3 (1:500; Invitrogen/ Molecular
Probes), and mounted. Confocal images were obtained using a Leica TSC SP8 confocal microscope at
20X with a 1.5 zoom increase. Eighteen images of stained sections (from Bregma +1.18 mm to Bregma —
2.30 mm) were analysed using ImagedJ software (NIH) in order to manually quantify the expression of Iba-
1/TIM-3, and Iba-1/HIF-1a. Positive cells in each structure were averaged and compared between

genotypes.

2.5. Morphological analysis of activated microglia

To assess whether the reactive microglia observed following HI in WT and KO mice presented differential
morphologies, we analysed the Iba-1 immunostained sections using the methodology previously reported
(Lopez-Rodriguez et al., 2015). Cells were classified according to five types: Type |, cells with two or less
cellular processes; Type I, cells showing 3 to 5 short branches; Type I, cells with more than 5 and longer
processes and small cell bodies; Type 1V, cells with large somas and retracted, thicker processes; Type V,

cells with amoeboid cell bodies and many short processes. Reactive microglia (Types IIl, IV and V) cells
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were counted in the hippocampus, the striatum and the motor cortex of WT and KO lesioned mice by
visual inspection of the images obtained from stained sections showing Iba-1 positive cells. We then
grouped cell types |, Il, Il and IV that correspond to an M2 (anti-inflammatory) phenotype, and cell type V

to an M1 (pro-inflammatory) phenotype (Franco and Fernandez-Suarez, 2015).

2.6. Statistical analyses

The behavioural data were analysed using repeated measures ANOVA with time (24 h, 72 h and 7 days)
as within subjects factor, genotype (CB2R KO and WT mice), and lesion (lesioned, non-lesioned) as
between subject factors, followed by the Fisher's LSD post-hoc test for multiple comparisons when
appropriate. The mortality and variability (lesion vs. non-lesion) ratios were evaluated with the x-square
non-parametrical test. The extent of the lesion was analysed using the Student's t-test. The
immunohistochemistry data and the morphological characteristics of microglial cells were analysed using a
two-way ANOVA with genotype and lesion or genotype and cell type as between subject factors followed
by a Fisher's LSD post-hoc when appropriate. The immunofluorescence results were analysed between
genotypes using one-way ANOVA. Correlations between TIM-3/lba-1 expression and behavioural
outcomes were analysed using the Spearman correlation test. All data were expressed as the mean +
S.EM. A p-value below 0.05 was considered statistically significant. The statistical analyses were
performed with the “Statistica” programme, version 6 (StatSoft Inc.), except for correlations, where the

GraphPad Prism software was used (GraphPad Software).

3. Results

3.1. Mortality and severity of the lesion in WT and CB2R KO mice following HI

Twenty out of 67 WT and 10 out of 58 CB.R KO mice did not survive following the HI procedure. Most
deaths in WT and KO mice occurred on the day of the surgery during the hypoxia procedure and it was
not possible to extract the brains in time to visualize any differences between genotype in the extent of the
brain lesion. Among those mice that survived the HI procedure, there were 3 KO mice that died 1, 3 and 5

days following HI, and 2 WT mice that died 1 and 2 days after HI. Although a higher percentage of WT
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than KO mice died (30% in WT vs. 17% in KO mice), no significant differences in mortality ratio were
observed between genotypes. Two different types of animals survived: those that exhibited lesions in the
ipsilateral hemisphere to the carotid ligation, and those that did not show overt lesions. In WT, 13 out of 47
mice were lesioned, and 34 out of 47 mice showed no apparent infarct. In KO animals, 26 out of 48 mice
were lesioned, while 22 out of 48 mice were not lesioned. Thus, a greater percentage of CB,R KO mice

showed lesions as compared to WT mice (54% in KO vs. 28% in WT mice; p < 0.01, x? test).

Hl-induced brain damage ipsilateral to the carotid ligation was observed in WT mice in hippocampal areas
CA1, CA2 and CA3, and in the sensory, entorhinal and piriform cortices (Fig. 1C). In CB2R KO mice, more
extensive brain injury was observed including the hippocampus, sensory, entorhinal, piriform and motor
cortices, the dorsal striatum, the Globus pallidus and the amygdala (Fig. 1F). Accordingly, CB;R KO mice
showed higher overall brain damage than WT mice (27 % in KO vs. 12 % in WT mice; p<0.01) (Figure
1G). The contralateral hemisphere remained intact in both genotypes. In sham and HI non-lesioned mice

of both genotypes, no overt signs of brain injury were observed in either hemisphere (Fig. 1).

3.2. CB:R KO mice show greater behavioural, motor coordination and balance deficits than WT

mice following HI

To assess behavioural, motor coordination, and balance deficits we used the Irwin, the rotarod, the open
field, and the beam walking tests. Six groups of mice were included in these studies: three groups of WT
mice (13 lesioned, 34 non-lesioned and 17 sham-operated), and three groups of KO mice (26 lesioned, 22

non-lesioned and 14 sham-operated).

Qualitative symptoms of behavioural dysfunction were evaluated 24 h, 72 h and 7 days following HI using
the Irwin test (Fig. 2A). Repeated measures ANOVA revealed a significant main effect of time of testing
(F(2,202)=35.1, p<0.001), and lesion (F(2,101)=25.4, p<0.001), but no significant main effect of genotype.
Significant interactions were observed between time and genotype (F(2,202)= 7.4, p<0.001), and time and
lesion (F(4,202)=11.7, p<0.001). Post-hoc analysis 24 h after HI showed a significant increase in
symptoms in WT lesioned (p<0.001) and non-lesioned (p<0.05) mice with respect to sham-operated WT

animals, and in KO lesioned mice with respect to sham-operated KO mice (p<0.001). At 72 h, both WT
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and KO mice showed signs of dysfunction with respect to their respective control groups (p<0.05). At 7
days post-insult, only KO lesioned mice showed deficits with respect to controls (p<0.05). These data
indicate that WT mice progressively recover functionality, while KO mice show persistent symptoms of

behavioural dysfunction even 7 days after Hl insult.

In the rotarod test, deficits were observed 24 h, 72 h and 7 days following HI (Fig. 2B). Repeated
measures ANOVA revealed a significant effect of time (F(2,218)=21.1. p<0.001), genotype
(F(1,109)=15.9, p<0.001), and interaction between genotype and lesion (F(2,109)=8.4, p<0.001), and
between time and genotype (F(2,218)=6.0, p<0.01). Post-hoc analysis at 72 h and 7 days showed a
significant decrease in fall latency in KO mice with respect to sham-operated controls (p<0.05), and with
respect to WT lesioned mice (p<0.001). No significant deficits in performance were observed at any time

point in WT lesioned mice or in non-lesioned mice of either genotype.

In the beam walking test, deficits were observed in KO mice at 24 h, 72 h and 7 days following HI (Fig.
2C). Repeated measures ANOVA revealed a significant effect of time (F(2,214 )=28.1, p<0.001), genotype
(F(1,107)=4.6, p<0.05), lesion (F(2,107)=6.0, p<0.01), and interactions between genotype and lesion
(F(2,107)=6.2, p<0.01), time and lesion (F(4,214)=5.2, p<0.001), and between time, genotype and lesion
(F(4,214)=2.4, p<0.05). Post-hoc analysis 24 h after HI showed a significant increase in arrival latency in
KO (p<0.001) with respect to sham-operated KO mice (p<0.001), and lesioned WT mice (p<0.01). At 72 h,
KO lesioned mice showed a significant increase in arrival latency with respect to sham-operated controls
(p<0.05). At 7 days following HI, KO lesioned mice still showed some non-significant deficits with respect
to sham-operated control mice. No significant deficits were observed at any time point in WT lesioned

mice or in non-lesioned mice of either genotype.

In the open field test, both WT and KO lesioned mice showed slight non-significant decreases in locomotor

activity 24 h following HI, which recovered at 72 h and 7 days post-insult (Fig. 2D).

In the NOR test (WT: 7 lesioned, 22 non-lesioned and 8 sham-operated; KO: 15 lesioned, 16 non-lesioned
and 7 sham-operated) mice were evaluated. Robust memory deficits were observed 72 h and 7 days

following HI in both WT and KO lesioned mice (Fig. 2E). Repeated measures ANOVA revealed a
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significant main effect of lesion (F(2,61)=38.7, p<0.001), indicating that lesioned mice of both genotypes
showed deficits in recognition memory with respect to sham-operated controls, but no significant

differences were observed between genotypes or time of testing.

3.3. Increased glial expression in the cortex, striatum and hippocampus of WT and CB.R KO mice

following HI

The analysis of GFAP and Iba-1 positive cells was carried outin 7 WT and 8 KO lesioned, 7 WT and 7 KO
non-lesioned, and 7 WT and 7 KO sham-operated mice. Following HI, GFAP expression was increased in
the ipsilateral hemisphere of WT and KO mice with respect to the contralateral hemisphere in the motor
cortex (Fig. 3A), striatum (Fig. 3B) and hippocampus (Fig. 3C). In the motor cortex, statistical analysis
revealed a significant effect of lesion (F(2,35)=15.1, p<0.001), but no significant effect of genotype or
interaction between factors. Similarly, in the striatum a significant effect of lesion (F(2,32)=12.0, p<0.001),
but no significant effect of genotype or interaction between factors were observed. Finally, in the
hippocampus, statistical analysis revealed a significant effect of lesion (F(2,31)=55.9, p<0.001), but no

significant effect of genotype or interaction between factors.

Iba-1 expression was increased in ipsilateral lesioned areas of the motor cortex (Fig.3D), striatum (Fig 3E)
and hippocampus (Fig. 3F) of WT and KO mice compared to the contralateral hemisphere following HI. In
the motor cortex, a significant effect of genotype (F(1,33)=4.8, p<0.05), lesion (F(2,33)=6.3, p<0.01), but
no significant interaction between factors were observed. Similarly, in the striatum, a significant effect of
lesion (F(2,35)=26.8, p<0.001), but no significant effect of genotype or interaction between factors were
revealed. In the hippocampus however, a significant effect of genotype (F(1,34 )=5.6, p<0.05), lesion
(F(2,34)=111.9, p<0.001), and interaction between factors (F(2,34)=6.6, p<0.01) were found. The post-hoc
test showed a significant increase in Iba-1 expression in WT (p<0.001) and KO (p<0.001) lesioned mice
with respect to sham-operated animals. In addition, KO lesioned mice showed higher Iba-1 expression

than WT lesioned mice (p<0.001).

To analyse the morphology of the activated microglia observed in lesioned WT (n=7) and CB2R KO (n=8)

mice, we classified these cells into morphological types |, Il lll and IV (M2, anti-inflammatory), or type V
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(M1, pro-inflammatory) phenotype (Supp. Fig. 1). The results showed a similar number of pro- and anti-
inflammatory associated phenotype in the hippocampus in both WT and KO mice. Statistical analysis
revealed a significant effect of cell type in the motor cortex (F(1,13)= 195.8, p<0.001) and in the striatum

(F(1,13)=44.8, p<0.001), indicating more anti-inflammatory than pro-inflammatory cells in both genotypes.

