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ABSTRACT: The number of functions controlled by the endocanna-
binoid system in health and disease continues growing over the years.

Article Recommendations

Neonatal Hypoxia-Ischemia

In the brain, these include the modulation of harmful events such as ( No ) | URB447 ]
glutamate excitotoxicity, oxidative stress, and inflammation, mainly treatment " 0
regulated by activation/blockade of CB;/CB, cannabinoid receptors. O

In the present work, we evaluated the capacity of the CB,; antagonist/ D

CB, agonist synthetic cannabinoid URB447 on reducing neuro- £ N\

e

degeneration after brain injury. By using a model of hypoxia-ischemia
(HI) in neonatal rats, we found that URB447 strongly reduced brain
injury when administered before HI. A comparable effect was observed
with the CB, antagonist SR141716A, whereas the CB, agonist WIN-
55,212-2 reduced the effect of URB447. When administered 3 h after
HI, which is considered a clinically feasible therapeutic window to treat
perinatal brain injury in humans, URB447 reduced neurodegeneration
and white matter damage. Markers of astrogliosis and microglial
activation also appeared reduced. These results confirm the important [
role played by the endocannabinoid system in the neurodegenerative

process and strongly encourage further research into the mechanisms of URB447-induced neuroprotection.
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Bl INTRODUCTION

The endogenous cannabinoid system is present throughout

The classical way to modulate the endocannabinoid system
is through cannabinoid (CB) receptors, namely, CB, and CB,,
which belong to the class A rhodopsin-like family of G-protein-
coupled receptors. Their modulation can be achieved by
exogenous administration of synthetic cannabinoids and
phytocannabinoids or inhibitors of enzymes that degrade
endocannabinoids, i.e., anandamide and 2-arachidonylglycerol.

much of the body and is implicated in a variety of physiological
functions, including feeding, modulation of pain, emotional
behavior, and peripheral lipid metabolism." In the central
nervous system (CNS), cannabinoids are able to limit the

deleterious effects caused by multiple toxic stimuli, providing
neuroprotection in different paradigms of brain injury. This is
mainly obtained through their ability to modulate the intensity
and extension of deleterious events, like glutamate excitotox-
icity,” nitric oxide and ROS production,® and inflamma-
tion.”” Cannabinoids also regulate a wide number of beneficial
processes, including induction of hypothermia’ and activation
of cytoprotective signaling pathways, that control cell survival
and fate.'”'> Because of these properties, it has been
hypothesized that the endocannabinoid system might act as
a natural neuroprotectant system.'”> Therefore, compounds
that modulate the endocannabinoid system could be promising
neuroprotective agents.14
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CB, receptors are among the most abundant neuromodulatory
receptors. They are primarily expressed in the brain and exhibit
a presynaptic location."”” CB, receptors, instead, are mainly
expressed in tissues and cells of the immune system, including
resident inflammatory cells within the CNS, and modulate the
inflammatory response by decreasing the activity of antigen-
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presenting cells (APC) and down-regulating cytokine (IFN-y
and TNF-a) production,®'® among others. Thus, a unique
cannabinoid which interacts with CB,; and CB, receptors or a
combination of cannabinoids with different receptor selectivity
could target a wide range of physiological conditions and
change the progression of different neurological diseases.
Indeed, cannabinoids could reduce excitotoxicity and nitric
oxide and ROS production by acting through neuronal CB,
receptors, modulate reactive microgliosis by acting through
microglial CB, receptors, or activate cytoprotective pathways
and enhance the trophic and metabolic support to neurons by
acting through astroglial CB, or CB, receptors.

URB447 ({[4-amino-1-(4-chlorobenzyl)-2-methyl-S-phenyl-
1H-pyrrole-3-yl](phenyl) methanone}) (Figure 1) is a

0,

O
Q.

URB447

Figure 1. Chemical structure of URB447.

synthetic CB receptor ligand based on a pyrrole scaffold
variously substituted in all positions. It binds both CB; and
CB, receptors with a submicromolar affinity and good
stereoselectivity (CB,/CB; ratio 9 < 10) and acts as a CB,
antagonist and CB, agonist.'” Due to peripheral CB,
antagonism, URB447 was able to lower food intake and
body-weight gain in mice,'” an effect also shown by the CB,
antagonist rimonabant (SR141716A)."° Interestingly,
SR141716A also possesses neuroprotective effects in different
models of brain injury, including NMDA-induced excitotox-
icity in neonatal rats'” as well as permanent phototrombotic
cerebral ischemia® and permanent middle cerebral artery
occlusion in adult rats.”’ On the other hand, stimulation of
CB, receptors can dampen post-traumatic inflammation, as
blockade or deletion of the CB, receptors can worsen
inflammation.”” Thus, we hypothesized that URB447, by
possessing a mixed CB, antagonist/CB, agonist activity, could
represent a putative candidate for reducing neurodegeneration
after brain injury. To test this hypothesis, we used a neonatal
rat model of hypoxia-ischemia (HI). Cannabinoid receptors
and their endogenous ligands are present at relatively early
stages of development and participate to the functional
maturation of the CNS.”’ Increased expression of CB receptors
has been reported after immature brain injury.”**’

B RESULTS AND DISCUSSION

Pretreatment with URB447 and SR141716A Reduces
Hl-Induced Brain Damage. In adult animals, URB447
appeared restricted to the periphery,'” while there is no
information if the compound passes the brain blood barrier
(BBB) in neonates. Thus, we decided to perform pilot parallel
experiments aimed at testing the effect of URB447 or
SR141716A administered at the same dose before injury. In
these experiments, we treated animals 1 h before HI and
evaluated brain injury 7 days later. As shown in Figure 2A, the
hypoxic-ischemic procedure induced a severe injury in the side
of the brain ipsilateral to the occluded carotid, with the

ipsilateral hemisphere showing a 46.5% reduction compared to
the contralateral one. The most severe damage was observed in
the cerebral cortex (65.7%; Figure 2A). Treatment with
URB447 significantly reduced brain injury. The residual injury
after URB447 was 16.3, 7.3, and 16.0% for the whole
hemisphere, cerebral cortex, and hippocampus, respectively
(Figure 2A). SR141716A also showed a robust neuroprotective
effect. Residual injury after SR141716A administration was
below 10% for the whole hemisphere and cortical and
hippocampal brain regions (Figure 2B). Our findings agree
with literature data showing that SR141716A can decrease
infarct volume in transient and permanent middle cerebral
artery occlusion models®®>” and suggest that blocking CB;
activation may be the main mechanism accounting for
neuroprotection.

