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Abstract

Cannabinoids have emerged as brain protective agents under neurodegenerative conditions. Many
neuroprotective actions of cannabinoids depend on the activation of specific receptors,
cannabinoid receptor type 1 (CB1R) and type 2 (CB2R). The aim of the present study was to
determine whether the CB2R and CB1R agonist WIN 55,212-2 (WIN) protects neonatal brain
against focal cerebral ischemia-reperfusion and whether anti-inflammatory mechanisms play a
role in protection. 7-day-old rats were subjected to 90 minutes middle cerebral artery occlusion
(MCAO) and injured rats identified by diffusion-weighted MRI during the occlusion. After
reperfusion rats were subcutaneously administered 1mg/kg of WIN or vehicle twice daily until
sacrifice. MCAO led to increased mRNA expression of CB2R (but not CB1R), chemokine
receptors (CCR2 and CX3CR1) and cytokines (IL-1p and TNFa.), as well as increased protein
expression of chemokines MCP-1 and MIP-1a and microglial activation 24 hours after MCAO.
WIN administration significantly reduced microglial activation at this point and attenuated infarct
volume and microglial accumulation and proliferation in the injured cortex 72 hours after MCAO.
Cumulatively, our results show that the cannabinoid agonist WIN protects against neonatal focal
stroke in part due to inhibitory effects on microglia.

The endocannaboinoid system has been identified as an endogenous neuroprotective system
in different animal models of acute and chronic neurodegenerative diseases (reviewed in
Martinez-Orgado et al., 2007; Mechoulam et al., 2002; Sagredo et al., 2007). Numerous
cannabinergic ligands have been proven to be efficacious neuroprotectants against traumatic
and ischemic brain damage in adult animals (Nagayama et al., 1999; Shohami et al., 1997).
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Several protective mechanisms have been proposed through activation of the two major
cannabinoid receptors (CBRs) in the brain, but the exact mechanisms and possible adverse
effects have not been fully elucidated. Cannabinoid receptor type-1 (CB1R) is
predominantly located on neurons and is involved, among many other functions, in the
modulation of synaptic transmission and prevention of excitotoxicity (Kim et al., 2006;
Marsicano et al., 2003). Cannabinoid receptor type-2 (CB2R) expression is induced in
immune cells under pathological conditions, and its activation in the brain has been
associated with the modulation of several inflammatory functions of microglia and
macrophages (Baker et al., 2007; Marchalant et al, 2007; Walter et al., 2003). The combined
activation of both cannabinoid receptors has been shown to exert synergistic protective
effects in different models of CNS diseases, including stroke, consistent with the better
prevention of neural cell death when mixed CB1R and CB2R agonists are used, rather than
individual CB1R or CB2R agonists (Docagne et al., 2007; Fernandez-L6pez et al., 2006;
Fernandez-Lopez et al., 2007). However, there is conflicting evidence regarding the
neuroprotective versus neurotoxic effect of CB1R ligands (Sarne et al., 2011) that may limit
the protective effect of the simultaneous activation of both receptors in the brain.

Aurterial stroke in neonates is frequent, with an incidence of 1/2800 to 1/5000 live-births
(Chabrier et al., 2011). Unfortunately there are no effective therapies for neonatal stroke
(Kirton and deVeber, 2009). It is well known that neuroinflammation, in part due to
microglial activation, is an important factor that modulates brain injury after neonatal stroke
(reviewed in Vexler and Yenari, 2009). The mixed cannabinergic ligand WIN 55,212-2
(WIN), which binds to both CB1R and CB2R with high affinity (Pertwee, 2006),
significantly reduced injury in brain slices subjected to oxygen-glucose deprivation
(Fernandez-L6pez et al., 2006) and long-term brain injury in animal models of acute severe
asphyxia and hypoxia-ischemia in neonatal rodents, models relevant to asphyxia in human
newborns (Fernandez-Lépez et al., 2007; Fernandez-L6pez et al., 2010; Martinez-Orgado et
al., 2003). We also showed that WIN enhances neural repair after neonatal hypoxia-ischemia
(Fernandez-L6pez et al., 2010). However, it is unknown if long-term protective potential for
WIN against brain ischemia during the neonatal period occurs via suppression of
inflammation during the acute injury phase. It is also unknown if WIN can protect the
developing brain against pure ischemia-reperfusion. In this study we asked if a CB1R/CB2R
agonist WIN protects against arterial focal stroke in the neonate by its effects on microglial
activation.