3.4. Increased HIF-1a expression in microglia of WT and CBzR KO mice following HI

To evaluate the HIF-1a expression in microglia in different brain structures following HI, we performed
double immunofluorescence studies (Iba-1 and HIF-1a) in brain sections of WT and CB2R KO mice, and
two different analyses were performed. One analysis including the total size group of WT and KO lesioned
mice (7 WT: mean + S.E.M. lesion size = 9 + 1.76%, and 9 KO: mean + S.E.M. lesion size = 27% + 7.03;
p<0.05) (Fig. 4 A-E and 5 A-D), and another analysis considering only similar moderate lesion size sub-
groups (7 WT: mean + S.E.M. lesion size = 9% + 1.76, and 7 KO mean + S.E.M. lesion size = 14% +
1.75; n.s.) (Fig. 4 F-J and 5 E-H). The criteria used to consider a moderate lesion was less than 27% of

lesioned area with respect to the contralateral hemisphere.

In the total size group analysis, higher expression levels of HIF-1a in microglia were observed in lesioned
areas of KO with respect to WT mice in the ipsilateral entorhinal cortex (F(1,9)=6.6, p<0.05) (Fig. 4A),
amygdala (F1,10)=5.1, p<0.05) (Fig. 4B), hippocampus (F(1,10 )= 11.5, p<0.01) (Fig. 4C), motor cortex
(F(1,12)=13.4, p<0.01) (Fig. 4D), and striatum (F(1,13)=9.6, p<0.01) (Fig. 4E) In non-lesioned areas,
higher expression levels in KO with respect to WT mice were found in olfactory tubercle (F(1,11 )= 8.0,
p<0.05) (Fig. 5A), nucleus accumbens (F(1,12)=12.2, p<0.01) (Fig. 5B), lateral septum (F(1,10 )= 7.1,

p<0.05) (Fig. 5C) and thalamus (F(1,11)=6.4, p<0.05) (Fig. 5D).

In the similar moderate lesion size sub-groups, higher expression levels of HIF-1a in microglia were
observed in lesioned areas of KO with respect to WT mice in the ipsilateral entorhinal cortex (F(1,8)=7.2,
p<0.05) (Fig. 4F), hippocampus (F(1,8 )=6.1, p<0.05) (Fig. 4H), motor cortex (F(1,10)=8.3, p<0.05) (Fig.

41), and striatum (F(1,11)=9.0, p<0.05) (Fig. 4J). In non-lesioned areas, higher expression levels in KO
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with respect to WT mice were found in olfactory tubercle (F(1,10 )= 6.9, p<0.05) (Fig. 5E), nucleus

accumbens (F(1,10)=8.8, p<0.05) (Fig. 5F) and lateral septum (F(1,8 )= 9.9, p<0.05) (Fig. 5G).

3.5. Increased TIM-3 expression in microglia of WT and CB2R KO mice following HI

To determine the expression of TIM-3 in microglia in different brain structures following HI, we performed
double immunofluorescence studies (Iba-1 and TIM-3) in brain sections of WT and CB2R KO mice. Two
different analyses were performed as described before. The analysis including the total size group of WT
and KO lesioned mice was carried out in 7 WT and 10 KO mice (Figs. 6 A-D , 7 A-B and 8 A-D), and the
analysis including similar moderate lesion size sub-groups was performed in 7 WT and 7 KO mice (Figs. 6

E-H,7 C-Dand 8 E-H).

In the total size group analysis, higher expression levels of TIM-3 in microglia were revealed in lesioned
areas of KO with respect to WT mice in the ipsilateral sensory cortex (F(1,14)=31.7, p<0.001) (Fig. 6A),
entorhinal cortex (F(1,13)=18.4, p<0.001) (Fig. 6B), amygdala (F1,12)=4.9, p<0.05) (Fig. 6C),
hippocampus (F(1,13 )= 8.5, p<0.05) (Fig. 6D), motor cortex (F(1,14)=5.0, p<0.05) (Fig. 7A) and striatum
(F(1,15)=7.0, p<0.05) (Fig. 7B). In non-lesioned areas, higher expression levels in KO with respect to WT
mice were revealed in the olfactory tubercle (F(1,14 )= 4.7, p<0.05) (Fig. 8A) and lateral septum (F(1,15 )=
6.4, p<0.05) (Fig. 8C). No significant effects of genotype were observed in nucleus accumbens or

thalamus (Fig. 8 B, D).

In the similar moderate lesion size sub-groups, higher expression levels of TIM-3 in microglia were
observed in lesioned areas of KO with respect to WT mice in the ipsilateral sensory cortex (F(1,12)=8.1,
p<0.05) (Fig. 6E), and entorhinal cortex (F(1,11)=19.1, p<0.01) (Fig. 6F), amygdala (F1,9)=6.0, p<0.05)
(Fig. 6G) and hippocampus (F(1,11 )=5.6, p<0.05) (Fig. 6H). In non-lesioned areas higher expression
levels in KO with respect to WT mice were observed in the lateral septum (F(1,12 )= 9.5, p<0.01) (Fig.
8G). No significant effects of genotype were observed in motor cortex, striatum, olfactory tubercle, nucleus

accumbens or thalamus (Figs. 7C, D and 8E, F, H).
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3.6. Correlations between behavioural output and extent of the lesions and TIM-3/lba-1 expression

levels

Since brain injury and inflammation following HI was observed in several areas of the brain, we tested the
hypothesis that particular behavioural alterations would be related to the extent of the lesion and to
inflammatory processes in specific brain structures. Thus, we performed correlation analyses in WT and
KO mice between behavioural alterations 7 days after the HI insult and the extent of the lesions, and TIM-
3/lba-1 expression levels in different brain structures (Fig. 9). Behavioural deficits in the Irwin test
(symptoms) were positively correlated with greater brain damage (R=0.51, p<0.001), and with higher TIM-
3/lba-1 co-expression in the thalamus (R= 0.66, p<0.05), and the overall brain (R=0.51, p<0.05) (Fig. 9A).
Behavioural deficits in the rotarod test (decreased fall latency) were significantly correlated with greater
brain damage (R= -0.55, p<0.001), and with higher TIM-3/Iba-1 co-expression in the motor cortex (R=-
0.63, p<0.05), overall cortical areas (R=-0.73, p<0.01), striatum (R=-0.58, p<0.05), nucleus accumbens
(R=-0.66, p<0.01), and amygdala (R=-0.60, p<0.05) (Fig. 9B). Alterations in the beam walking test
(increased arrival latency) were significantly correlated with greater brain damage (R= 0.54, p<0.001), and
with higher TIM-3/Iba-1 co-expression in the olfactory tubercle (R=0.53, p<0.05) (Fig. 9C). No significant
correlations were observed in the hippocampus or the lateral septum with any of the behavioural deficits

exhibited by WT and KO mice after HI.

4. Discussion

CB3R KO mice exhibited more extensive brain lesions than WT mice following HI insult, attaining most of
the ipsilateral cortex and hippocampus, and even reaching parts of the striatum and amygdala.
Accordingly, CB.R KO mice showed persistent behavioural alterations and deficits in motor learning,
coordination and balance. Cognitive performance was severely impaired in both genotypes, and no
recovery was observed over time. A significantly higher expression of microglia was observed in the
hippocampus of lesioned CB2R KO with respect to WT mice. TIM-3 expression in microglia was also more
extensive in CB2R KO than in WT mice, and was detected in more medial non-lesioned areas such as the

thalamus, olfactory tubercle, nucleus accumbens and septum. Likewise, HIF-1a expression was also
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higher in lesioned areas of CB;R KO compared to WT mice, including the hippocampus, amygdala, motor
and entorhinal cortices and striatum, but also in several non-lesioned structures such as the olfactory

tubercle, the nucleus accumbens, septum and thalamus.

Finally, TIM-3/lba-1 expression in several brain structures significantly correlated with behavioural, motor
learning, coordination and balance deficits. These results indicate that CB:R may modulate inflammatory
factors such as TIM-3 following brain damage due to HI insult, and consequently prevent associated

behavioural, motor learning, coordination and balance deficits.

To investigate the involvement of CB2R in global brain injury following HI, we used a new genetic model
using CB2R KO and WT adult mice subjected to a permanent unilateral common carotid artery occlusion
followed by hypoxic conditions. Following this procedure, HI produced moderate mortality and variable
brain damage, as previously reported (Olson and McKeon, 2004). Although mortality was higher in WT
than CB;R KO mice, no significant differences were found between genotypes. Nonetheless, we cannot
rule out that more WT mice died due to more extensive lesions than KO mice. However, this is unlikely
since most WT and KO mice died during the HI procedure. In mice that survived, two populations could be
observed with regards to brain lesion characteristics: mice exhibiting neuronal damage in the ipsilateral
hemisphere, and mice exhibiting no overt lesions in any of the two hemispheres. This fact may be due to
individual differences in posterior communicating arteries that form part of the circle of Willis in mice, which
have been shown to affect lesion volume in multiple models of cerebral ischemia (Sheng et al., 1999;
Wellons Il et al., 2000; Yonekura et al., 2004). The percentage of animals with lesions was significantly
higher in the CB2R KO (54 %) than in the WT (28 %) group, which could be due to a disparate cerebral
vascularisation in both genotypes. However, there is no data to support this hypothesis. In addition, there
are no studies thoroughly assessing the nature or extent of brain damage occurring in mice lacking CB2:R
following HI-induced brain injury. In this study, WT lesioned mice displayed restricted neuronal damage
mainly in the hippocampus, with some animals also showing lesions in the sensory, entorhinal or piriform
cortices. These results confirm previous evidence regarding the susceptibility of these mouse brain areas
to be injured after HI (Olson and McKeon, 2004). On the other hand, CB;R KO mice showed a larger

infarct area at the level of the hippocampus, sensory, entorhinal and piriform cortices, and in addition,
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damage tissue also comprised the motor cortex, striatum and amygdala. These findings suggest that
CB3R play a general protective role in adult mice subject to HI by preventing a more widespread lesion in

the brain.

To examine the behavioural consequences of HI, we determined a general behavioural score in the Irwin
test, as well as motor and cognitive performance in WT and CB;R KO mice 24 h, 72 h and 7 days
following this procedure. Behavioural deficits were observed in both genotypes 24 h after HI. However,
whereas WT mice recovered over time, CB;R KO mice did not, indicating that CB2R are involved in the
restoration of function following Hl insults. Motor skill learning, coordination and balance were selectively
impaired in CB,KO mice, and no recovery was observed over time. These effects were not due to
impaired locomotor activity since distance travelled in the open field was only slightly affected in all the
experimental groups. Previous studies have reported neuroprotective effects of CB2R activation in other
animal models. Thus, the administration of a dual CB1/CB2 receptor agonist, KN38-7271 in rats (Schmidt
et al., 2012), or the selective CB2R agonist, O-1966 in mice (Zhang et al., 2009) reduces motor learning
impairments induced after MCAO, and the overexpression of CB;R confers neuroprotection against 6-

OHDA-induced lesions of the mouse striatum (Ternianov et al., 2012).

Cognitive function was evaluated using the object recognition test 3 and 7 days following HI. Both WT and
CB3R KO lesioned mice showed severe memory impairments on both testing days. Contrary to the other
behaviours studied, the cognitive deficit found in WT mice was not enhanced in CB,KO mice, probably
due to a ceiling effect that prevented further deficits to be observed in these mice. These results are
consistent with the extensive damage induced by HI to the hippocampus in both genotypes, and reveal
that even unilateral lesions of this structure are sufficient to profoundly affect cognitive function in mice

subjected to these adverse conditions.