There is no information on URB447 pharmacokinetics and
if it crosses the BBB in neonatal rats. In adult animals, however,
this compound appears peripherally restricted.” If we assume
that URB447 holds the same features in adult and neonatal
rats, it is possible to hypothesize that the slightly lower eflicacy
compared to SR141716A may reflect the higher capability of
the latter to cross the BBB, which allows this compound to be
present in the brain and rapidly block CB, receptors in the
early phase of injury. In contrast, during this early phase,
URB447 could damp the peripheral inflammatory response
and the recruitment of immune cells to the injury site by acting
on CB, receptors. This may reduce the inflammatory responses
that contribute to CNS injury in the later phase.”® However,
since after HI the BBB becomes permeable, it is realistic to
predict that the strong neuroprotective effect could be due to
both peripheral and central effects. The latter occurs through a
direct agonist/antagonist CB,/CB; receptor interaction on
neuronal, glial, and microglial cells when URB447 enters in the
CNS because of the leaky BBB. The strong neuroprotective
effect observed after URB447 administration 30 min or 3 h
after the hypoxic-ischemic procedure is in line with this
hypothesis (see below). Moreover, when we tested the
combined effect of URB447 and (R)-(+)-WIN-55,212-2
(WIN-55,212-2), a CB,/CB,-receptor a§onist showing a
higher preference toward CB, receptors,” we found that
WIN-55,212-2 significantly reduced the neuroprotective effect
of URB447 (Figure 2C). When WIN-55,212-2 was adminis-
tered alone, instead, we found a slight reduction of brain injury
(Figure 2C). This indicates that the simultaneous activation of
both CB; and CB, receptors cannot result in maximal
neuroprotection, as instead is obtained by combining CB,;
inhibition with CB, agonism.’® Conflicting results have been
reported concerning the effect of WIN-55,212-2 in neuro-
protection. For example, some authors reported neuro-
protection in transient global ischemia and permanent focal
ischemia in adult’" and neonatal rats.*> Others did not observe
any decrease in either infarct volume or neurological
outcome.”” The reason for these contrasting results as well
as the role of activation of CB, receptors by WIN 55,212-2
remains unclear, and the interaction of this compound with
receptors different from CB receptors which may affect the
outcome cannot be excluded.’”** A recent work has shown a
lack of protective effect of the selective CB, receptor agonist
GW405833,” indicating that selective activation of CB,
receptors do not have the capacity to reduce infarct size or
improve neurological outcomes after neonatal HI, despite the
several doses and administration regimens tested, adding
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Figure 2. Evaluation of brain damage after neonatal hypoxia-ischemia (HI) and treatment with URB447, SR141716A, and WIN-55,212-2. Infarct
volume measured in the whole hemisphere, cerebral cortex, and hippocampus of 14-day-old rats subjected to HI on P7 and treated with (A) vehicle
(HI) or URB447 1 mg/kg 1 h before HI (HI+URB447 1h-PRE); (B) vehicle (HI) or SR141716A 1 mg/kg 1 h before HI (HI+SR141716A); (C)
vehicle (HI) or URB447 1 mg/kg 1 h before HI (HI+URB447), or WIN-55,212-2 1 mg/kg 1 h and 30 min before HI (HI+WIN-55,212-2), or
URB447 plus WIN-55,212-2 (HI+URB447+WIN-55,212-2). Images represent coronal brain sections at the hippocampal level of each experimental
group stained with toluidine blue. Results are expressed as percentage of ipsilateral damage calculated from bilateral regional volumes using the
formula 100(L — R)/L, where L is the volume of the contralateral region and R is the volume of the ipsilateral region (N = 10/group). * P < 0.0S, §
P < 0.001, Mann—Whitney test and one-way ANOVA followed by Newman—Keuls multiple comparison test. (D) Representative drawing of the
brain areas—whole hemisphere (a), cerebral cortex (b), and hippocampus (c)—analyzed in the histological experiments reported in panels A, B,

and C.

complexity to the effect of cannabinoid interacting compounds
in neurodegeneration.

Post-Treatment with URB447 Reduces HI-Induced
Brain Damage, White Matter Demyelination, Astroglio-
sis, and Microglial Activation. To assess further the
neuroprotective effect of URB447, we performed experiments
by administering the compound 30 min or 3 h after the initial
insult. Postinjury administration of URB447 does not have the
problem of BBB crossing, since injury allows the leakage of the
BBB’® with a better penetration of the compound into the
CNS. As shown in Figure 3, residual injury in the HI+URB447
30 min-POST and in the HI+URB447 3h-POST groups was,
respectively, 4.3 and 12.0% for the whole hemisphere, 4.6 and

15.4% for the cerebral cortex, and 8.1 and 11.2% for the
hippocampus (Figure 3A and B). Since a pharmacological
intervention within 3 h after the injury is considered a clinically
feasible therapeutic window to treat perinatal brain injury in
humans,®” we decided to better characterize the effect of
URB447 administered at this time point, focusing on the
consequences of HI and URB447 administration on white
matter injury and activation of glial cells. Indeed, white matter
is particularly susceptible to perinatal asphyxia, and cerebral
white matter injury is a common feature of hypoxic-ischemic
encephalopathy.”®”” Studies in human and rodent models have
described many histological features in the white matter that
correlate to early40 and late*’ cognitive impairment in children;
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Figure 3. Evaluation of brain damage after neonatal hypoxia-ischemia (HI) and treatment with URB447. Infarct volume measured in the whole
hemisphere, cerebral cortex, and hippocampus of 14-day-old rats subjected to HI on P7 and treated with (HI) or URB447 1 mg/kg 30 min after HI
(HI+URB447 30 min-POST) (A), or URB447 1 mg/kg 3 h after HI (HI+URB447 3h-POST) (B). Images represent coronal brain sections at the
hippocampal level of each experimental group stained with toluidine blue. Results are expressed as percentage of ipsilateral damage calculated from
bilateral regional volumes using the formula 100(L — R)/L, where L is the volume of the contralateral region and R the volume of the ipsilateral
region (N = 10/group). § P < 0.001, Mann—Whitney test.
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Figure 4. Modulation of myelin basic protein (MBP) staining by neonatal hypoxia-ischemia (HI) and treatment with URB447 in the mid-dorsal
hippocampus. (A) Light microphotographs illustrating the disruption of MBP immunostaining in external capsule (a—f) and adjacent striatum (g—
1). Samples were obtained from 14-day-old rats subjected to sham operation (SHAM; a, b, g, h) or to HI on P7 and treated with either vehicle (HI;
¢, d, i,j) or URB447 (HI+URB447; e, f, k, 1). (B) Densitometric analysis performed as described in the Materials and Methods section. L, left side,
contralateral; R, right side, ipsilateral to occluded carotid artery. Bars, 100 pm. ** P < 0.01 vs Sham group, ## P < 0.01 vs HI group, one-way
ANOVA (N = 8/group).

D https://dx.doi.org/10.1021/acschemneuro.0c00047
ACS Chem. Neurosci. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acschemneuro.0c00047?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.0c00047?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.0c00047?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.0c00047?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.0c00047?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.0c00047?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.0c00047?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.0c00047?fig=fig4&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://dx.doi.org/10.1021/acschemneuro.0c00047?ref=pdf

ACS Chemical Neuroscience

pubs.acs.org/chemneuro

Research Article

MBP staining

SHAM, L SHAM, R HI, L
an b - Cpy

933 P4 i(3)

HI, R HI+URB447, L HI+URB447, R
dpy sy (1) i fo) :
Ja k@) Vi)

-
1 ey *x
o 084 |
[a1]
= 064
-
€ 044
0.2 - —
0 ra— ~
IR
Q~
N
X

Figure S. Modulation of myelin basic protein (MBP) staining by neonatal hypoxia-ischemia (HI) and treatment with URB447 in the striatum. (A)
Light microphotographs illustrating the disruption of MBP immunostaining in the external capsule (a—f) and adjacent striatum (g—1). Samples
were obtained from 14-day-old rats subjected to sham operation (SHAM; a, b, g, h) or to HI on P7 and treated with either vehicle (HI; ¢, d, i, j) or
URB447 (HI+URB447; e, f, k, 1). (B) Densitometric analysis performed as described in the Materials and Methods section. L, left side,
contralateral; R, right side, ipsilateral to occluded carotid artery. Bar, 100 gm. ** P < 0.01 vs Sham group, ## P < 0.01 vs HI group, one-way