1. EXPERIMENTAL PROCEDURES

1.1. Animal model of neonatal stroke

1.2. DWI

All animal research was approved by the University of California San Francisco Institutional
Animal Care and Use Committee and was performed in accordance with the Guide for the
Care and Use of Laboratory Animals (U.S. Department of Health and Human Services,
Publication Number 85-23, 1985). Sprague-Dawley dams with a dated litter of pups were
purchased from Charles River Laboratories (Wilmington, Mass). Transient 1.5-hour right
middle cerebral artery occlusion (MCAQO) was performed in 7-day-old pups (P7) as
previously described (Derugin et al., 2000). Sham animals were used as controls.

Spin-echo echo planar diffusion-weighted MRI (DWI) was performed during MCAO to
identify injured animals (Derugin et al., 2005) only animals with injury extending
throughout the MCA territory on DWI were used. Injury volume on DWI was determined in
five consecutive 2-mm thick coronal sections.
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1.3. Administration of WIN and 5-bromo-2'-deoxyuridine (BrdU)

Pups received first injection of either WIN (1 mg/kg/dose, Sigma-Aldrich) or vehicle (2%
DMSO, 5% BSA in PBS) immediately after reperfusion, followed by a second injection 4
hours later. Then the pups were injected twice daily with WIN or vehicle until sacrifice at 24
or 72 hours after MCAO. To label proliferating cells, pups received BrdU (50 mg/kg in
0.9% saline, i.p.) in three injections given every two hours starting from the 6 hours prior to
sacrifice.

1.4. Stereological determination of infarct volume

Animals were sacrificed by transcardiac perfusion with 4% paraformaldehyde in 0.1M
phosphate buffer. Brains were removed, post-fixed, cryoprotected by inmersion in 30%
sucrose 0.1M phosphate buffer and cut in 50 pm-thick slices using a vibratome. Eight serial
brain sections per brain (350 pum apart, Bregma 2.2mm to 0.6mm) were stained with Nissl
and the contralateral and non-injured ipsilateral areas were traced under a Zeiss microscope
at 10x magnification using Stereolnvestigator (MicroBright Fields, Inc). Volumes were
estimated using the Cavalieri probe with an average coefficient of error for the estimation of
(Gundersen m=0) of 0.046. Infarct size was expressed as the percentage of injured ipsilateral
hemisphere corrected for brain edema, as calculated by the formula

[(Volcontra=VOlipsi not injured)/VOlcontral % 100

1.5. Immunofluorescence and image analysis

Free-floating brain serial sections (50 um) were immunostained for BrdU (ABD Serotec,
1:100) and the microglial/macrophage marker Ibal (Wako, 1:500) as previously described
(Gonzélez et al., 2007). A minimum of 6 images from 3 different sections per brain were
captured in the ischemic core, ischemic penumbra and corresponding areas in the
contralateral cortex using a 20x objective on a Zeiss microscope. The ischemic penumbra
was defined based on the appearance of DWI during MCAO (Manabat et al., 2003) with
additional confirmation on Nissl-stained sections adjacent to immunostained sections
(Figure 1). Images were thresholded and analyzed using Openlab software (Improvision,
Inc.). Data were expressed as the ipsilateral/contralateral ratio of Ibal+ cell density in the
ischemic core and penumbra.