We found that the expression of reactive astrocytes was greater in the ipsilateral motor cortex, the striatum
and hippocampus of WT and CB;R KO mice subjected to HI with respect to sham-operated controls.
Astrocytes are thought to promote brain repair following traumatic brain injury and stroke conditions, and
are up-regulated under HI conditions in the ipsilateral cerebral cortex of mice (Koh et al., 2015; Olson and

McKeon, 2004). Furthermore, microglia was also increased in the ipsilateral motor cortex, the striatum of
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WT and CB;R KO mice following HI with respect to sham-operated controls. In the hippocampus however,
CB;R KO mice showed higher expression levels than WT mice. Microglia, which are the main resident
immune cells in the brain, are up-regulated following HI episodes (Koh et al., 2015; Olson and McKeon,
2004). They produce inflammatory mediators (Woodroofe et al., 1991) that contribute to cell death and
increased infarct size. Nonetheless, it has been demonstrated that microglia can adopt an alternative
phenotype changing from the classical pro-inflammatory M1 to an M2 anti-inflammatory phenotype
(Franco and Fernandez-Suérez, 2015). Moreover, CB.R have been implicated in the transformation of
microglia to a more protective phenotype (Mecha et al., 2015). Thus, we carried out morphological
analyses of microglial cells in WT and KO mice to determine genotype differences in microglial phenotype.
This evaluation showed that in areas where brain injury was extensive such as the hippocampus, no
differences in the number of cell types |, Il, Ill and IV (anti-inflammatory phenotype), and cell type V (pro-
inflammatory phenotype) were observed in either genotype. In contrast, in areas where brain damage was
sparse such as the motor cortex and the striatum, more type I, Il, [l and IV than type V morphologies were
found in both WT and KO mice. These findings agree with the dual role (pro- and anti-inflammatory) of
microglia following HI conditions (Franco and Ferndndez-Suérez, 2015) by showing that in salvageable
tissue the protective microglial phenotype is more abundant. However, CB2R do not seem involved in this

differential effect of microglia cells.

In order to determine the possible mechanisms involved in these responses of CB;R, we evaluated in WT
and KO mice the expression of the pro-inflammatory factor HIF-1a in activated microglia, which is rapidly
increased in the cell nucleus following systemic hypoxia, and may contribute to tissue damage (Shi et al.,
2009). Because HIF-1a appears mostly to be induced following ischemia in the penumbral tissue, we
examined both lesioned and non-lesioned structures in WT and KO mice. We found that HIF-1a
expression was higher in lesioned areas of CB,R KO compared to WT mice, including the hippocampus,
amygdala, motor and entorhinal cortices and striatum, but also in several non-lesioned structures such as
the olfactory tubercle, the nucleus accumbens, septum and thalamus. These findings suggest that CB.R
may be limiting the detrimental action of HIF-1a under HI to prevent brain damage. Similarly, we also

found that the co-expression of TIM-3 and Iba-1 immunofluorescence was exacerbated in CB,R KO with
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respect to WT mice in lesioned areas (hippocampus, amygdala, motor and entorhinal cortices and
striatum), but also in non-damaged areas (olfactory tubercle and lateral septum). These findings are
consistent with recent evidence associating the HIF-1/glial TIM-3 axis with inflammation and brain damage
to the cerebral cortex following HI insults (Koh et al., 2015). Our data indicate that the inflammatory
process, which results from brain injury after HI is more important in mice lacking CB2R, covering more
medial areas. Importantly, the increase in HIF-1a and TIM-3 in KO mice with respect to WT mice was also
observed when we compared animals with similar lesions, especially in entorhinal cortex, hippocampus
and septum. These results suggest that HIF-1a and TIM-3 expression is not a consequence of a more
extensive lesion size in KO mice, but it is probably due to the lack of CB.R. Moreover, these findings
demonstrate for the first time the role of these receptors in the modulation of the pro-inflammatory factors,
HIF-1a and TIM-3, which may underlie this neuroprotective role of CB2R. Previous reports have shown
that pharmacological activation of CB2R reduces brain damage in the MCAQ ischemia model by inhibiting
neutrophil recruitment (Murikinati et al., 2010) or by decreasing microglia/macrophage activation (Zarruk et
al., 2012). These data, together with recent evidence showing that blockade of TIM-3 reduces neutrophil
recruitment by glial cells, and diminishes IL-13 and CXCL1 (Koh et al., 2015), supports our hypothesis that
CB2:R play a crucial role in modulating the HIF-1a/TIM-3 axis in microglia to prevent widespread

inflammation and global brain damage following HI insults.

Behavioural alterations were significantly associated with greater brain damage and increased expression
of TIM-3 in microglia. In the Irwin test, behavioural deficits were observed at 24 and 72 h following HI in
both WT and CB;R KO lesioned mice. However, while WT mice recovered on day 7, CB.R KO mice
continued to present significantly more behavioural impairments than sham-operated mice. The lack of
recovery over time observed in CB,R KO mice could be associated with the greater lesion size and more
TIM-3/Iba-1 expression in the thalamus and in the whole brain, suggesting that the worse behavioural
outcome and slower recovery in CB,R KO mice is due to the presence of increased inflammatory
processes. In the rotarod assessing motor learning, we observed deficits only in lesioned CB,R KO mice
at 24 and 72 h after HI, which did not completely recover on day 7 of testing with respect to sham-

operated controls. The differential effect between genotypes is probably explained by the fact that lesioned
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WT mice showed little damage to striatal and motor cortical areas with respect to CB;R KO mice, in
agreement with our positive correlation results between the extent of brain injury and deficits in the
rotarod. Furthermore, we found a significant association between greater rotarod deficits with higher TIM-
3/lba-1 expression in areas involved in motor learning, such as the motor cortex and dorsal striatum, but
also in limbic structures like the nucleus accumbens and amygdala. The striatum has been implicated in
various motor tasks including motor skill learning in the rotarod (Dang et al., 2006). Previous results have
shown that CB:R in the striatum are up-regulated in response to a lesion (Sagredo et al., 2009), although
they are not abundant in this area. Interestingly, deficits in the beam walking test, evaluating motor
coordination and balance were correlated with the extent of lesioned area, and with TIM-3/lba-1
expression in another limbic structure, the olfactory tubercle. The associations found between TIM-3/Iba-1
expression in limbic brain structures with motor learning, balance and coordination deficits suggest that
these tasks are sensitive to inflammatory damage in brain networks related to emotional processing.
Together, our findings are consistent with the crucial role played by CB-R in response to an injury and with

their participation in progressive recovery of function.

In the hippocampus, a significant increase in the co-expression of TIM-3/lba-1 was observed in KO with
respect to WT mice, although no differences were observed in the object recognition test in lesioned WT
and KO mice, a task that has been shown to be dependent on the integrity of the hippocampus (Yi et al.,
2016). Future studies should address the question of the potential beneficial effects of CB2R agonists for
the long-lasting memory alterations produced by inflammatory processes in the hippocampus during

stroke and hypoxic conditions.

In summary, we demonstrate for the first time the modulation of the pro-inflammatory factors, HIF-1a and
TIM-3 in microglia by CB:R following brain damage induced by HI in adult mice, which seems to
participate in the neuroprotective effects of these receptors. Moreover, our results suggest that CB2R in
microglia under these conditions act as a defensive mechanism to prevent inflammation mediated by HIF-
1a and TIM-3, and reduce subsequent behavioural alterations. These findings provide a new mechanism
that furthers our understanding of the neuroprotective effects of CB2R, and suggest new therapeutic

avenues to manage the debilitating consequences of brain damage following hypoxic stroke.
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FIGURE LEGENDS

Figure 1. Representative coronal brain sections stained with Cresyl violet from WT sham-operated (A),
non-lesioned (B) and lesioned (C) mice; and CB;R KO sham-operated (D), non-lesioned (E) and lesioned
(F) mice following HI displaying the extent of the lesioned area in the ipsilateral hemisphere to the carotid
ligation (defined in red). The bar graph (G) represents the quantification of lesion extent with respect to the

contralateral hemisphere in 13 WT and 26 KO lesioned mice (**p<0.01).

Figure 2. Behavioural performance in WT and CB.R KO lesioned (L), and non-lesioned (NL) mice
following HI, and in sham-operated controls (sham) at 24 h, 72 h and 7 days after HI. (A) Behavioural
studies in the Irwin Test, (B) fall latency in the rotarod test, (C) arrival latency in the beam walking test, (D)
locomotor activity in the open field test (WT lesioned n=13, non-lesioned n=34, sham-operated n=17; KO
lesioned n=26, non-lesioned n=22, sham-operated n=14), and (E) discrimination index in the novel object
recognition test (WT lesioned n=7, non-lesioned n=22, sham-operated n=8; KO lesioned n=15, non-
lesioned n=16, sham-operated n=7). In A-C: ***p<0.001 vs. 24 h; &&& p<0.001 vs. 72 h; ##p<0.01,

###p<0.001 vs. WT lesioned mice. In E: $$$ p<0.001 (lesion effect).

Figure 3. Quantification of GFAP and Iba-1 immunostaining in WT and KO mice. Expression of GFAP
positive cells in the ipsilateral motor cortex (A), the striatum (B), and the hippocampus (C) ***p<0.001
(group effect). Expression of Iba-1-positive cells in the ipsilateral motor cortex (D), the striatum (E), and the
hippocampus (E). The data represent mean + S.E.M. cells per mm? (percent of contralateral hemisphere)
in WT sham-operated (n=7), non-lesioned (n=7), and lesioned (n=7), and in KO sham-operated (n=7),
non-lesioned (n=7), and lesioned (n=8) mice. Right panels show representative images of GFAP and Iba-1
immunostaining in the ipsilateral (IL) and contralateral (CL) hemispheres from lesioned WT and CB,R KO
mice subjected to HI. Scale bar = 100 um. **p<0.01, ***p<0.001 (lesion effect); #p<0.05, ###p<0.001

(genotype effect).
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Figure 4. Quantification of HIF-1a immunofluorescence in lesioned brain structures from the total number
of WT and KO lesioned mice (7 WT and 9 KO) (A-E), and WT and KO with similar moderate brain damage
(7 WT and 7 KO) (F-J) in the ipsilateral entorhinal cortex, amygdala, hippocampus, motor cortex, and
striatum. The data indicate the mean + S.E.M. number of positive HIF-1a/Iba-1 cellss/mm2. The left panels
are representative photomicrographs of brain sections showing expression of HIF-1q, Iba-1 and merged
co-expression (white arrows) in different structures of both genotypes. Scale bar = 50 um. *p<0.05,

*0<0.001.

Figure 5. Quantification of HIF-1a immunofluorescence in non-lesioned brain structures from the total
number of WT and KO lesioned mice (7 WT and 9 KO) (A-D), and WT and KO with similar moderate brain
damage (7 WT and 7 KO) (E-H) in the ipsilateral olfactory tubercle, nucleus accumbens, septum, and
thalamus. The data indicate the mean + S.E.M. number of positive HIF-1a/lba-1 cells/mm?2. The left panels
are representative photomicrographs of brain sections showing expression of HIF-1q, Iba-1 and merged
co-expression (white arrows) in different structures of both genotypes. Scale bar = 50 um. *p<0.05,

*0<0.001.