ANOVA (N = 8/group).

these include cell death, edema, gliosis, and reduced
myelination.”’ Figure 4A shows myelin basic protein (MBP)
immunostaining performed 7 days after HI at the level of the
mid-dorsal hippocampus and thalamus. Hypoxic-ischemic
animals showed a substantial loss of ipsilateral MBP
immunostaining external capsule (Figure 4A, panel d) and
adjacent striatum (Figure 4A, panel j), indicative of the marked
loss of axonal processes. A similar effect was observed at the
level of the mid-striatum (Figure 5), which also displayed a
substantial loss of ipsilateral MBP immunostaining in the
external capsule (Figure SA, panel d) and adjacent striatum
(Figure SA, panel j) when compared with sham animals
(Figure SA, panels b and h). The reduction in the
immunostaining pattern of MBP after HI can be easily
observed when comparing the ipsilateral regions with the
contralateral ones of HI and sham animals (HI, Figure 4A,
panels ¢ and i, and Figure SA, panels ¢ and i; sham, Figure 4A,
panels a and g, and Figure SA, panels a and g). URB447-
treated animals displayed a similar staining pattern (Figure 44,
panels e, f, k, and |, and Figure SA, panels ¢, f, k, and I) to sham
animals. Densitometry analysis shows that HI caused a
significant loss in MBP immunostaining (P < 0.01) in the
subcortical white matter and striatum both at the level of mid-
dorsal hippocampus and thalamus (0.69 + 0.13; Figure 4B)

and mid-striatum (0.81 + 0.08; Figure SB). The decrease in
the (R:L) MBP ratio was absent in URB447-treated rats in
both anatomical regions (1.07 + 0.07 and 1.04 + 0.04,
respectively; Figures 4B and SB). In this group of animals,
values were similar to those observed in the sham group. A
similar effect was previously found after administration of
melatonin as a neuroprotectant,”” indicating that myelination
disturbances in the external capsule, cingulum (with processes
extending into the adjacent cortex), and striatum can be
attenuated independently of the type of neuroprotective agent.

To study the outcome in white matter elements, we
evaluated the glial fibrillary acidic protein (GFAP, an
intermediate filament protein in astrocytes) and the ionized
calcium binding adaptor molecule-1 (Iba-1, a microglia/
macrophage-specific calcium-binding protein) immunostain-
ing. Astrocyte reactivity was prominent in the ipsilateral
hemisphere of HI animals, with GFAP-positive cells surround-
ing necrotic-like cells at the level of CA1 (Figure 6A, panel b)
and CA2/CA3 areas of the hippocampus (Figure 6A, panel e),
dentate gyrus (Figure 6A, panel h), and cortex (Figure 6A,
panel k). In contrast, low levels of astrogliosis were detected in
both sham (Figure 6A, panels a, d, g, and j) or URB447-treated
animals (Figure 6A, panels ¢, f i, and ). When evaluating Iba-
1, HI resulted in the loss of the microglial branches, with many
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Figure 6. Modulation of glial fibrillary acidic protein (GFAP) and
ionized calcium binding adaptor molecule-1 (Iba-1) staining by
neonatal hypoxia-ischemia (HI) and treatment with URB447. (A)
Representative light microphotographs illustrating GFAP immunos-
taining in brain sections from CAl (a—c) and CA2/CA3 (d—f)
hippocampal regions, dentate gyrus (g—i) and cortex (j—1). Samples
were obtained from 14-day-old rats subjected to sham operation
(SHAM; a, d, g, j) or to HI on P7 and treated with either vehicle (HI;
b, e, h, k) or URB447 (HI+URB447; ¢, f, i, 1). (B) Representative
light microphotographs illustrating Iba-1 immunostaining in brain
sections from CAl (m—o) and CA2/CA3 (p—r) hippocampal regions
and cortex (s—u). Samples were obtained from 14-day-old rats
subjected to sham operation (SHAM; m, n, o) or to HI on P7 and
treated with either vehicle (HI; n, q, t) or URB447 (HI+URB447; o,
1, u). Bars, 100 pm.

cells transforming into completely rounded brain macrophages
(Figure 6B, panels n, q, and t), an effect evident in the core
area of the infarct. The expression pattern of Iba-1 was similar
to that observed for GFAP, with sparse reactivity in the
hippocampus and cortex from sham pups (Figure 6B, panels
m, p, and s) or animals receiving URB447 (Figure 6B, panels o,
r, and u). Astrocytes apparently increased in number and
showed longer cytoplasmic processes, whereas microglial cells
exhibited a rounded phenotype related to their activated
phagocytic activity. In the early response to brain injury,
astrocytes participate in the formation of the so-called glial

scar, which serves to stop excessive cell extravasation from
damaged blood vessels. Together with cellular morphological
changes, a common feature of astrogliosis is the increased
expression and aggregation of astrocytic cytoskeleton proteins
like the GFAP."” Reactive astrogliosis may persist for months
or even years after injury, inducing neuronal signaling
impairment and blocking axonal regrowth and remyelina-
tion.** During the evolving damage, overactivation of CNS-
infiltrating macrophages derived from circulating monocytes
and microglia can be either beneficial or detrimental for the
injured brain. The dual capacity of microglia to facilitate
regeneration and repair or to exacerbate cerebral damage
depends on multiple factors but appears related to its
phenotype. Rounded amoeboid-like microglial cells can release
a wide variety of substances linked to the neuroinflammation
process, comprising nitric oxide,* pro-inflammatory cyto-
kines,"’ and reactive oxygen species.”” These inflammatory
mediators can in turn promote leukocyte diapedesis into the
injured brain parenchyma and/or induce direct neurotoxicity
and subsequent cell death, thereb}r contributing to evolving
neuronal and white matter injury.”” In URB447-treated rats,
both GFAP and Iba-1 immunostaining patterns appeared
similar to those observed in control animals, indicating that
URB447 reduced reactive astrogliosis and microglial activation,
key players in neuroinflammation and myelination deficien-
cies."* Inhibition of reactive astrogliosis and microglial
activation may be, therefore, a significant contributor for cell
survival and reduction of local tissue damage obtained with
cannabinoid-related substances,*® including URB447, or other
therapies such as hypothermia.”"**

B CONCLUSIONS

Accumulating data indicate that the differential modulation of
the endocannabinoid system by means of CB; receptor
blockage and/or CB, receptor stimulation can exert protective
responses in different experimental Earadigms, In ischemic
brain injury, Zhang and colleagues™ reported that admin-
istration of the CB, antagonist SR141716A together with the
CB, agonist O-1966 exerted a stronger effect in reducing
cerebral infarction than the administration of the single
molecules. In chronic liver damage, CB, receptor antago-
nism®*** as well as the activation of CB, receptors®® can
ameliorate liver fibrosis. In human macrophages, the possibility
of blocking CB, receptors in combination with selective
activation of CB, receptors has been suggested to reduce
inflammatory responses, as the first upregulates both reactive
oxygen species and cytokine expression while the latter reduces
CB,-stimulated ROS production.”” Here we demonstrate a
robust neuroprotective effect achieved with the CB, antago-
nist/CB, agonist URB447. Neuroprotection was observed even
when URB447 was administered 3 h after the initial insult,
which is considered a clinically feasible therapeutic window to
treat perinatal brain injury in humans.”” We believe that this
compound deserves further studies to better address the
mechanism(s) of its robust neuroprotective effect.