1.6. Quantitative RT-PCR

For the analysis of gene expression by gRT-PCR animals were sacrificed by decapitation,
the brains were dissected and tissue from the ischemic hemisphere and contralateral cortex
was flash-frozen. Total RNA was isolated from the brain samples using RNeasy MinElute
Kit (Quiagen). Quantitative reverse transcriptase-polymerase chain reaction was performed
as previously described (Sobrado et al., 2009). Specific primers for rat genes were designed
using Primer Express software (Applied Biosystems), and were as follows: CB2R (forward
5 AAAGCACACCAACATGTAGCCAGC; reverse 5
ACCAGCATATGAGCAGAACAGCCA), CB1R (forward 5
GCTGCAATCTGTTTGCTCGGACAT; reverse 5
CACAATGAACAGCAGCAGCACACT), TNFa (forward 5’
GACCCTCACACTCAGATCATCTTCT; reverse 5'-TGCTACGACGTGGGCTACG);
IL-1B (forward 5" GACCTGTTCTTTGAGGCTGACA 3’; reverse 5
CTCATCTGGACAGCCCAAGTC 3"); CCR2 (forward 5’
GACCGAGTGAGCTCAACATTT; reverse 5" AACCCAACTGAGACTTCTTGC);
CX3CR1 (forward 5 CTACACAAGCGAGGGAGAGG; reverse 5
TGGTCCGTATTTCTTGCACA); beta-actin (forward 5’-
TGAGCGCAAGTACTCTGTGTGGAT; reverse 5'-
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TAGAAGCATTTGCGGTGCACGATG). Data were expressed as fold mRNA increase over
naive animals treated with WIN (1mg/kg) or vehicle.

1.7. Western blot

Flash-frozen tissue samples from ipsilateral and contralateral brain hemispheres were
processed for western blot as previously described (Fernandez-Lopez et al., 2006). Blots
were incubated with anti-Ibal (Wako, 1:500) overnight at 4°C and secondary anti-rabbit
(Santa Cruz, 1:2000) 1 hour at RT.

1.8. Cytokine and chemokine measurements

Cytokine and chemokine concentrations were simultaneously quantified in the same samples
from injured and contralateral brain tissue using a LINCOplex™ rat cytokine kit (LINCO
Research) using Luminex1 reader (Luminex) and StatLIA® software (Brendan Scientific)
with a 5-parameter logistic curve-fitting.

1.9. Statistical analysis

Data are expressed as mean + SD. Comparisons between animal groups were performed
using unpaired Student ¢test. p<0.05 was considered statistically significant.

2. RESULTS

2.1. WIN reduces infarct size 72 hours after neonatal stroke

The extent of injury was determined 72 hours after 90 minutes MCAO in P7 rats by
stereological evaluation of infarct volume (Cavalieri probe) in Nissl-stained brain serial
sections. Rats treated with WIN had a significantly smaller infarct volume than rats that
received vehicle (11.04+6.02 % V/s. 19.37+9.01 % of injured hemisphere in MCAO+WIN
and MCAO+veh, respectively) (figure 1A, 1B vs 1C, 1D; figure 1F). The volumes of tissue
with abnormal DWI during MCAO, i.e., tissue at risk, were similar in both groups (figure
1E), indicating that WIN is protective during the reperfusion phase after neonatal stroke.
The protective effect was not due to drug-induced hypothermia as rectal temperature was not
affected by WIN administration (34.8+0.7 °C vs 34.6+0.3 °C on day 0; 35.5+0.8 °C vs
35.7+0.3 °C on day 1; 34.9+£1.2 °C vs 35.6+1.1 °C on day 2 in vehicle- vs WIN-treated
groups, respectively).