Figure 6. Quantification of TIM-3 immunofluorescence in lesioned brain structures from the total number
of lesioned WT (n = 7) and KO (n = 10) mice (A-D), and in WT (n = 7) and KO (n = 7) mice with similar
moderate brain damage (D-G) in the ipsilateral sensory cortex, entorhinal cortex, amygdala and
hippocampus. The data indicate the mean + S.E.M. number of positive Tim-3/Iba-1 cells/mm2. The left
panels are representative photomicrographs of brain sections showing expression of TIM-3, Iba-1 and
merged co-expression (white arrows) in different structures of both genotypes. Scale bar = 50 pm.

*5<0.05, **p<0.001.

Figure 7. Quantification of TIM-3 immunofluorescence in lesioned brain structures (KO mice) from the
total number of WT (n = 7) and KO (n = 10) mice (A-B), and in WT (n = 7) and KO (n = 7) mice with similar
moderate brain damage (C-D) in the ipsilateral motor cortex and striatum. The data indicate the mean +

S.E.M. number of positive Tim-3/lba-1 cells/mm2. The left panels are representative photomicrographs of
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brain sections showing expression of TIM-3, Iba-1 and merged co-expression (white arrows) in different

structures of both genotypes. Scale bar = 50 pm. *p<0.05, **p<0.001.

Figure 8. Quantification of TIM-3 immunofluorescence in non-lesioned brain structures from the total
number of WT (n = 7) and KO (n = 10) mice (A-D), and in mice with similar moderate brain damage WT (n
=7) and KO (n = 7) (E-H) in the ipsilateral olfactory tubercle, nucleus accumbens, septum, and thalamus.
The data indicate the mean + S.E.M. number of positive TIM-3/Iba-1 cells/mm2. The left panels are
representative photomicrographs of brain sections showing expression of TIM-3, Iba-1 and merged co-
expression (white arrows) in different structures of both genotypes. Scale bar = 50 pm. *p<0.05,

*0<0.001.

Figure 9. Correlation analyses between behavioural deficits with the extent of the lesion, and with TIM-
3/lba-1 immunoreactivity co-expression in different brain areas. (A) Behavioural deficits in the Irwin test
were significantly correlated with the extent of the lesion (p<0.001), and with TIM-3/Iba-1 expression in the
thalamus (p<0.05) and total brain expression (p<0.05). (B) Rotarod deficits were significantly correlated
with the extent of the lesion (p<0.001), and with TIM-3/Iba-1 expression in the motor cortex (p<0.05), total
cortex (p<0.01), striatum (p<0.05), nucleus accumbens (p<0.01), and amygdala (p<0.05). (C) Beam
walking deficits were significantly correlated with the extent of the lesion (p<0.001), and with TIM-3/Iba-1

expression in the olfactory tubercle (p<0.05).

Supp. Figure 1. Morphological analyses of activated microglial cell types in the ipsilateral motor cortex
(A), the striatum (B), and the hippocampus (C) of lesioned WT and KO mice. The data indicate the mean +

S.E.M. number of reactive microglial cells of type I, Il lll, IV and type V. ***p<0.001 (cell type effect).

Supp. Table 1. Experimental sequence describing the number of mice used in each procedure.
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ABSTRACT

The role of CB2 cannabinoid receptors (CB2R) in global brain lesions induced by hypoxia-ischemia (HI)
insult is still unresolved. The aim of this study was to evaluate the involvement of CB2R in the behavioural
and biochemical underpinnings related to brain damage induced by Hl in adult mice, and the mechanisms
involved. CB2R knockout (KO) mice and wild-type littermates (WT) underwent permanent ligation of the
left common carotid artery and hypoxia. Behavioural measurements in the rotarod, beam walking, object
recognition, open field, and Irwin tests were carried out 24 h, 72 h and 7 days. In KO mice, more extensive
brain injury was observed. Behavioural deficits in the Irwin test were observed in both genotypes; while
WT mice showed progressive recovery by day 7, KO mice did not. Only KO mice showed alterations in
motor learning, coordination and balance, and did not recover over time. A higher expression of microglia
and astrocytes was observed in several brain areas of lesioned WT and KO mice. The possible alteration
of the inflammatory-related factors HIF-1a and TIM-3 was evaluated in these animals. In both genotypes,
HIF-1a and TIM-3 expression was observed in lesioned areas associated with activated microglia.
However, the expression levels of these proteins were exacerbated in KO mice in several lesioned and
non-lesioned brain structures. Our results indicate that CB.R may have a crucial neuroprotective role
following HI insult through the modulation of the inflammatory-related HIF-1a/TIM-3 signalling pathway in

microglia.

Keywords: Hypoxia-ischemia, inflammation, TIM-3, HIF-1a, microglia, motor learning, cannabinoid

receptors



1. Introduction

Cerebral ischemia related with stroke, cardiac arrest, cardiovascular surgery, and neurosurgical
procedures is one of the major causes of death and disability world-wide, and represents a great burden to
society (Flynn et al., 2008). These conditions are often associated with low blood oxygen content
(hypoxia), and lead to a complex cascade of events in the brain including oxidative stress, inflammation
and neuronal death (Choi et al., 2013). Brain ischemia often leads to death, but those patients who survive
show major neurological deficits depending on the area of the brain affected (Kwakkel and Kollen, 2013).
Thus, treatment strategies have been focused on pharmacological agents that can help to accelerate
recovery of function. Animal models of hypoxia-ischemia (HI) injury can be useful tools to better
understand the mechanisms involved in these conditions, and to design more efficacious therapeutic
strategies. In this study, we used a model of HI that was originally described by Levine in 1960 to study
perinatal and neonatal hypoxia, applying it to adult mice. This model of global hypoxia with unilateral
ischemia is relevant in situations in which the brain is deprived of both oxygen content and blood flow,
such as cardiac arrest and neurovascular surgeries (Olson and McKeon, 2004). Previous studies using
this model in adult mice have shown that HI induces important histopathological and behavioural changes
including glial activation, cell death and motor deficits (Olson and McKeon, 2004; Koh et al., 2014;

Ashton et al., 2007; Fernandez-Ruiz et al., 2008 and Zhang et al., 2008).

The endocannabinoid system has been studied as a possible target for neuroprotective strategies in
ischemia-induced brain damage. This system consists of two main receptors, cannabinoid type 1
receptors (CB4R) and cannabinoid type 2 receptors (CB:R), their endogenous ligands, mainly N-
arachidonoylethanolamine (anandamide) and 2-arachidonoylglycerol (2-AG) and their corresponding
synthesizing and degrading enzymes (Mechoulam and Parker, 2011). CB1R are highly expressed in the
central nervous system (CNS), while CB;R are mainly localized in immune cells such as lymphocytes,
neutrophils and microglia/macrophages (de Fonseca et al., 2005; Pazos et al., 2005), but also in brain

neurons (Van Sickle et al., 2005).



Importantly, CB2,R appear to be localized in both astrocytes and microglia (Kearn and Hilliard, 1997;
Sheng et al., 2005), and their expression is increased in these types of cells in response to inflammatory
stimuli during experimental autoimmune encephalomyelitis (Maresz et al., 2005), and following
inflammation associated to ischemic and HI episodes (Ashton et al., 2007; Fernandez-Ruiz et al., 2008;
Zhang et al., 2008). Various studies have evaluated the neuroprotective role of CB2R activation following
brain damage due to cerebral ischemia. Thus, the CB2R agonist, trans-caryophyllene suppressed hypoxia-
induced cytotoxicity of cultured BV, microglia cells through inhibition of NF-kB activation (Guo et al., 2014).
In addition, administration of the CB2R agonists, JWH-133 (Murikinati et al., 2010; Zarruk et al., 2012), O-
3853 and 0-1966 (Zhang et al., 2007) attenuated infarct volume in mice following middle cerebral artery
occlusion (MCAQ), although, one study shows that the CB,R agonist GW405833 does not ameliorate
brain damage induced by HI in rats (Rivers-Auty et al., 2014). The beneficial effects of CB2;R agonists
were attributed to the inhibition by CB2R of either neutrophil recruitment (Murikinati et al., 2010), inhibition
of leukocyte/endothelial adhesion (Zhang et al., 2007), or to a decrease in microglia/macrophage
activation (Zarruk et al., 2012). Only a few genetic studies have evaluated the role of CB.R in focal
ischemia with contradictory results (Murikinati et al., 2010; Zarruk et al., 2012; Zhang et al., 2009).
Moreover, the mechanisms involved in the neuroprotective role of CB2R in global brain injury following HI

in adult mice are still largely unknown.

Interestingly, recent findings reveal that HI injury in adult mice, increases the expression of the T-cell
immunoglobulin and mucin domain protein (TIM-3) in activated microglia, and this effect is mediated by
the hypoxia-inducible factor 1 (HIF-1) (Koh et al., 2015). HIF-1 is a heterodimeric transcriptional regulator
of various genes under hypoxic conditions, and has been implicated in inflammatory responses after
ischemia (Shi, 2009). TIM-3 is expressed in various immune cell types including microglia, where it
modulates adaptive and innate immunity, and is a key promoter of tissue inflammation (Anderson et al.,
2007). Since the expression of CB2R increases in activated microglia (Atwood and Mackie, 2010), and
CB2R regulate microglial activation in pathological conditions (Mecha et al., 2015), we tested the

hypothesis that CB2R may confer neuroprotection after HI through modulation of the HIF-1a/TIM-3 axis.



Therefore, we assessed brain damage in adult WT and CB2:R KO mice subject to HI conditions, and
determined the associated behavioural alterations at three different time-points (24 h, 72 h and 7 days)
post-insult. In addition, we evaluated the expression levels of astrocytes and activated microglia, as well
as the levels of the pro-inflammatory factors, HIF-1a and TIM-3 in activated microglia of several brain

structures of both genotypes.



2. Experimental Procedures

2.1. Animals

Homozygote male CB;:R KO mice and WT littermates on a C57BL/6J background (kindly provided
by Nancy E. Buckley, Cal State Polytechnic University, Pomona, CA) (Buckley et al., 2000), were
bred in the animal facilities of the PRBB. Mice (8 to 15 weeks old) were group-housed and maintained
in a temperature (211 °C) and humidity (65£10%) controlled room with food and water available ad
libitum. All the experiments were performed during the light phase of the dark/light cycle (lights on from
08:00 to 20:00 h). Animal procedures were conducted in accordance with the standard ethical guidelines
(EU Directive 2010/63/EU for animal experiments), and approved by the local ethical committee (CEEA,
PRBB). All experiments were performed under blind conditions. At the end of the experimental
procedure, in order to confirm the genotype of the mice, DNA was obtained from the ftail.
Genotyping was performed routinely by PCR analysis using the following primers: 5'-
GGGGATCGATCCGTCCTGTAAGTCT-3’ (CB:KO forward); 5%-
GGAGTTCAACCCCATGAAGGAGTAC-3’ (WT forward); 5- GACTAGAGCTTTGTAGGTAGGCGGG -

3’ (WT and CB2KO reverse).