B MATERIALS AND METHODS

Cerebral HI. All surgical and experimental procedures were carried
out in accordance with the Italian regulation for the care and use of
laboratory animals (Directive 86/609/EEC) and were approved by
the Animal Care Committee of the University of Urbino Carlo Bo.
Pregnant Sprague—Dawley rats were housed in individual cages, and
the day of delivery was considered day 0. Neonate rats from different
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litters were randomized, normalized to 10 pups per litter, and kept in
regular light/dark cycle (lights on 8 am to 8 pm). On postnatal day 7
(P7), after anesthesia with 5% isoflurane in N,O/O, (70/30) mixture,
rat pups underwent unilateral ligation of the right common carotid
artery via a midline neck incision. After artery ligation, the wound was
sutured and the animals allowed to recover for 3 h under a heating
lamp. Pups were then placed in an airtight jar and exposed for 2.5 h to
a humidified nitrogen—oxygen mixture (92 and 8%, respectively)
delivered at 5—6 L/min (HI). The jar was partially submerged in a 37
°C water bath to maintain a constant thermal environment.

Drug Supply and Dosage. URB447 was synthesized as
previously described.'”” SR141716A and WIN-55,212-2 were
purchased from Sigma-Aldrich. Drugs were dissolved in 1:9
PBS:DMSO (vehicle) and injected intraperitoneally to a final
concentration of 1 mg/kg. This dose was chosen based on what
was previously reported in the literature for the CB, antagonist
SR141716A*" and WIN-55,212-2,"" and on preliminary experiments
performed with URB447 and SR141716A administered before the HI
induction.

Experimental Groups and Treatments. Initially, animals were
treated 1 h before the ischemic/hypoxic procedure with a single
intraperitoneal (IP) injection of URB447 (HI+URB447 1h-PRE, N =
10) or with the CB, antagonist SR141716A (HI+SR141716A, N =
10). WIN-55,212-2 or the corresponding volume of vehicle were
injected 1 h and 30 min before HI to the HI+WIN-55,212-2 and HI
+URB447+WIN-55,212-2 groups (N = 10/group). The Hl-injured
groups (HI, N = 10/group) received a corresponding volume of
vehicle. Afterward, the neuroprotective effect of URB447 was further
assessed by administering it after HI. We used two different groups of
animals treated 30 min after hypoxia-ischemia (HI+URB447 30 min-
POST, N = 10) or 3 h after hypoxia-ischemia (HI+URB447 3h-
POST, N = 10) with a single IP injection of URB447. The HI groups
(N = 10/group) received a corresponding volume of vehicle. Brain
histology was performed on additional groups of vehicle-treated
(sham, N = 8), HI (N = 8), and HI+URB447 3h-POST (N = 8)
animals.

Brain Injury Assessment. On P14, animals were deeply
anesthetized and perfusion-fixed with 4% paraformaldehyde (PFA)
in 0.1 mol/L PBS. Brains were rapidly removed on ice, immersion-
fixed in 4% PFA at 4 °C for 4 h, and cryoprotected with 8% sucrose in
PBS (72 h, 4 °C). To evaluate tissue injury, coronal sections of the
brain of each animal (40 um thick) were cut on a cryostat and thaw-
mounted onto acid-washed subbed slides (gelatin and chrome alum).
Sections were then stained with toluidine blue. A computerized video
camera-based image analysis system (Image] 1.4S software; https://
imagej.nih.gov/ij/) was used to measure cross-sectional areas from
the level of the anterior genu of the corpus callosum to the end of the
gyrus dentatus. Measurements, based on the intensity and uniformity
of the staining, were performed by an experimenter that was blinded
to the conditions of the treatment and included only intact tissue.
Regional volumes were estimated by summing areas and multiplying
by the distance between sections (40 ym). Percent reduction in whole
hemisphere or in the selected brain regions was calculated by using
the formula 100 X (left side volume — right side volume)/left side
volume.

Brain Histology. Tissue Collection. On PN14, pup rats were
deeply anesthetized with 5% isoflurane in N,O/O, (70/30%) mixture
and perfusion-fixed with 4% PFA in 0.1 yM PBS. Brains were
removed, immersed in the same fixative at 4 °C overnight, and
embedded in paraffin. Brains were sectioned at a thickness of 5 ym at
stereotaxic standard levels of 1.6 (1.6 mm anterior to the interaural
line per Sherwood and Timiras, 1970), 2.0, and 2.3 A, at the level of
mid-dorsal hippocampus and thalamus. Brain sections were collected
using polylysine-coated slides and processed for immunohistochem-
istry and white matter injury analysis.

Immunohistochemistry (IHC). Sections were rehydrated and
endogenous peroxidase blocked with 1% H,0,, then with appropriate
serum together with 0.1 Triton in PBS and probed overnight at 4 °C
with the following primary antibodies: anti-GFAP (1:300, Dako,
Denmark), anti-Ibal (1:1000; Wako, Osaka, Japan), or anti-MBP

(1:200, Santa Cruz Biotechnology, CA, USA). Sections were
incubated with peroxidase-labeled secondary antibody (1:100, Santa
Cruz Biotechnology, CA, USA) for 1 h, and staining was visualized
using diaminobenzidine and counterstained with hematoxylin. Then,
sections were dehydrated and coverslipped with DPX (VWR,
Leighton Buzzard, U.K.).

White Matter Injury Assessment. The MBP expression pattern was
evaluated by densitometry in order to analyze white matter injury. As
previously described,”® the measurement of the MBP immunostaining
pattern was carried out using brain images obtained at the level of the
mid-striatum and at mid-dorsal hippocampus. Specifically, six sections
per brain, three at the level of the mid-striatum and three at the mid-
dorsal hippocampus, were evaluated. Images were digitized,
segmented (using a consistent arbitrary threshold of —50%), and
binarized (black vs white) using a computerized video-camera-based
image-analysis system (Image] 1.45 software; https://imagej.nih.gov/
ij/). Total black pixels per hemisphere were counted, and average
values were calculated per brain, expressed as pixels per hemisphere.
Densitometric values were expressed as ratios of right-to-left
hemispheric measurements as follows: for each brain sample,
(R:L)MBP of pixels per left hemisphere to pixels per right hemisphere
was calculated. At least five sections per brain were analyzed, and only
sections with obvious technical artifacts related to the staining
procedure were excluded.

Statistical Analyses. Statistical analyses were performed using the
Prism Computer program (graphpad.com). In vivo experimental data
were analyzed by the Mann—Whitney test or one-way ANOVA
followed by Newman—Keuls multiple comparison test. Values are
presented as mean + SEM (in vivo experiments) and were considered
significant when P < 0.05.