2.2. WIN limits microglial accumulation in the ischemic-reperfused cortex

To investigate whether anti-inflammatory mechanisms are involved in the protective effect
of WIN, we analyzed expression of the CB receptors and density of Ibal+ cells in the
injured brain. While mRNA expression of CB1R (mostly expressed in neurons) remained
unchanged 24 hours after reperfusion (figure 3B), mRNA expression of CB2R, which we
determined at the same time point, was strongly induced (figure 3A). Consistent with our
previous observations (Denker et al., 2007), a marked increase in the expression of the
microglial cell marker Ibal occurred in the injured hemisphere of the brain at 24 hours after
MCAO (n=3, figure 3C). Accumulation of activated microglia (ameboid Ibal+ cells)
persisted in the ischemic core and even more in the ischemic penumbra at 72 hours after
reperfusion (figure 2A-2C, 2G, 2H). Treatment with WIN partially but significantly reduced
the overall expression of Ibal (figure 3C) and accumulation of Ibal+ cells in the ischemic
core and penumbra (figure 2D-2F, 2G, 2H).

Considering that accumulation of Ibal+ cells can occur via multiple mechanisms, including

microglial proliferation and chemotaxis, we determined whether WIN affects proliferation
of microglia and expression of CX3CR1 and CCR2, two major receptors involved in
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chemotactic activity of these cells (Imai et al., 1997; Kuziel et al., 1997). At 72 hours we
observed that, as expected, proliferation of microglia during the last 6 hours prior to
sacrifice (when BrdU was administered) was markedly higher after stroke in the injured
hemisphere compared to the matching contralateral areas (figure 4A-4D). Interestingly,
WIN administration resulted in reduced proliferation of microglia in the ischemic core
(figure 4D), indicating that WIN inhibits proliferation of these cells in the injured brain after
neonatal MCAO. mRNA expression of both CX3CR1 and CCR2 was significantly increased
in the ischemic hemisphere at 24 hours after neonatal MCAOQO (figure 3D, 3E). Although
CX3CR1 and CCR2 can be expressed by both microglia and monocytes, the Ibal+
population is comprised of microglial cells, but not invading monocytes, in acutely injured
neonatal brain (Denker et al., 2007), indicating that these chemotactic receptors are
expressed on microglia. However, WIN did not significantly affect CX3CR1 or CCR2
expression (figures 3D-3E), suggesting that the reduced density of Ibal+ cells observed
after MCAO is unlikely due to the effects on CCR2- or CX3CR1-mediated chemotaxis, but
rather due to effects on the proliferation of microglia.

2.3. WIN modulates expression of cytokines and chemokines in the neonatal brain after

stroke

Next we explored the effect of WIN on accumulation of inflammatory mediators after
neonatal stroke. We analyzed mRNA and/or protein expression of several cytokines and
chemokines that are known to activate and regulate function of microglia in the ischemic
brain. mMRNA expression of the cytokines TNFa and IL-1f was significantly increased by
the MCAO at 24 hours (figure 5A, 5B). However, protein expression of only TNFa but not
IL-1B was significantly increased at this time point (figure 5C, 5D). WIN did not affect
mRNA and/or protein expression of TNFa (figure 5B, 5D), but further increased mRNA
expression of IL-1p (figure 5A). MIP-1a and MCP-1 mRNA were below detectable levels
in both injured and uninjured brain regions but protein expression of these chemokines was
significantly induced in injured brain regions (figure 5E, 5F). The plasma levels of these
chemokines were similar to those observed in control animals at the same time point (data
not shown). Protein expression of MIP-1a tended to be lower (n.s.) in animals treated with
WIN (figure 5E). Expression of other cytokines and chemokines, which were also induced
in injured brain regions, including 1L-18 and GRO/KC, was not affected by the treatment
(data not shown).

3. DISCUSSION

We show for the first time that the mixed CB1R and CB2R agonist WIN significantly
reduces brain injury during the reperfusion phase after neonatal focal stroke. We also
demonstrate that reduction of injury size produced by WIN is associated with decline in
proliferation and accumulation of activated microglia in the injured cortex.