2.2. Surgery

Mice were randomly assigned to either the sham-operated group or the HI groups. The HI procedure
was adapted from a previously described methodology (Levine, 1960; Rice et al., 1981). Briefly, mice were
anesthetized with isoflurane (mixture of O, and N2O (0.3/0.7 L/min), and placed on a heat plate to maintain
a constant body temperature of 37 °C during the surgery. A median incision in the neck was performed
exposing the left common carotid artery, which was then isolated from nerve and vein to permanently
ligated it in two locations with 4-0 surgical silk. The carotid artery was not severed in order to prevent
possible death from haemorrhage. The ligature was placed just proximal to the bifurcation of the common
carotid artery into the internal and external carotid artery. The wound was then sutured, and the animals

were returned to their cages. Hypoxic episodes were conducted 60 min after left common carotid artery



occlusion, when the animals had recovered from anaesthesia and presented normal behaviours. A
hypoxia chamber (BioSpherix, NY, USA) was used to conduct hypoxic episodes consisting of a constant
flow of 10% oxygen for 60 min. The temperature of the mice (37 °C) was maintained inside the chamber
via heating devices placed beneath the animal cage. Sham-operated animals received common carotid
artery isolation, but no ligation or hypoxia was performed. After the HI episode, mice were allowed free
access to food and water. Body temperature was measured before and after surgery, and before and after
hypoxia by using @ mouse rectal probe. Sixty seven WT and 58 KO mice followed the HI procedure, while

17 WT and 14 KO mice were sham-operated controls.

2.3. Behavioural tests

In order to evaluate the behavioural, motor and cognitive alterations associated with HI, sham-operated
and HI mice were tested in the rotarod, the beam-walking, the open field and the Irwin test 24 h, 72 h and
7 days after the procedure. Cognitive performance was tested 72 h and 7 days after HI using the novel
object recognition test (NOR). All of the tests were conducted by observers blind to the experimental

conditions.

Irwin test. Mice were placed in a Plexiglas cylinder and a modified Irwin test (Irwin, 1968) was conducted
to evaluate subjective signs of behavioural dysfunction produced by HI and the sham operation. Several
symptoms were evaluated by their presence or absence (loss of balance, ptosis and loss of traction) on a
1 point scale. Other symptoms were rated on a 2-point scale (abnormal gait, piloerection, low reactivity to
touch), and neurological deficits rated on a scale from 0-2 (no deficit = 0, forelimb weakness and torso
turning to the affected side when held by de tail = 1, or circling to affected side = 2). The final score was

expressed by the sum of all symptoms observed in each animal (Total from 0 to11).

Open field test. Mice were placed in an experimental arena (Plexiglas box, 90x70) in order to evaluate
locomotor activity, and the total distance travelled was determined by counting the number of squares

crossed (units) during a 5 min period.



Rotarod test. The accelerating rotarod (Panlab) was used to evaluate motor coordination. Mice were
trained for 2 days before HI. Each training day consisted of 60 sec at 6 rpm (day 1) and 60 sec at 8 rpm
(day 2). The test day consisted of 5 trials using the rotarod in acceleration mode from 4 rpm to 20 rpm until
the animal fell from the rod. The latency to fall off the rod on every trial was determined, and the mean of

the 5 trials was used in the data analysis.

Beam-walking test. To evaluate motor coordination and balance, the beam-walking test was performed.
This test examines the ability of the animal to remain upright and to walk on an elevated beam with
varying thicknesses. The beams consisted of 1-m long strips of wood with 20 or 6 mm square cross
sections. The beams were placed horizontally, 40 cm above the floor, with one end mounted on a support
and the other end attached to the home cage of the animal as the escape box. Mice were trained for 2
days before HI. Each training day consisted in the animal traversing the 20 mm square beam (2 trials) and
on the test day, mice traversed a narrower beam of 6 mm. The latency to traverse the beam was

determined, and the analysis was based on the mean scores of the two trials.

Novel object recognition test (NOR). In this paradigm, a black Plexiglas maze with two corridors (30 cm
long x 4.5 cm wide, and 15 c¢cm high walls) set at a 90° angle (Panlab) was used. First, mice were
habituated to the empty maze for 9 min. Twenty-four h later, mice were place back in the maze for another
9 min, but this time two identical objects were presented, one on each arm of the maze, and the time that
the mice spent exploring each object was recorded. The mice were again placed in the maze 3 h later for
9 min, but one of the familiar objects was replaced with a novel object, and the total time spent exploring
each object (novel and familiar) was recorded. Object exploration was defined as the orientation of the
nose to the object at a distance of less than 2 cm. A discrimination index was calculated as the time spent
exploring the novel object minus the time exploring the familiar object divided by the total time exploring

both objects. A higher discrimination index is considered to reflect greater memory retention.

2.4, Histological analysis

The extent of the lesion was visualized using a standard Cresyl violet staining protocol. With this

procedure the infarct area can be identified by the loss of Nissl staining in the HI ipsilateral



hemisphere. One group of mice (see Supp. Table 1) were euthanized by cervical dislocation, and fresh
brains were harvested and sliced at 20 ym with a cryostat and mounted onto gelatin-coated slides and
stored at -80 °C. Brain slices were divided into 5 parallel series from 1.98 to 1.34 , from 1.18 to 0.38, from
-0.22 to -0.88, from -1.46 to -2.06 and from -2.30 to -2.96 relative to Bregma (Paxinos and Franklin,
2001). The stained sections of the brain were analysed at 1x (zoom factor 0.8x) using an Olympus MVX10
Macro Zoom Microscope equipped with Olympus DP71 digital camera. The ischemic lesion was delimited
using the ImageJ software. For each mouse, the lesioned area was calculated in 5 brain sections, and the
sum in pixels was transformed to um?2 and expressed as a percentage of the contralateral hemisphere in

order to correct for possible oedema in the ipsilateral hemisphere (Rousselet et al., 2012).

To determine the expression levels of glial fibrillary acid protein (GFAP) and Iba-1 in different brain
areas, we performed immunohistochemistry in a different group of mice (see Supp. Table 1). Mice
were deeply anesthetized by intraperitoneal injection (0.2 ml per 10 g body weight) of a mixture of
ketamine (100 mg per kg) and xylazine (20 mg per kg), and intracardially perfused with 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.5), delivered with a peristaltic pump. Brains were post-
fixed overnight at 4 °C in the same fixative solution and cryoprotected in a solution of 30% sucrose at 4°C
during 24 h. Brain sections were sliced at 30 um with a microtome and stored at 4°C in a solution
containing 5% sucrose and 0.02% sodium azide in 0.1 M phosphate buffer. Free floating coronal sections
from 1.18 to 0.38 and from -1.46 to -2.06 relative to Bregma were collected to determine the expression of
glial fibrillary acid protein (GFAP) and Iba-1 in motor cortex, striatum and hippocampus. In addition, brain
sections were stained with Cresyl violet to determine the extent of lesions in these mice. The
immunohistochemical procedure was adapted from a previously described methodology (Blanco-Calvo et
al., 2014). Briefly, the sections were placed in a blocking solution containing 10% normal goat serum,
0.3% triton X-100, and 0.1% sodium azide in PBS for 1 h, incubated overnight in the following diluted
primary antibodies at 4°C: rabbit anti-GFAP (1:500, Dako; cat. #20334) or rabbit anti-lba1 (1:500, Wako;
cat. no. 019-19741). On day two, sections were incubated with biotinylated goat anti-rabbit IgG (1:500,
Vector; cat. n0.BA-1000), and ExtrAvidin peroxidase (Sigma, cat. no. E2886) diluted 1:2000 at room

temperature for 1 h. Immunolabeling was revealed with 0.05% DAB (Sigma), 0.05% nickel ammonium
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sulphate, and 0.03% H»0, in PBS. Sections were mounted and analysed at 20x using a Leica DMR
microscope equipped with a digital camera Leica DFC 300FX. Three images per structure were analysed
in order to quantify manually GFAP and Iba-1 cells expression using ImageJ software (NIH). The mean

number of cells per mm2 was plotted for motor cortex, striatum and hippocampus in WT and KO mice.

To determine the expression levels of TIM-3, HIF-1a and lba-1 in different structures of the brain,
immunofluorescence studies were carried out as previously described (Cutando et al., 2013). Free-
floating slices were placed in 0.3% Triton X-100, 10% donkey serum (Sigma) in PB, and incubated
overnight at 4°C with the following primary antibodies: anti- HIF-1c (1: 200, Abcam; cat. no. ab16066),
anti-lba-1 (1:500, Wako; cat. no. 019-19741) and anti-TIM-3 (1:500, R&D systems, cat. no. AF1529). The
following day, sections were incubated for 2 h at room temperature with Alexa 647 donkey anti-mouse-IR,
Alexa 488 donkey anti—rabbit-Cy2 and Alexa 555 donkey anti-goat-Cy3 (1:500; Invitrogen/ Molecular
Probes), and mounted. Confocal images were obtained using a Leica TSC SP8 confocal microscope at
20X with a 1.5 zoom increase. Eighteen images of stained sections (from Bregma +1.18 mm to Bregma -
2.30 mm) were analysed using ImageJ software (NIH) in order to manually quantify the expression of Iba-
1/TIM-3, and Iba-1/HIF-1a. Positive cells in each structure were averaged and compared between

genotypes.

2.5. Morphological analysis of activated microglia

To assess whether the reactive microglia observed following HI in WT and KO mice presented differential
morphologies, we analysed the Iba-1 immunostained sections using the methodology previously reported
(Lopez-Rodriguez et al., 2015). Cells were classified according to five types: Type I, cells with two or less
cellular processes; Type I, cells showing 3 to 5 short branches; Type lll, cells with more than 5 and longer
processes and small cell bodies; Type IV, cells with large somas and retracted, thicker processes; Type V,
cells with amoeboid cell bodies and many short processes. Reactive microglia (Types Ill, IV and V) cells
were counted in the hippocampus, the striatum and the motor cortex of WT and KO lesioned mice by

visual inspection of the images obtained from stained sections showing Iba-1 positive cells. We then
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grouped cell types |, II, Ill and IV that correspond to an M2 (anti-inflammatory) phenotype, and cell type V

to an M1 (pro-inflammatory) phenotype (Franco and Fernandez-Suérez, 2015).

2.6. Statistical analyses

The behavioural data were analysed using repeated measures ANOVA with time (24 h, 72 h and 7 days)
as within subjects factor, genotype (CB2R KO and WT mice), and lesion (lesioned, non-lesioned) as
between subject factors, followed by the Fisher's LSD post-hoc test for multiple comparisons when
appropriate. The mortality and variability (lesion vs. non-lesion) ratios were evaluated with the x-square
non-parametrical test. The extent of the lesion was analysed using the Student’s t-test. The
immunohistochemistry data and the morphological characteristics of microglial cells were analysed using a
two-way ANOVA with genotype and lesion or genotype and cell type as between subject factors followed
by a Fisher's LSD post-hoc when appropriate. The immunofluorescence results were analysed between
genotypes using one-way ANOVA. Correlations between TIM-3/lba-1 expression and behavioural
outcomes were analysed using the Spearman correlation test. All data were expressed as the mean +
S.E.M. A p-value below 0.05 was considered statistically significant. The statistical analyses were
performed with the “Statistica” programme, version 6 (StatSoft Inc.), except for correlations, where the

GraphPad Prism software was used (GraphPad Software).