B AUTHOR INFORMATION

Corresponding Authors

Walter Balduini — Department of Biomolecular Sciences,
University of Urbino Carlo Bo, Urbino, Italy; Phone: +39
0722 303526; Email: walter.balduini@uniurb.it

Daniel Alonso-Alconada — Department of Cell Biology and
Histology, School of Medicine and Nursing, University of the
Basque Country (UPV/EHU), Leioa, Bizkaia, Spain;
Phone: +34 946013294; Email: daniel.alonsoa@ehu.eus

Authors

Silvia Carloni — Department of Biomolecular Sciences, University
of Urbino Carlo Bo, Urbino, Italy; © orcid.org/0000-0003-
3634-3454

Rita Crinelli — Department of Biomolecular Sciences, University
of Urbino Carlo Bo, Urbino, Italy

Linda Palma — Department of Biomolecular Sciences, University
of Urbino Carlo Bo, Urbino, Italy

Francisco J. Alvarez — Biocruces Bizkaia Health Research
Institute, Cruces University Hospital, Barakaldo, Bizkaia, Spain

Daniele Piomelli — Departments of Anatomy and Neurobiology,
Pharmaceutical Sciences, and Biological Chemistry, University of
California, Irvine, Irvine, California, United States;

orcid.org/0000-0002-2983-774X

Andrea Duranti — Department of Biomolecular Sciences,

University of Urbino Carlo Bo, Urbino, Italy

Complete contact information is available at:
https://pubs.acs.org/10.1021/acschemneuro.0c00047

Author Contributions

S.C. performed the acquisition of the data, drafted the initial
manuscript, and approved the final manuscript as submitted.
R.C. and L.P. performed the acquisition of the data, critically
reviewed and revised the manuscript (R.C.), and approved the
final manuscript as submitted. F.J.A. performed the acquisition

https://dx.doi.org/10.1021/acschemneuro.0c00047
ACS Chem. Neurosci. XXXX, XXX, XXX—XXX


https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
http://graphpad.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Walter+Balduini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:walter.balduini@uniurb.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Alonso-Alconada"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:daniel.alonsoa@ehu.eus
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Silvia+Carloni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3634-3454
http://orcid.org/0000-0003-3634-3454
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rita+Crinelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Linda+Palma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francisco+J.+A%CC%81lvarez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniele+Piomelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-2983-774X
http://orcid.org/0000-0002-2983-774X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+Duranti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.0c00047?ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://dx.doi.org/10.1021/acschemneuro.0c00047?ref=pdf

ACS Chemical Neuroscience

pubs.acs.org/chemneuro

Research Article

of the data, reviewed the manuscript, and approved the final
manuscript as submitted. D.P. reviewed the manuscript and
approved the final manuscript as submitted. A.D. synthesized
URB447, reviewed the manuscript, and approved the final
manuscript as submitted. W.B. and D.A.-A. designed the study,
critically reviewed and revised the manuscript, and approved
the final manuscript as submitted. All of the authors agree to be
accountable for all aspects of the work.

Funding

This research was funded by grants of the University of Urbino
Carlo Bo, the University of the Basque Country-UPV/EHU
(GIU 17/018), and the Basque Government (BIO18/IC/
003).

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) Fernandez-Ruiz, J., Moro, M. A, and Martinez-Orgado, J. (2015)
Cannabinoids in Neurodegenerative Disorders and Stroke/Brain
Trauma: From Preclinical Models to Clinical Applications. Neuro-
therapeutics 12, 793—806.

(2) Freund, T. F., Katona, I, and Piomelli, D. (2003) Role of
endogenous cannabinoids in synaptic signaling. Physiol. Rev. 83,
1017—1066.

(3) Kim, S. H,, Won, S. J., Mao, X. O,, Jin, K,, and Greenberg, D. A.
(2006) Molecular mechanisms of cannabinoid protection from
neuronal excitotoxicity. Mol. Pharmacol. 69, 691—696.

(4) Marsicano, G., Goodenough, S., Monory, K., Hermann, H., Eder,
M., Cannich, A, Azad, S. C., Cascio, M. G., Gutierrez, S. O., van der
Stelt, M., Lopez-Rodriguez, M. L., Casanova, E, Schutz, G,
Zieglgansberger, W., Di Marzo, V., Behl, C,, and Lutz, B. (2003)
CB1 cannabinoid receptors and on-demand defense against
excitotoxicity. Science 302, 84—88.

(5) van der Stelt, M., Veldhuis, W. B., Maccarrone, M., Bar, P. R,,
Nicolay, K., Veldink, G. A., Di Marzo, V., and Vliegenthart, J. F.
(2002) Acute neuronal injury, excitotoxicity, and the endocannabi-
noid system. Mol. Neurobiol. 26, 317—346.

(6) Waksman, Y., Olson, J. M., Carlisle, S. J., and Cabral, G. A.
(1999) The central cannabinoid receptor (CB,) mediates inhibition
of nitric oxide production by rat microglial cells. J. Pharmacol. Exp.
Ther. 288, 1357—1366.

(7) Ramirez, S. H., Hasko, J., Skuba, A, Fan, S, Dykstra, H,,
McCormick, R., Reichenbach, N., Krizbai, I, Mahadevan, A., Zhang,
M., Tuma, R, Son, Y. J,, and Persidsky, Y. (2012) Activation of
cannabinoid receptor 2 attenuates leukocyte-endothelial cell inter-
actions and blood-brain barrier dysfunction under inflammatory
conditions. J. Neurosci. 32, 4004—4016.

(8) Walter, L., and Stella, N. (2004) Cannabinoids and neuro-
inflammation. Br. J. Pharmacol. 141, 775—78S5.

(9) Leker, R. R, Gai, N., Mechoulam, R., and Ovadia, H. (2003)
Drug-induced hypothermia reduces ischemic damage: effects of the
cannabinoid HU-210. Stroke 34, 2000—2006.

(10) Guzman, M., Sanchez, C., and Galve-Roperh, I (2002)
Cannabinoids and cell fate. Pharmacol. Ther. 95, 175—184.

(11) Molina-Holgado, E., Vela, J. M., Arevalo-Martin, A., Almazan,
G., Molina-Holgado, F., Borrell, J, and Guaza, C. (2002)
Cannabinoids promote oligodendrocyte progenitor survival: involve-
ment of cannabinoid receptors and phosphatidylinositol-3 kinase/Akt
signaling. J. Neurosci. 22, 9742—9753.

(12) Viscomi, M. T. Oddi, S., Latini, L., Pasquariello, N.,
Florenzano, F., Bernardi, G., Molinari, M., and Maccarrone, M.
(2009) Selective CB2 receptor agonism protects central neurons from
remote axotomy-induced apoptosis through the PI3K/Akt pathway. J.
Neurosci. 29, 4564—4570.

(13) Mechoulam, R., Spatz, M., and Shohami, E. (2002)
Endocannabinoids and neuroprotection. Sci. Signaling 2002, reS.

(14) Pacher, P., Batkai, S., and Kunos, G. (2006) The
endocannabinoid system as an emerging target of pharmacotherapy.
Pharmacol. Rev. 58, 389—462.

(15) Rodriguez de Fonseca, F., Del Arco, I, Bermudez-Silva, F. J.,
Bilbao, A., Cippitelli, A., and Navarro, M. (2005) The endocanna-
binoid system: physiology and pharmacology. Alcohol Alcohol. 40, 2—
14.

(16) Klein, T. W., and Cabral, G. A. (2006) Cannabinoid-induced
immune suppression and modulation of antigen-presenting cells. J.
Neuroimmune Pharmacol 1, 50—64.

(17) LoVerme, J., Duranti, A, Tontini, A., Spadoni, G., Mor, M.,
Rivara, S, Stella, N., Xu, C., Tarzia, G., and Piomelli, D. (2009)
Synthesis and characterization of a peripherally restricted CB,
cannabinoid antagonist, URB447, that reduces feeding and body-
weight gain in mice. Bioorg. Med. Chem. Lett. 19, 639—643.