It is well known that expression of CB2R is up-regulated in microglia and peripheral
monocytes in response to inflammatory stimuli (Maresz et al., 2005; Mukhopadhyay et al.,
2006). We observed that CB2R mRNA expression is induced in the injured regions 24 hours
after transient MCAO in neonatal rats. This observation is in agreement with previous
reports showing increased CB2R mRNA expression at the same (or later, at 72 hours) time
points after brain ischemia-reperfusion in the adult (Zhang et al., 2008; Ashton et al., 2007),
and at 48 hours after neonatal hypoxia-ischemia (Fernandez-Ldpez et al., 2010). In contrast
to that for CB2R, the expression of CB1R remained unchanged at 24 hours in our study,
consistent with the notion that CB1R mRNA expression may be induced only transiently
before, as was reported after MCAO in the adult (Mukhopadhyay et al., 2006). Others,
however, reported an increased CBR1 protein expression up to 72 hours in the ischemic
penumbra (Jin et al., 2000).
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MCAO induced TNFa, IL-1p or MCP-1 expression 24 hours after reperfusion, and WIN
administration did not decrease mRNA or protein expression of these inflammatory
mediators. While seems surprising, our data is consistent with results of a study in which
administration of a selective CB2R agonist after transient focal ischemia in adult mice
resulted in neuroprotection at 72 hours without significantly affecting the early increase in
expression of TNFa, IL-18 or MCP-1 (Murikinati et al., 2010). Given that we evaluated
changes of cytokine production only at one time point, we cannot rule out a possibility that
cytokine production could have been influenced at earlier times. Also, based on our recent
findings that these chemokines and cytokines are expressed by several cell types in the
injured neonatal brain, including activated endothelium and astrocytes, and that production
of these mediators continues even when microglia are depleted (Faustino et al., 2011), these
cytokines can be increased at different time points in different cell types. Interestingly,
IL-1B mRNA expression was further increased in our study by WIN. The effects of this
cytokine in injured neonatal brain are rather complex and the mechanisms that ultimately
lead to increased IL-1B mRNA following WIN administration are yet to be understood.
While IL-18 may contribute to injury after neonatal hypoxia-ischemia (Liu et al., 1999),
genetic deletion of IL-1p or IL-1a, alone or in combination (IL-1ap knockout), did not
protect one week after hypoxia-ischemia (Hedtjarn et al., 2005) whereas administration of
IL-1ra protected (Girard et al., 2008). Stimulation of neonatal mice with TLR2- or TLR4-
specific ligands, Pam3CSK4 or LPS, respectively, showed that IL-1p increases in the brain
are stimulus/receptor-dependent (Stridh et al., 2011). Also, protection achieved by
minocycline in our model was not associated with reduction of the brain IL-1f levels
increased by MCAO (Fox et al., 2005), suggesting that IL-1p might either not be injurious
after acute injury, or its effects may depend on the cell type producing this cytokine, as cell-
type specific effects shown for TNFa (Lambertsen et al., 2009). The accumulated Ibal*
macrophage population may be diverse by nature and consist of activated microglia and
infiltrated monocytes. Furthermore, each of the subpopulations—brain macrophages and
invaded macrophages—may be heterogeneous along the M1/M2 continuum, thereby
differentially affecting injury. Protection by selective activation of CB2R after stroke in the
adult was not only associated with the reduction of microglial activation but also with
reduced expression of the adhesion molecules (Zhang et al., 2007), leukocyte/endothelial
interactions and neutrophil recruitment (Murikinati et al., 2010; Zhang et al., 2007; Zhang et
al., 2009). WIN is also known to reduce adhesion of macrophages to atherosclerotic blood
vessels (Zhao et al., 2010) and expression of vascular and intercellular adhesion molecules
under chronic neuroinflammatory conditions in experimental multiple sclerosis (Mestre et
al., 2009). However, infiltration of peripheral monocytes (Denker et al., 2007) and
neutrophils (unpublished) is minimal in our animal model during the first 24 hours after
reperfusion, the time when we observed decreased expression of Ibal in the injured brain of
WIN-treated animals. Our data also show that decreased accumulation of Ibal+ cells at 72
hours is coupled to decreased proliferation of microglial cells in WIN-treated animals,
further suggesting WIN effects on microglia. Although it is conceivable that at later time
WIN affects injury mediated by invading monocytes as well, cumulatively, our findings
show that during the subacute injury phase WIN acts on microglia rather than on peripheral
and invading monocytes. Therefore, our data strongly suggest that WIN exerts its protection
largely through the effects on the microglial population. Further studies are needed to
explore the potential of cannabinergic agonists to provide long-term protection after
neonatal stroke.
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Figure 1. WIN protectsthe neonatal brain during the subacute injury phase after stroke