3. Results

3.1. Mortality and severity of the lesion in WT and CB:R KO mice following HI

Twenty out of 67 WT and 10 out of 58 CB2,R KO mice did not survive following the HI procedure. Most
deaths in WT and KO mice occurred on the day of the surgery during the hypoxia procedure and it was
not possible to extract the brains in time to visualize any differences between genotype in the extent of the
brain lesion. Among those mice that survived the HI procedure, there were 3 KO mice that died 1, 3 and 5
days following HI, and 2 WT mice that died 1 and 2 days after HI. Although a higher percentage of WT
than KO mice died (30% in WT vs. 17% in KO mice), no significant differences in mortality ratio were

observed between genotypes. Two different types of animals survived: those that exhibited lesions in the
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ipsilateral hemisphere to the carotid ligation, and those that did not show overt lesions. In WT, 13 out of 47
mice were lesioned, and 34 out of 47 mice showed no apparent infarct. In KO animals, 26 out of 48 mice
were lesioned, while 22 out of 48 mice were not lesioned. Thus, a greater percentage of CB.R KO mice

showed lesions as compared to WT mice (54% in KO vs. 28% in WT mice; p < 0.01, x? test).

Hl-induced brain damage ipsilateral to the carotid ligation was observed in WT mice in hippocampal areas
CA1, CA2 and CA3, and in the sensory, entorhinal and piriform cortices (Fig. 1C). In CB2R KO mice, more
extensive brain injury was observed including the hippocampus, sensory, entorhinal, piriform and motor
cortices, the dorsal striatum, the Globus pallidus and the amygdala (Fig. 1F). Accordingly, CB;R KO mice
showed higher overall brain damage than WT mice (27 % in KO vs. 12 % in WT mice; p<0.01) (Figure
1G). The contralateral hemisphere remained intact in both genotypes. In sham and HI non-lesioned mice

of both genotypes, no overt signs of brain injury were observed in either hemisphere (Fig. 1).

3.2. CB:R KO mice show greater behavioural, motor coordination and balance deficits than WT

mice following HI

To assess behavioural, motor coordination, and balance deficits we used the Irwin, the rotarod, the open
field, and the beam walking tests. Six groups of mice were included in these studies: three groups of WT
mice (13 lesioned, 34 non-lesioned and 17 sham-operated), and three groups of KO mice (26 lesioned, 22

non-lesioned and 14 sham-operated).

Qualitative symptoms of behavioural dysfunction were evaluated 24 h, 72 h and 7 days following HI using
the Irwin test (Fig. 2A). Repeated measures ANOVA revealed a significant main effect of time of testing
(F(2,202)=35.1, p<0.001), and lesion (F(2,101)=25.4, p<0.001), but no significant main effect of
genotype. Significant interactions were observed between time and genotype (F(2,202)= 7.4, p<0.001),
and time and lesion (F(4,202)=11.7, p<0.001). Post-hoc analysis 24 h after HI showed a significant
increase in symptoms in WT lesioned (p<0.001) and non-lesioned (p<0.05) mice with respect to sham-
operated WT animals, and in KO lesioned mice with respect to sham-operated KO mice (p<0.001). At 72
h, both WT and KO mice showed signs of dysfunction with respect to their respective control groups

(p<0.05). At 7 days post-insult, only KO lesioned mice showed deficits with respect to controls (p<0.05).
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These data indicate that WT mice progressively recover functionality, while KO mice show persistent

symptoms of behavioural dysfunction even 7 days after HI insult.

In the rotarod test, deficits were observed 24 h, 72 h and 7 days following HI (Fig. 2B). Repeated
measures ANOVA revealed a significant effect of time (F(2,218)=21.1. p<0.001), genotype
(F(1,109)=15.9, p<0.001), and interaction between genotype and lesion (F(2,109)=8.4, p<0.001), and
between time and genotype (F(2,218)=6.0, p<0.01). Post-hoc analysis at 72 h and 7 days showed a
significant decrease in fall latency in KO mice with respect to sham-operated controls (p<0.05),
and with respect to WT lesioned mice (p<0.001). No significant deficits in performance were observed

at any time point in WT lesioned mice or in non-lesioned mice of either genotype.

In the beam walking test, deficits were observed in KO mice at 24 h, 72 h and 7 days following HI (Fig.
2C). Repeated measures ANOVA revealed a significant effect of time (F(2,214 )=28.1, p<0.001), genotype
(F(1,107)=4.6, p<0.05), lesion (F(2,107)=6.0, p<0.01), and interactions between genotype and lesion
(F(2,107)=6.2, p<0.01), time and lesion (F(4,214)=5.2, p<0.001), and between time, genotype and lesion
(F(4,214)=2.4, p<0.05). Post-hoc analysis 24 h after HI showed a significant increase in arrival latency in
KO (p<0.001) with respect to sham-operated KO mice (p<0.001), and lesioned WT mice (p<0.01). At 72 h,
KO lesioned mice showed a significant increase in arrival latency with respect to sham-operated controls
(p<0.05). At 7 days following HI, KO lesioned mice still showed some non-significant deficits with respect
to sham-operated control mice. No significant deficits were observed at any time point in WT lesioned

mice or in non-lesioned mice of either genotype.

In the open field test, both WT and KO lesioned mice showed slight non-significant decreases in locomotor

activity 24 h following HI, which recovered at 72 h and 7 days post-insult (Fig. 2D).

In the NOR test (WT: 7 lesioned, 22 non-lesioned and 8 sham-operated; KO: 15 lesioned, 16 non-lesioned
and 7 sham-operated) mice were evaluated. Robust memory deficits were observed 72 h and 7 days
following HI in both WT and KO lesioned mice (Fig. 2E). Repeated measures ANOVA revealed a

significant main effect of lesion (F(2,61)=38.7, p<0.001), indicating that lesioned mice of both genotypes
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showed deficits in recognition memory with respect to sham-operated controls, but no significant

differences were observed between genotypes or time of testing.

3.3. Increased glial expression in the cortex, striatum and hippocampus of WT and CB:R KO mice

following HI

The analysis of GFAP and Iba-1 positive cells was carried out in 7 WT and 8 KO lesioned, 7 WT and 7 KO
non-lesioned, and 7 WT and 7 KO sham-operated mice. Following HI, GFAP expression was increased in
the ipsilateral hemisphere of WT and KO mice with respect to the contralateral hemisphere in the motor
cortex (Fig. 3A), striatum (Fig. 3B) and hippocampus (Fig. 3C). In the motor cortex, statistical analysis
revealed a significant effect of lesion (F(2,35)=15.1, p<0.001), but no significant effect of genotype or
interaction between factors. Similarly, in the striatum a significant effect of lesion (F(2,32)=12.0, p<0.001),
but no significant effect of genotype or interaction between factors were observed. Finally, in the
hippocampus, statistical analysis revealed a significant effect of lesion (F(2,31)=55.9, p<0.001), but no

significant effect of genotype or interaction between factors.

Iba-1 expression was increased in ipsilateral lesioned areas of the motor cortex (Fig.3D), striatum (Fig 3E)
and hippocampus (Fig. 3F) of WT and KO mice compared to the contralateral hemisphere following HI. In
the motor cortex, a significant effect of genotype (F(1,33)=4.8, p<0.05), lesion (F(2,33)=6.3, p<0.01), but
no significant interaction between factors were observed. Similarly, in the striatum, a significant effect of
lesion (F(2,35)=26.8, p<0.001), but no significant effect of genotype or interaction between factors were
revealed. In the hippocampus however, a significant effect of genotype (F(1,34 )=5.6, p<0.05), lesion
(F(2,34)=111.9, p<0.001), and interaction between factors (F(2,34)=6.6, p<0.01) were found. The post-hoc
test showed a significant increase in Iba-1 expression in WT (p<0.001) and KO (p<0.001) lesioned mice
with respect to sham-operated animals. In addition, KO lesioned mice showed higher Iba-1 expression

than WT lesioned mice (p<0.001).

To analyse the morphology of the activated microglia observed in lesioned WT (n=7) and CB2R KO (n=8)
mice, we classified these cells into morphological types |, Il Il and IV (M2, anti-inflammatory), or type V

(M1, pro-inflammatory) phenotype (Supp. Fig. 1). The results showed a similar number of pro- and anti-
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inflammatory associated phenotype in the hippocampus in both WT and KO mice. Statistical analysis
revealed a significant effect of cell type in the motor cortex (F(1,13)= 195.8, p<0.001) and in the striatum

(F(1,13)=44.8, p<0.001), indicating more anti-inflammatory than pro-inflammatory cells in both genotypes.

3.4. Increased HIF-1a expression in microglia of WT and CB;R KO mice following HI

To evaluate the HIF-1a expression in microglia in different brain structures following HI, we performed
double immunofluorescence studies (Iba-1 and HIF-1a) in brain sections of WT and CB2R KO mice, and
two different analyses were performed. One analysis including the total size group of WT and KO
lesioned mice (7 WT: mean £ S.E.M. lesion size =9 + 1.76%, and 9 KO: mean + S.E.M. lesion size =
27% + 7.03; p<0.05) (Fig. 4 A-E and 5 A-D), and another analysis considering only similar moderate
lesion size sub-groups (7 WT: mean + S.E.M. lesion size = 9% + 1.76, and 7 KO mean + S.E.M.
lesion size = 14% + 1.75; n.s.) (Fig. 4 F-J and 5 E-H). The criteria used to consider a moderate

lesion was less than 27% of lesioned area with respect to the contralateral hemisphere.

In the total size group analysis, higher expression levels of HIF-1a in microglia were observed in
lesioned areas of KO with respect to WT mice in the ipsilateral entorhinal cortex (F(1,9)=6.6, p<0.05)
(Fig. 4A), amygdala (F1,10)=5.1, p<0.05) (Fig. 4B), hippocampus (F(1,10 )= 11.5, p<0.01) (Fig. 4C), motor
cortex (F(1,12)=13.4, p<0.01) (Fig. 4D), and striatum (F(1,13)=9.6, p<0.01) (Fig. 4E) In non-lesioned
areas, higher expression levels in KO with respect to WT mice were found in olfactory tubercle (F(1,11 )=
8.0, p<0.05) (Fig. 5A), nucleus accumbens (F(1,12)=12.2, p<0.01) (Fig. 5B), lateral septum (F(1,10 )= 7.1,

p<0.05) (Fig. 5C) and thalamus (F(1,11)=6.4, p<0.05) (Fig. 5D).

In the similar moderate lesion size sub-groups, higher expression levels of HIF-1a in microglia
were observed in lesioned areas of KO with respect to WT mice in the ipsilateral entorhinal cortex
(F(1,8)=7.2, p<0.05) (Fig. 4F), hippocampus (F(1,8 )=6.1, p<0.05) (Fig. 4H), motor cortex (F(1,10)=8.3,
p<0.05) (Fig. 4l), and striatum (F(1,11)=9.0, p<0.05) (Fig. 4J). In non-lesioned areas, higher expression
levels in KO with respect to WT mice were found in olfactory tubercle (F(1,10 )= 6.9, p<0.05) (Fig. 5E),

nucleus accumbens (F(1,10)=8.8, p<0.05) (Fig. 5F) and lateral septum (F(1,8 )= 9.9, p<0.05) (Fig. 5G).
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3.5. Increased TIM-3 expression in microglia of WT and CB2R KO mice following HI

To determine the expression of TIM-3 in microglia in different brain structures following HI, we performed
double immunofluorescence studies (Iba-1 and TIM-3) in brain sections of WT and CB2R KO mice. Two
different analyses were performed as described before. The analysis including the total size group of
WT and KO lesioned mice was carried out in 7 WT and 10 KO mice (Figs. 6 A-D , 7 A-B and 8 A-D),
and the analysis including similar moderate lesion size sub-groups was performed in 7 WT and 7

KO mice (Figs. 6 E-H, 7 C-D and 8 E-H).