(18) Rinaldi-Carmona, M., Barth, F., Heaulme, M., Shire, D.,
Calandra, B., Congy, C., Martinez, S., Maruani, J., Neliat, G., Caput,
D., Ferrara, P, Soubrié, P., Breliere, J. C., and Le Fur, G. (1994)
SR141716A, a potent and selective antagonist of the brain
cannabinoid receptor. FEBS Lett. 350, 240—244.

(19) Hansen, H. H., Azcoitia, I, Pons, S., Romero, J., Garcia-Segura,
L. M., Ramos, J. A, Hansen, H. S., and Fernandez-Ruiz, J. (2002)
Blockade of cannabinoid CB, receptor function protects against in
vivo disseminating brain damage following NMDA-induced excitotox-
icity. J. Neurochem. 82, 154—158.

(20) Reichenbach, Z. W., Li, H., Ward, S. J., and Tuma, R. F. (2016)
The CB, antagonist, SR141716A, is protective in permanent
photothrombotic cerebral ischemia. Neurosci. Lett. 630, 9—185.

(21) Sommer, C., Schomacher, M., Berger, C., Kuhnert, K., Muller,
H. D, Schwab, S., and Schabitz, W. R. (2006) Neuroprotective
cannabinoid receptor antagonist SR141716A prevents downregulation
of excitotoxic NMDA receptors in the ischemic penumbra. Acta
Neuropathol. 112, 277-286.

(22) Ronca, R. D., Myers, A. M., Ganea, D., Tuma, R. F., Walker, E.
A, and Ward, S. J. (2015) A selective cannabinoid CB2 agonist
attenuates damage and improves memory retention following stroke
in mice. Life Sci. 138, 72—77.

(23) Fernandez-Ruiz, J., Berrendero, F., Hernandez, M. L., and
Ramos, J. A. (2000) The endogenous cannabinoid system and brain
development. Trends Neurosci. 23, 14—20.

(24) Ashton, J. C., Rahman, R. M., Nair, S. M., Sutherland, B. A,,
Glass, M., and Appleton, I. (2007) Cerebral hypoxia-ischemia and
middle cerebral artery occlusion induce expression of the cannabinoid
CB2 receptor in the brain. Neurosci. Lett. 412, 114—117.

(25) Hansen, H. H., Ikonomidou, C., Bittigau, P., Hansen, S. H., and
Hansen, H. S. (2001) Accumulation of the anandamide precursor and
other N-acylethanolamine phospholipids in infant rat models of in
vivo necrotic and apoptotic neuronal death. J. Neurochem. 76, 39—46.

(26) Berger, C., Schmid, P. C., Schabitz, W. R., Wolf, M., Schwab, S.,
and Schmid, H. H. (2004) Massive accumulation of N-acylethanol-
amines after stroke. Cell signalling in acute cerebral ischemia? J.
Neurochem. 88, 1159—1167.

(27) Muthian, S., Rademacher, D. J., Roelke, C. T., Gross, G. J., and
Hillard, C. J. (2004) Anandamide content is increased and CB,
cannabinoid receptor blockade is protective during transient, focal
cerebral ischemia. Neuroscience 129, 743—750.

(28) Zhang, M., Martin, B. R,, Adler, M. W., Razdan, R. J., Kong, W.,
Ganea, D, and Tuma, R. (2009) Modulation of Cannabinoid
Receptor Activation as a Neuroprotective Strategy for EAE and
Stroke. J. Neuroimmune Pharmacol 4, 249—259.

(29) Felder, C. C., Joyce, K. E., Briley, E. M., Mansouri, J., Mackie,
K, Blond, O, Lai, Y, Ma, A. L., and Mitchell, R. L. (1995)
Comparison of the pharmacology and signal transduction of the
human cannabinoid CB; and CB, receptors. Mol. Pharmacol. 48,
443—450.

(30) Zhang, M., Martin, B. R,, Adler, M. W., Razdan, R. K., Ganea,
D., and Tuma, R. (2008) Modulation of The Balance Between
Cannabinoid CB; and CB, Receptor Activation During Cerebral
Ischemic/Reperfusion Injury. Neuroscience 152, 753—760.

https://dx.doi.org/10.1021/acschemneuro.0c00047
ACS Chem. Neurosci. XXXX, XXX, XXX—XXX


https://dx.doi.org/10.1007/s13311-015-0381-7
https://dx.doi.org/10.1007/s13311-015-0381-7
https://dx.doi.org/10.1152/physrev.00004.2003
https://dx.doi.org/10.1152/physrev.00004.2003
https://dx.doi.org/10.1124/mol.105.016428
https://dx.doi.org/10.1124/mol.105.016428
https://dx.doi.org/10.1126/science.1088208
https://dx.doi.org/10.1126/science.1088208
https://dx.doi.org/10.1385/MN:26:2-3:317
https://dx.doi.org/10.1385/MN:26:2-3:317
https://dx.doi.org/10.1523/JNEUROSCI.4628-11.2012
https://dx.doi.org/10.1523/JNEUROSCI.4628-11.2012
https://dx.doi.org/10.1523/JNEUROSCI.4628-11.2012
https://dx.doi.org/10.1523/JNEUROSCI.4628-11.2012
https://dx.doi.org/10.1038/sj.bjp.0705667
https://dx.doi.org/10.1038/sj.bjp.0705667
https://dx.doi.org/10.1161/01.STR.0000079817.68944.1E
https://dx.doi.org/10.1161/01.STR.0000079817.68944.1E
https://dx.doi.org/10.1016/S0163-7258(02)00256-5
https://dx.doi.org/10.1523/JNEUROSCI.22-22-09742.2002
https://dx.doi.org/10.1523/JNEUROSCI.22-22-09742.2002
https://dx.doi.org/10.1523/JNEUROSCI.22-22-09742.2002
https://dx.doi.org/10.1523/JNEUROSCI.0786-09.2009
https://dx.doi.org/10.1523/JNEUROSCI.0786-09.2009
https://dx.doi.org/10.1126/stke.2002.129.re5
https://dx.doi.org/10.1124/pr.58.3.2
https://dx.doi.org/10.1124/pr.58.3.2
https://dx.doi.org/10.1093/alcalc/agh110
https://dx.doi.org/10.1093/alcalc/agh110
https://dx.doi.org/10.1007/s11481-005-9007-x
https://dx.doi.org/10.1007/s11481-005-9007-x
https://dx.doi.org/10.1016/j.bmcl.2008.12.059
https://dx.doi.org/10.1016/j.bmcl.2008.12.059
https://dx.doi.org/10.1016/j.bmcl.2008.12.059
https://dx.doi.org/10.1016/0014-5793(94)00773-X
https://dx.doi.org/10.1016/0014-5793(94)00773-X
https://dx.doi.org/10.1046/j.1471-4159.2002.00961.x
https://dx.doi.org/10.1046/j.1471-4159.2002.00961.x
https://dx.doi.org/10.1046/j.1471-4159.2002.00961.x
https://dx.doi.org/10.1016/j.neulet.2016.07.041
https://dx.doi.org/10.1016/j.neulet.2016.07.041
https://dx.doi.org/10.1007/s00401-006-0110-8
https://dx.doi.org/10.1007/s00401-006-0110-8
https://dx.doi.org/10.1007/s00401-006-0110-8
https://dx.doi.org/10.1016/j.lfs.2015.05.005
https://dx.doi.org/10.1016/j.lfs.2015.05.005
https://dx.doi.org/10.1016/j.lfs.2015.05.005
https://dx.doi.org/10.1016/S0166-2236(99)01491-5
https://dx.doi.org/10.1016/S0166-2236(99)01491-5
https://dx.doi.org/10.1016/j.neulet.2006.10.053
https://dx.doi.org/10.1016/j.neulet.2006.10.053
https://dx.doi.org/10.1016/j.neulet.2006.10.053
https://dx.doi.org/10.1046/j.1471-4159.2001.00006.x
https://dx.doi.org/10.1046/j.1471-4159.2001.00006.x
https://dx.doi.org/10.1046/j.1471-4159.2001.00006.x
https://dx.doi.org/10.1046/j.1471-4159.2003.02244.x
https://dx.doi.org/10.1046/j.1471-4159.2003.02244.x
https://dx.doi.org/10.1016/j.neuroscience.2004.08.044
https://dx.doi.org/10.1016/j.neuroscience.2004.08.044
https://dx.doi.org/10.1016/j.neuroscience.2004.08.044
https://dx.doi.org/10.1007/s11481-009-9148-4
https://dx.doi.org/10.1007/s11481-009-9148-4
https://dx.doi.org/10.1007/s11481-009-9148-4
https://dx.doi.org/10.1016/j.neuroscience.2008.01.022
https://dx.doi.org/10.1016/j.neuroscience.2008.01.022
https://dx.doi.org/10.1016/j.neuroscience.2008.01.022
pubs.acs.org/chemneuro?ref=pdf
https://dx.doi.org/10.1021/acschemneuro.0c00047?ref=pdf