A-D: Nissl-stained sections showing a reduced severity of injury in the ischemic
hemisphere (white arrows) of WIN-treated animals 72 hours after neonatal stroke
(magnification 4x in A and C, 20x in B and D). E: Volumetric analysis of brain edema based
on DWI performed during MCAO (n=8-12 per group). F: Volumetric analysis of brain
injury (Cavalieri probe) from Nissl-stained serial sections. n=11-13 per group; Student’s t-
test p<0.01.
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Figure 2. WIN reduces the accumulation of | bal+ microglia/macrophagesin theinjured cortex
after neonatal MCAO

A-F: Immunofluorescence showing a reduced accumulation of Ibal+ cells in the ischemic
penumbra (B, E) and ischemic core (C, F) in WIN-treated animals 72 hours after neonatal
stroke (magnification 2.5x in A and D, 20x in B, C, E and F). G, H: Analysis of cortical 1bal
density in the ischemic core (G) and the ischemic penumbra (H) 72 hours after neonatal
stroke. Data are expressed as fold increase vsthe corresponding areas in the contralateral
hemishere. n=11-13 per group; Student’s t-test p<0.05.
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Figure 3. mRNA expression of CBRs and chemokine receptorsand protein expression of I1bal 24
hours after neonatal MCAO

MCAO in P7 rats induced the expression of CB2R (A), but not of CB1R (B) 24 hours after
neonatal stroke. Expression of CBRs was unaffected by WIN (A and B, n=5-7). WIN led to
a decreased protein expression of 1bal in the injured brain at 24 hours (C). MCAO in P7 rats
induced the expression of CCR2 and CX3CR1, that was unaffected by WIN (D and E, n=5-
7). Data are expressed as fold increase expression vsthe corresponding naives (Veh or WIN)
or the contralateral hemisphere; (*) Student’s t-test p<0.05 vs contralateral MCAO+Veh; (#,
##, ###) Student’s t-test p<0.05, p<0.01, p<0.001, respectively, vscontralateral MCAO
+WIN.
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Figure4. WIN reduces microglial cell proliferation in theinjured cortex 72 hours after neonatal
MCAO

Proliferation of Ibal+ cells is increased in the injured cortex 72 hours after MCAOQO (A vsB).
WIN led to a significant reduction in the number of proliferating Ibal* cells in the ischemic
cortex (C vs B, D). n=6-9 per group; (***) Student’s t-test p<0.001, respectively, vs
contralateral MCAO+Veh; (#) Student’s t-test p<0.05 vscore MCAO+Veh.
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Figure 5. mRNA and/or protein expression of pro-inflammatory mediators 24 hour s after

neonatal MCAO

mMRNA expression of IL-1p (A) and TNF (B) was induced in the ischemic brain 24 hours
after MCAO. Protein expression of TNFa (D), MIP1a (E) and MCP-1 (F), but not of IL-18
(C) was also increased after MCAO. WIN increased the mRNA expression of IL-1p (A) and
partially reduced the protein expression of MIP1a (E). mRNA data are expressed as fold
increase expression vsthe corresponding naives (Veh or WIN); protein data are expressed as
concentration per mg of total protein; n=5-7 per group. (*, **, ***) Student’s t-test p<0.05,
p<0.01, p<0.001, respectively, vscontralateral MCAO+veh; (#, ##, ###) Student’s t-test
p<0.05, p<0.01, p<0.001, respectively, vscontralateral MCAO+WIN.

Neuroscience. Author manuscript; available in PMC 2013 April 05.