In the total size group analysis, higher expression levels of TIM-3 in microglia were revealed in
lesioned areas of KO with respect to WT mice in the ipsilateral sensory cortex (F(1,14)=31.7, p<0.001)
(Fig. 6A), entorhinal cortex (F(1,13)=18.4, p<0.001) (Fig. 6B), amygdala (F1,12)=4.9, p<0.05) (Fig. 6C),
hippocampus (F(1,13 )= 8.5, p<0.05) (Fig. 6D), motor cortex (F(1,14)=5.0, p<0.05) (Fig. 7A) and striatum
(F(1,15)=7.0, p<0.05) (Fig. 7B). In non-lesioned areas, higher expression levels in KO with respect to WT
mice were revealed in the olfactory tubercle (F(1,14 )= 4.7, p<0.05) (Fig. 8A) and lateral septum (F(1,15 )=
6.4, p<0.05) (Fig. 8C). No significant effects of genotype were observed in nucleus accumbens or

thalamus (Fig. 8 B, D).

In the similar moderate lesion size sub-groups, higher expression levels of TIM-3 in microglia were
observed in lesioned areas of KO with respect to WT mice in the ipsilateral sensory cortex
(F(1,12)=8.1, p<0.05) (Fig. 6E), and entorhinal cortex (F(1,11)=19.1, p<0.01) (Fig. 6F), amygdala
(F1,9)=6.0, p<0.05) (Fig. 6G) and hippocampus (F(1,11 )=5.6, p<0.05) (Fig. 6H). In non-lesioned areas
higher expression levels in KO with respect to WT mice were observed in the lateral septum (F(1,12 )=
9.5, p<0.01) (Fig. 8G). No significant effects of genotype were observed in motor cortex, striatum, olfactory

tubercle, nucleus accumbens or thalamus (Figs. 7C, D and 8E, F, H).

3.6. Correlations between behavioural output and extent of the lesions and TIM-3/lba-1 expression

levels
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Since brain injury and inflammation following Hl was observed in several areas of the brain, we
tested the hypothesis that particular behavioural alterations would be related to the extent of the
lesion and to inflammatory processes in specific brain structures. Thus, we performed correlation
analyses in WT and KO mice between behavioural alterations 7 days after the HI insult and the extent of
the lesions, and TIM-3/Iba-1 expression levels in different brain structures (Fig. 9). Behavioural deficits in
the Irwin test (symptoms) were positively correlated with greater brain damage (R= 0.51, p<0.001), and
with higher TIM-3/Iba-1 co-expression in the thalamus (R= 0.66, p<0.05), and the overall brain (R= 0.51,
p<0.05) (Fig. 9A). Behavioural deficits in the rotarod test (decreased fall latency) were significantly
correlated with greater brain damage (R= -0.55, p<0.001), and with higher TIM-3/Iba-1 co-expression in
the motor cortex (R=-0.63, p<0.05), overall cortical areas (R=-0.73, p<0.01), striatum (R=-0.58, p<0.05),
nucleus accumbens (R=-0.66, p<0.01), and amygdala (R=-0.60, p<0.05) (Fig. 9B). Alterations in the beam
walking test (increased arrival latency) were significantly correlated with greater brain damage (R= 0.54,
p<0.001), and with higher TIM-3/Iba-1 co-expression in the olfactory tubercle (R= 0.53, p<0.05) (Fig. 9C).
No significant correlations were observed in the hippocampus or the lateral septum with any of the

behavioural deficits exhibited by WT and KO mice after HI.
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4. Discussion

CB2R KO mice exhibited more extensive brain lesions than WT mice following HI insult, attaining most of
the ipsilateral cortex and hippocampus, and even reaching parts of the striatum and amygdala.
Accordingly, CB;R KO mice showed persistent behavioural alterations and deficits in motor learning,
coordination and balance. Cognitive performance was severely impaired in both genotypes, and no
recovery was observed over time. A significantly higher expression of microglia was observed in the
hippocampus of lesioned CB,R KO with respect to WT mice. TIM-3 expression in microglia was also more
extensive in CB;R KO than in WT mice, and was detected in more medial non-lesioned areas such as the
thalamus, olfactory tubercle, nucleus accumbens and septum. Likewise, HIF-1a expression was also
higher in lesioned areas of CB:R KO compared to WT mice, including the hippocampus, amygdala,
motor and entorhinal cortices and striatum, but also in several non-lesioned structures such as the

olfactory tubercle, the nucleus accumbens, septum and thalamus.

Finally, TIM-3/lba-1 expression in several brain structures significantly correlated with behavioural, motor
learning, coordination and balance deficits. These results indicate that CB;R may modulate inflammatory
factors such as TIM-3 following brain damage due to HI insult, and consequently prevent associated

behavioural, motor learning, coordination and balance deficits.

To investigate the involvement of CB2R in global brain injury following HI, we used a new genetic model
using CB2R KO and WT adult mice subjected to a permanent unilateral common carotid artery occlusion
followed by hypoxic conditions. Following this procedure, HI produced moderate mortality and variable
brain damage, as previously reported (Olson and McKeon, 2004). Although mortality was higher in WT
than CB;R KO mice, no significant differences were found between genotypes. Nonetheless, we cannot
rule out that more WT mice died due to more extensive lesions than KO mice. However, this is unlikely
since most WT and KO mice died during the HI procedure. In mice that survived, two populations could be
observed with regards to brain lesion characteristics: mice exhibiting neuronal damage in the ipsilateral
hemisphere, and mice exhibiting no overt lesions in any of the two hemispheres. This fact may be due to

individual differences in posterior communicating arteries that form part of the circle of Willis in mice, which
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have been shown to affect lesion volume in multiple models of cerebral ischemia (Sheng et al., 1999;
Wellons |1l et al., 2000; Yonekura et al., 2004). The percentage of animals with lesions was significantly
higher in the CB2R KO (54 %) than in the WT (28 %) group, which could be due to a disparate cerebral
vascularisation in both genotypes. However, there is no data to support this hypothesis. In addition, there
are no studies thoroughly assessing the nature or extent of brain damage occurring in mice lacking CB2R
following HI-induced brain injury. In this study, WT lesioned mice displayed restricted neuronal damage
mainly in the hippocampus, with some animals also showing lesions in the sensory, entorhinal or piriform
cortices. These results confirm previous evidence regarding the susceptibility of these mouse brain areas
to be injured after HI (Olson and McKeon, 2004). On the other hand, CB;R KO mice showed a larger
infarct area at the level of the hippocampus, sensory, entorhinal and piriform cortices, and in addition,
damage tissue also comprised the motor cortex, striatum and amygdala. These findings suggest that
CB3R play a general protective role in adult mice subject to HI by preventing a more widespread lesion in

the brain.

To examine the behavioural consequences of HI, we determined a general behavioural score in the Irwin
test, as well as motor and cognitive performance in WT and CB2;R KO mice 24 h, 72 h and 7 days
following this procedure. Behavioural deficits were observed in both genotypes 24 h after HI. However,
whereas WT mice recovered over time, CB,R KO mice did not, indicating that CB2R are involved in the
restoration of function following HI insults. Motor skill learning, coordination and balance were selectively
impaired in CB2KO mice, and no recovery was observed over time. These effects were not due to
impaired locomotor activity since distance travelled in the open field was only slightly affected in all the
experimental groups. Previous studies have reported neuroprotective effects of CB2R activation in other
animal models. Thus, the administration of a dual CB1/CB2 receptor agonist, KN38-7271 in rats (Schmidt
et al., 2012), or the selective CB2R agonist, O-1966 in mice (Zhang et al., 2009) reduces motor learning
impairments induced after MCAO, and the overexpression of CB;R confers neuroprotection against 6-

OHDA-induced lesions of the mouse striatum (Ternianov et al., 2012).

Cognitive function was evaluated using the object recognition test 3 and 7 days following HI. Both WT and

CB3R KO lesioned mice showed severe memory impairments on both testing days. Contrary to the other
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behaviours studied, the cognitive deficit found in WT mice was not enhanced in CB2KO mice, probably
due to a ceiling effect that prevented further deficits to be observed in these mice. These results are
consistent with the extensive damage induced by HI to the hippocampus in both genotypes, and reveal
that even unilateral lesions of this structure are sufficient to profoundly affect cognitive function in mice

subjected to these adverse conditions.

We found that the expression of reactive astrocytes was greater in the ipsilateral motor cortex, the striatum
and hippocampus of WT and CB;R KO mice subjected to HI with respect to sham-operated controls.
Astrocytes are thought to promote brain repair following traumatic brain injury and stroke conditions, and
are up-regulated under HI conditions in the ipsilateral cerebral cortex of mice (Koh et al., 2015; Olson and
McKeon, 2004). Furthermore, microglia was also increased in the ipsilateral motor cortex, the striatum of
WT and CB;R KO mice following HI with respect to sham-operated controls. In the hippocampus however,
CB;R KO mice showed higher expression levels than WT mice. Microglia, which are the main resident
immune cells in the brain, are up-regulated following HI episodes (Koh et al., 2015; Olson and
McKeon, 2004). They produce inflammatory mediators (Woodroofe et al., 1991) that contribute to cell
death and increased infarct size. Nonetheless, it has been demonstrated that microglia can adopt an
alternative phenotype changing from the classical pro-inflammatory M1 to an M2 anti-inflammatory
phenotype (Franco and Fernandez-Suarez, 2015). Moreover, CB;R have been implicated in the
transformation of microglia to a more protective phenotype (Mecha et al., 2015). Thus, we carried out
morphological analyses of microglial cells in WT and KO mice to determine genotype differences in
microglial phenotype. This evaluation showed that in areas where brain injury was extensive such as the
hippocampus, no differences in the number of cell types |, Il, lll and IV (anti-inflammatory phenotype), and
cell type V (pro-inflammatory phenotype) were observed in either genotype. In contrast, in areas where
brain damage was sparse such as the motor cortex and the striatum, more type |, II, Ill and IV than type V
morphologies were found in both WT and KO mice. These findings agree with the dual role (pro- and anti-
inflammatory) of microglia following HI conditions (Franco and Fernandez-Suarez, 2015) by showing that
in salvageable tissue the protective microglial phenotype is more abundant. However, CB2R do not seem