ACS Chemical Neuroscience

pubs.acs.org/chemneuro

Research Article

(31) Nagayama, T., Sinor, A. D., Simon, R. P., Chen, J., Graham, S.
H, Jin, K, and Greenberg, D. A. (1999) Cannabinoids and
neuroprotection in global and focal cerebral ischemia and in neuronal
cultures. J. Neurosci. 19, 2987—2995.

(32) Fernandez-Lopez, D., Pazos, M. R,, Tolon, R. M., Moro, M. A,
Romero, J., Lizasoain, I, and Martinez-Orgado, J. (2007) The
cannabinoid agonist WINS55212 reduces brain damage in an in vivo
model of hypoxic-ischemic encephalopathy in newborn rats. Pediatr.
Res. 62, 255—260.

(33) Payandemehr, B., Ebrahimi, A., Gholizadeh, R., Rahimian, R.,
Varastehmoradi, B., Gooshe, M., Aghaei, H. N., Mousavizadeh, K,
and Dehpour, A. R. (2015) Involvement of PPAR receptors in the
anticonvulsant effects of a cannabinoid agonist, WIN 55,212-2. Prog.
Neuro-Psychopharmacol. Biol. Psychiatry $7, 140—145.

(34) Koch, M., Kreutz, S., Béttger, C., Grabiec, U., Ghadban, C.,
Korf, H. W, and Dehghani, F. (2011) The cannabinoid WIN 55,212-
2-mediated protection of dentate gyrus granule cells is driven by CB1
receptors and modulated by TRPAl1 and Cav 2.2 channels.
Hippocampus 21, 554—564.

(35) Rivers-Auty, J. R, Smith, P. F., and Ashton, J. C. (2014) The
cannabinoid CB2 receptor agonist GW405833 does not ameliorate
brain damage induced by hypoxia-ischemia in rats. Neurosci. Lett. 569,
104—-109.

(36) Lee, W. L. A, Michael-Titus, A. T., and Shah, D. K. (2017)
Hypoxic-Ischaemic Encephalopathy and the Blood-Brain Barrier in
Neonates. Dev. Neurosci. 39, 49—58.

(37) Azzopardi, D., Strohm, B., Linsell, L., Hobson, A., Juszczak, E.,
Kurinczuk, J. J., Brocklehurst, P., Edwards, A. D., and Register, U. T.
C. (2012) Implementation and conduct of therapeutic hypothermia
for perinatal asphyxial encephalopathy in the UK-analysis of national
data. PLoS One 7, No. e38504.

(38) Silbereis, J. C., Huang, E. J., Back, S. A, and Rowitch, D. H.
(2010) Towards improved animal models of neonatal white matter
injury associated with cerebral palsy. Dis. Models &amp; Mech. 3,
678—688.

(39) Wang, S., Wy, E. X,, Tam, C. N,, Lay, H. F., Cheung, P. T., and
Khong, P. L. (2008) Characterization of white matter injury in a
hypoxic-ischemic neonatal rat model by diffusion tensor MRI. Stroke
39, 2348—2353.

(40) Li, J., Zhao, Y., and Mao, J. (2017) Association between the
extent of white matter damage and early cognitive impairment
following acute ischemic stroke. Exp. Ther. Med. 13, 909—912.

(41) Meng, S., Qiao, M., Scobie, K., Tomanek, B., and Tuor, U. L
(2006) Evolution of magnetic resonance imaging changes associated
with cerebral hypoxia-ischemia and a relatively selective white matter
injury in neonatal rats. Pediatr. Res. 59, 554—559.

(42) Alonso-Alconada, D., Alvarez, A., Lacalle, J., and Hilario, E.
(2012) Histological study of the protective effect of melatonin on
neural cells after neonatal hypoxia-ischemia. Histol. Histopathol. 27,
771-783.

(43) Panickar, K. S., and Norenberg, M. D. (2005) Astrocytes in
cerebral ischemic injury: morphological and general considerations.
Glia 50, 287—-298.

(44) Fleiss, B., and Gressens, P. (2012) Tertiary mechanisms of
brain damage: a new hope for treatment of cerebral palsy? Lancet
Neurol. 11, 556—566.

(45) Sofroniew, M. V. (2009) Molecular dissection of reactive
astrogliosis and glial scar formation. Trends Neurosci. 32, 638—647.

(46) Si, Q. S., Nakamura, Y., and Kataoka, K. (1997) Albumin
enhances superoxide production in cultured microglia. Glia 21, 413—
418.

(47) Meybohm, P., Gruenewald, M., Zacharowski, K. D., Albrecht,
M., Lucius, R., Fosel, N., Hensler, J., Zitta, K., and Bein, B. (2010)
Mild hypothermia alone or in combination with anesthetic post-
conditioning reduces expression of inflammatory cytokines in the
cerebral cortex of pigs after cardiopulmonary resuscitation. Crit Care
14, R21.

(48) Perrone, S., Negro, S., Tataranno, M. L., and Buonocore, G.
(2010) Oxidative stress and antioxidant strategies in newborns. J.
Matern. Fetal Neonat. Med. 23, 63—65.

(49) Silverstein, F. S., Barks, J. D., Hagan, P., Liu, X. H., Ivacko, J.,
and Szaflarski, J. (1997) Cytokines and perinatal brain injury.
Neurochem. Int. 30, 375—383.

(50) Holubiec, M. L, Romero, J. L, Suarez, J., Portavella, M.,
Fernandez-Espejo, E., Blanco, E., Galeano, P., and de Fonseca, F. R.
(2018) Palmitoylethanolamide prevents neuroinflammation, reduces
astrogliosis and preserves recognition and spatial memory following
induction of neonatal anoxia-ischemia. Psychopharmacology (Berl)
235, 2929—2945.