involved in this differential effect of microglia cells.
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In order to determine the possible mechanisms involved in these responses of CB;R, we evaluated in
WT and KO mice the expression of the pro-inflammatory factor HIF-1a in activated microglia, which
is rapidly increased in the cell nucleus following systemic hypoxia, and may contribute to tissue damage
(Shi et al., 2009). Because HIF-1a appears mostly to be induced following ischemia in the penumbral
tissue, we examined both lesioned and non-lesioned structures in WT and KO mice. We found that HIF-1a
expression was higher in lesioned areas of CB;R KO compared to WT mice, including the hippocampus,
amygdala, motor and entorhinal cortices and striatum, but also in several non-lesioned structures such as
the olfactory tubercle, the nucleus accumbens, septum and thalamus. These findings suggest that CB.R
may be limiting the detrimental action of HIF-1a under HI to prevent brain damage. Similarly, we also
found that the co-expression of TIM-3 and Iba-1 immunofluorescence was exacerbated in CB,R KO with
respect to WT mice in lesioned areas (hippocampus, amygdala, motor and entorhinal cortices and
striatum), but also in non-damaged areas (olfactory tubercle and lateral septum). These findings are
consistent with recent evidence associating the HIF-1/glial TIM-3 axis with inflammation and brain damage
to the cerebral cortex following HI insults (Koh et al., 2015). Our data indicate that the inflammatory
process, which results from brain injury after HI is more important in mice lacking CB2R, covering more
medial areas. Importantly, the increase in HIF-1a and TIM-3 in KO mice with respect to WT mice was also
observed when we compared animals with similar lesions, especially in entorhinal cortex, hippocampus
and septum. These results suggest that HIF-1a and TIM-3 expression is not a consequence of a more
extensive lesion size in KO mice, but it is probably due to the lack of CB2;R. Moreover, these findings
demonstrate for the first time the role of these receptors in the modulation of the pro-inflammatory factors,
HIF-1a and TIM-3, which may underlie this neuroprotective role of CB3R. Previous reports have shown
that pharmacological activation of CB2R reduces brain damage in the MCAQ ischemia model by inhibiting
neutrophil recruitment (Murikinati et al., 2010) or by decreasing microglia/macrophage activation (Zarruk et
al., 2012). These data, together with recent evidence showing that blockade of TIM-3 reduces neutrophil
recruitment by glial cells, and diminishes IL-13 and CXCL1 (Koh et al., 2015), supports our hypothesis that
CB2R play a crucial role in modulating the HIF-1a/TIM-3 axis in microglia to prevent widespread

inflammation and global brain damage following HI insults.
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Behavioural alterations were significantly associated with greater brain damage and increased expression
of TIM-3 in microglia. In the Irwin test, behavioural deficits were observed at 24 and 72 h following HI in
both WT and CB,R KO lesioned mice. However, while WT mice recovered on day 7, CB.R KO mice
continued to present significantly more behavioural impairments than sham-operated mice. The lack of
recovery over time observed in CB,R KO mice could be associated with the greater lesion size and more
TIM-3/Iba-1 expression in the thalamus and in the whole brain, suggesting that the worse behavioural
outcome and slower recovery in CB;R KO mice is due to the presence of increased inflammatory
processes. In the rotarod assessing motor learning, we observed deficits only in lesioned CB,R KO mice
at 24 and 72 h after HI, which did not completely recover on day 7 of testing with respect to sham-
operated controls. The differential effect between genotypes is probably explained by the fact that lesioned
WT mice showed little damage to striatal and motor cortical areas with respect to CB;R KO mice, in
agreement with our positive correlation results between the extent of brain injury and deficits in the
rotarod. Furthermore, we found a significant association between greater rotarod deficits with higher TIM-
3/lba-1 expression in areas involved in motor learning, such as the motor cortex and dorsal striatum, but
also in limbic structures like the nucleus accumbens and amygdala. The striatum has been implicated in
various motor tasks including motor skill learning in the rotarod (Dang et al., 2006). Previous results have
shown that CB2R in the striatum are up-regulated in response to a lesion (Sagredo et al., 2009), although
they are not abundant in this area. Interestingly, deficits in the beam walking test, evaluating motor
coordination and balance were correlated with the extent of lesioned area, and with TIM-3/lba-1
expression in another limbic structure, the olfactory tubercle. The associations found between TIM-3/Iba-1
expression in limbic brain structures with motor learning, balance and coordination deficits suggest that
these tasks are sensitive to inflammatory damage in brain networks related to emotional processing.
Together, our findings are consistent with the crucial role played by CB-R in response to an injury and with

their participation in progressive recovery of function.

In the hippocampus, a significant increase in the co-expression of TIM-3/lba-1 was observed in KO with
respect to WT mice, although no differences were observed in the object recognition test in lesioned WT

and KO mice, a task that has been shown to be dependent on the integrity of the hippocampus (Yi et al.,
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2016). Future studies should address the question of the potential beneficial effects of CB3R agonists for
the long-lasting memory alterations produced by inflammatory processes in the hippocampus during

stroke and hypoxic conditions.

In summary, we demonstrate for the first time the modulation of the pro-inflammatory factors, HIF-1a and
TIM-3 in microglia by CB2R following brain damage induced by HI in adult mice, which seems to
participate in the neuroprotective effects of these receptors. Moreover, our results suggest that CB2R in
microglia under these conditions act as a defensive mechanism to prevent inflammation mediated by HIF-
1a and TIM-3, and reduce subsequent behavioural alterations. These findings provide a new mechanism
that furthers our understanding of the neuroprotective effects of CB2R, and suggest new therapeutic

avenues to manage the debilitating consequences of brain damage following hypoxic stroke.
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FIGURE LEGENDS

Figure 1. Representative coronal brain sections stained with Cresyl violet from WT sham-operated (A),
non-lesioned (B) and lesioned (C) mice; and CB;R KO sham-operated (D), non-lesioned (E) and lesioned
(F) mice following HI displaying the extent of the lesioned area in the ipsilateral hemisphere to the carotid
ligation (defined in red). The bar graph (G) represents the quantification of lesion extent with respect to the

contralateral hemisphere in 13 WT and 26 KO lesioned mice (**p<0.01).

Figure 2. Behavioural performance in WT and CB.R KO lesioned (L), and non-lesioned (NL) mice
following HI, and in sham-operated controls (sham) at 24 h, 72 h and 7 days after HI. (A) Behavioural
studies in the Irwin Test, (B) fall latency in the rotarod test, (C) arrival latency in the beam walking test, (D)
locomotor activity in the open field test (WT lesioned n=13, non-lesioned n=34, sham-operated n=17; KO
lesioned n=26, non-lesioned n=22, sham-operated n=14), and (E) discrimination index in the novel object
recognition test (WT lesioned n=7, non-lesioned n=22, sham-operated n=8; KO lesioned n=15, non-
lesioned n=16, sham-operated n=7). In A-C: ***p<0.001 vs. 24 h; &&& p<0.001 vs. 72 h; ##p<0.01,

##H#p<0.001 vs. WT lesioned mice. In E: $$$ p<0.001 (lesion effect).

Figure 3. Quantification of GFAP and Iba-1 immunostaining in WT and KO mice. Expression of GFAP
positive cells in the ipsilateral motor cortex (A), the striatum (B), and the hippocampus (C) ***p<0.001
(group effect). Expression of Iba-1-positive cells in the ipsilateral motor cortex (D), the striatum (E), and the
hippocampus (E). The data represent mean + S.E.M. cells per mm? (percent of contralateral hemisphere)
in WT sham-operated (n=7), non-lesioned (n=7), and lesioned (n=7), and in KO sham-operated (n=7),
non-lesioned (n=7), and lesioned (n=8) mice. Right panels show representative images of GFAP and Iba-1
immunostaining in the ipsilateral (IL) and contralateral (CL) hemispheres from lesioned WT and CB,R KO
mice subjected to HI. Scale bar = 100 um. **p<0.01, **p<0.001 (lesion effect); #p<0.05, ###p<0.001

(genotype effect).
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Figure 4. Quantification of HIF-1a immunofluorescence in lesioned brain structures from the total number
of WT and KO lesioned mice (7 WT and 9 KO) (A-E), and WT and KO with similar moderate brain damage
(7 WT and 7 KO) (F-J) in the ipsilateral entorhinal cortex, amygdala, hippocampus, motor cortex, and
striatum. The data indicate the mean + S.E.M. number of positive HIF-1a/Iba-1 cellss/mm2. The left panels
are representative photomicrographs of brain sections showing expression of HIF-1q, Iba-1 and merged
co-expression (white arrows) in different structures of both genotypes. Scale bar = 50 um. *p<0.05,

*0<0.001.

Figure 5. Quantification of HIF-1a immunofluorescence in non-lesioned brain structures from the total
number of WT and KO lesioned mice (7 WT and 9 KO) (A-D), and WT and KO with similar moderate brain
damage (7 WT and 7 KO) (E-H) in the ipsilateral olfactory tubercle, nucleus accumbens, septum, and
thalamus. The data indicate the mean + S.E.M. number of positive HIF-1a/lba-1 cells/mm?2. The left panels
are representative photomicrographs of brain sections showing expression of HIF-1q, Iba-1 and merged
co-expression (white arrows) in different structures of both genotypes. Scale bar = 50 um. *p<0.05,

*0<0.001.

Figure 6. Quantification of TIM-3 immunofluorescence in lesioned brain structures from the total number
of lesioned WT (n = 7) and KO (n = 10) mice (A-D), and in WT (n = 7) and KO (n = 7) mice with similar
moderate brain damage (D-G) in the ipsilateral sensory cortex, entorhinal cortex, amygdala and
hippocampus. The data indicate the mean + S.E.M. number of positive Tim-3/Iba-1 cells/mm2. The left
panels are representative photomicrographs of brain sections showing expression of TIM-3, Iba-1 and
merged co-expression (white arrows) in different structures of both genotypes. Scale bar = 50 pm.

*5<0.05, **p<0.001.

Figure 7. Quantification of TIM-3 immunofluorescence in lesioned brain structures (KO mice) from the
total number of WT (n = 7) and KO (n = 10) mice (A-B), and in WT (n = 7) and KO (n = 7) mice with similar
moderate brain damage (C-D) in the ipsilateral motor cortex and striatum. The data indicate the mean +

S.E.M. number of positive Tim-3/lba-1 cells/mm2. The left panels are representative photomicrographs of
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brain sections showing expression of TIM-3, Iba-1 and merged co-expression (white arrows) in different

structures of both genotypes. Scale bar = 50 pm. *p<0.05, **p<0.001.

Figure 8. Quantification of TIM-3 immunofluorescence in non-lesioned brain structures from the
total number of WT (n = 7) and KO (n = 10) mice (A-D), and in mice with similar moderate brain
damage WT (n = 7) and KO (n = 7) (E-H) in the ipsilateral olfactory tubercle, nucleus accumbens,
septum, and thalamus. The data indicate the mean + S.E.M. number of positive TIM-3/Iba-1 cells/mm2.
The left panels are representative photomicrographs of brain sections showing expression of TIM-3, Iba-1
and merged co-expression (white arrows) in different structures of both genotypes. Scale bar = 50 um.

*5<0.05, **p<0.001.

Figure 9. Correlation analyses between behavioural deficits with the extent of the lesion, and with TIM-
3/lba-1 immunoreactivity co-expression in different brain areas. (A) Behavioural deficits in the Irwin test
were significantly correlated with the extent of the lesion (p<0.001), and with TIM-3/Iba-1 expression in the
thalamus (p<0.05) and total brain expression (p<0.05). (B) Rotarod deficits were significantly correlated
with the extent of the lesion (p<0.001), and with TIM-3/Iba-1 expression in the motor cortex (p<0.05), total
cortex (p<0.01), striatum (p<0.05), nucleus accumbens (p<0.01), and amygdala (p<0.05). (C) Beam
walking deficits were significantly correlated with the extent of the lesion (p<0.001), and with TIM-3/Iba-1

expression in the olfactory tubercle (p<0.05).

Supp. Figure 1. Morphological analyses of activated microglial cell types in the ipsilateral motor cortex
(A), the striatum (B), and the hippocampus (C) of lesioned WT and KO mice. The data indicate the mean +

S.E.M. number of reactive microglial cells of type I, Il lll, IV and type V. ***p<0.001 (cell type effect).

Supp. Table 1. Experimental sequence describing the number of mice used in each procedure.
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