(51) Inamasu, J, Suga, S, Sato, S, Horiguchi, T. Akaji, K,
Mayanagi, K, and Kawase, T. (2000) Post-ischemic hypothermia
delayed neutrophil accumulation and microglial activation following
transient focal ischemia in rats. J. Neuroimmunol. 109, 66—74.

(52) Roelfsema, V., Bennet, L, George, S, Wu, D., Guan, J,
Veerman, M., and Gunn, A. J. (2004) Window of opportunity of
cerebral hypothermia for post ischemic white matter injury in the
near-term fetal sheep. J. Cereb. Blood Flow Metab. 24, 877—886.

(53) Zhang, M., Martin, B. R,, Adler, M. W., Razdan, R. K., Ganea,
D., and Tuma, R. F. (2008) Modulation of the balance between
cannabinoid CB; and CB, receptor activation during cerebral
ischemic/reperfusion injury. Neuroscience 152, 753—760.

(54) Teixeira-Clerc, F., Julien, B., Grenard, P., Tran Van Nhieuy, J.,
Deveaux, V., Li, L., Serriere-Lanneau, V., Ledent, C., Mallat, A., and
Lotersztajn, S. (2006) CB, cannabinoid receptor antagonism: a new
strategy for the treatment of liver fibrosis. Nat. Med. 12, 671—676.

(55) Giannone, F. A., Baldassarre, M., Domenicali, M., Zaccherini,
G., Trevisani, F., Bernardi, M., and Caraceni, P. (2012) Reversal of
liver fibrosis by the antagonism of endocannabinoid CB, receptor in a
rat model of CCI(4)-induced advanced cirrhosis. Lab. Invest. 92, 384—
39s.

(56) Reichenbach, V., Ros, J., Fernandez-Varo, G., Casals, G,
Melgar-Lesmes, P., Campos, T., Makriyannis, A., Morales-Ruiz, M.,
and Jimenez, W. (2012) Prevention of fibrosis progression in CCl4-
treated rats: role of the hepatic endocannabinoid and apelin systems.
J. Pharmacol. Exp. Ther. 340, 629—637.

(57) Han, K. H,, Lim, S, Ryy, J,, Lee, C. W,, Kim, Y., Kang, J. H,,
Kang, S. S., Ahn, Y. K, Park, C. S., and Kim, J. J. (2009) CB, and CB,
cannabinoid receptors differentially regulate the production of
reactive oxygen species by macrophages. Cardiovasc. Res. 84, 378—
386.

(58) Liu, Y., Silverstein, F. S., Skoff, R., and Barks, J. D. (2002)
Hypoxic-ischemic oligodendroglial injury in neonatal rat brain.
Pediatr. Res. S1, 25—33.

https://dx.doi.org/10.1021/acschemneuro.0c00047
ACS Chem. Neurosci. XXXX, XXX, XXX—XXX


https://dx.doi.org/10.1523/JNEUROSCI.19-08-02987.1999
https://dx.doi.org/10.1523/JNEUROSCI.19-08-02987.1999
https://dx.doi.org/10.1523/JNEUROSCI.19-08-02987.1999
https://dx.doi.org/10.1203/PDR.0b013e318123fbb8
https://dx.doi.org/10.1203/PDR.0b013e318123fbb8
https://dx.doi.org/10.1203/PDR.0b013e318123fbb8
https://dx.doi.org/10.1016/j.pnpbp.2014.11.005
https://dx.doi.org/10.1016/j.pnpbp.2014.11.005
https://dx.doi.org/10.1002/hipo.20772
https://dx.doi.org/10.1002/hipo.20772
https://dx.doi.org/10.1002/hipo.20772
https://dx.doi.org/10.1016/j.neulet.2014.03.077
https://dx.doi.org/10.1016/j.neulet.2014.03.077
https://dx.doi.org/10.1016/j.neulet.2014.03.077
https://dx.doi.org/10.1159/000467392
https://dx.doi.org/10.1159/000467392
https://dx.doi.org/10.1371/journal.pone.0038504
https://dx.doi.org/10.1371/journal.pone.0038504
https://dx.doi.org/10.1371/journal.pone.0038504
https://dx.doi.org/10.1242/dmm.002915
https://dx.doi.org/10.1242/dmm.002915
https://dx.doi.org/10.1161/STROKEAHA.107.509927
https://dx.doi.org/10.1161/STROKEAHA.107.509927
https://dx.doi.org/10.3892/etm.2017.4035
https://dx.doi.org/10.3892/etm.2017.4035
https://dx.doi.org/10.3892/etm.2017.4035
https://dx.doi.org/10.1203/01.pdr.0000203099.40643.84
https://dx.doi.org/10.1203/01.pdr.0000203099.40643.84
https://dx.doi.org/10.1203/01.pdr.0000203099.40643.84
https://dx.doi.org/10.1002/glia.20181
https://dx.doi.org/10.1002/glia.20181
https://dx.doi.org/10.1016/S1474-4422(12)70058-3
https://dx.doi.org/10.1016/S1474-4422(12)70058-3
https://dx.doi.org/10.1016/j.tins.2009.08.002
https://dx.doi.org/10.1016/j.tins.2009.08.002
https://dx.doi.org/10.1002/(SICI)1098-1136(199712)21:4<413::AID-GLIA9>3.0.CO;2-3
https://dx.doi.org/10.1002/(SICI)1098-1136(199712)21:4<413::AID-GLIA9>3.0.CO;2-3
https://dx.doi.org/10.1186/cc8879
https://dx.doi.org/10.1186/cc8879
https://dx.doi.org/10.1186/cc8879
https://dx.doi.org/10.3109/14767058.2010.509940
https://dx.doi.org/10.1016/S0197-0186(96)00072-1
https://dx.doi.org/10.1007/s00213-018-4982-9
https://dx.doi.org/10.1007/s00213-018-4982-9
https://dx.doi.org/10.1007/s00213-018-4982-9
https://dx.doi.org/10.1016/S0165-5728(00)00211-3
https://dx.doi.org/10.1016/S0165-5728(00)00211-3
https://dx.doi.org/10.1016/S0165-5728(00)00211-3
https://dx.doi.org/10.1097/01.WCB.0000123904.17746.92
https://dx.doi.org/10.1097/01.WCB.0000123904.17746.92
https://dx.doi.org/10.1097/01.WCB.0000123904.17746.92
https://dx.doi.org/10.1016/j.neuroscience.2008.01.022
https://dx.doi.org/10.1016/j.neuroscience.2008.01.022
https://dx.doi.org/10.1016/j.neuroscience.2008.01.022
https://dx.doi.org/10.1038/nm1421
https://dx.doi.org/10.1038/nm1421
https://dx.doi.org/10.1038/labinvest.2011.191
https://dx.doi.org/10.1038/labinvest.2011.191
https://dx.doi.org/10.1038/labinvest.2011.191
https://dx.doi.org/10.1124/jpet.111.188078
https://dx.doi.org/10.1124/jpet.111.188078
https://dx.doi.org/10.1093/cvr/cvp240
https://dx.doi.org/10.1093/cvr/cvp240
https://dx.doi.org/10.1093/cvr/cvp240
https://dx.doi.org/10.1203/00006450-200201000-00007
pubs.acs.org/chemneuro?ref=pdf
https://dx.doi.org/10.1021/acschemneuro.0c00047?ref=pdf

