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Abstract

Background Cerebral vascular protection is critical for stroke treatment. Adenosine modulates vascular flow and exhibits
neuroprotective effects, in which brain extracellular concentration of adenosine is dramatically increased during ischemic
events and ischemia-reperfusion. Since the equilibrative nucleoside transporter-2 (Ent2) is important in regulating brain
adenosine homeostasis, the present study aimed to investigate the role of Ent2 in mice with cerebral ischemia-reperfusion.
Methods Cerebral ischemia-reperfusion injury was examined in mice with transient middle cerebral artery occlusion
(tMCAO) for 90 minutes, followed by 24-hour reperfusion. Infarct volume, brain edema, neuroinflammation, microvascular
structure, regional cerebral blood flow (rCBF), cerebral metabolic rate of oxygen (CMRO,), and the production of reactive
oxygen species (ROS) were examined following the reperfusion.

Results Ent2 deletion reduced the infarct volume, brain edema, and neuroinflammation in mice with cerebral ischemia-
reperfusion. tMCAO-induced disruption of brain microvessels was ameliorated in Ent2~~ mice, with a reduced expression
of matrix metalloproteinases-9 and aquaporin-4 proteins. Following the reperfusion, the rCBF of the wild-type (WT) mice
was quickly restored to the baseline, whereas, in Ent2 ™~ mice, rCBF was slowly recovered initially, but was then higher than
that in the WT mice at the later phase of reperfusion. The improved CMRO, and reduced ROS level support the beneficial
effects caused by the changes in the rCBF of Ent2~'~ mice. Further studies showed that the protective effects of Ent2 deletion
in mice with tMCAO involve adenosine receptor A, R.

Conclusions Ent2 plays a critical role in modulating cerebral collateral circulation and ameliorating pathological events of
brain ischemia and reperfusion injury.

Keywords adenosine - blood-brain barrier - equilibrative nucleoside transporters - ischemia-reperfusion injury -
neuroinflammation

Background

Stroke is a leading cause of death and long-term disabil-
ity, in which ischemic stroke is responsible for over 80% of
the cases worldwide [1]. Without sufficient cerebral blood
flow, oxygen and glucose deprivation causes ionic imbal-
<" Chun-Jung Lin ance, cerebral infarcts, and edema. Along with these events,

clementumich@ntu.edu.tw neuroinflammation and microvascular disruption are devel-
oped following the onset of stroke [2]. The primary goal of
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patients with ischemic stroke may receive the reperfusion
therapy because of the limited treatment window. It is also
known that the restoration of blood supply may generate reac-
tive oxygen species (ROS), increase vascular permeability,
and exacerbate neuroinflammation and neurological damage,
leading to hemorrhagic transformation [2, 3]. Accordingly,
following the cerebral reperfusion, the protection against sec-
ondary injuries, especially on the cerebral vascular system,
is important to benefit the treatment of stroke.

The neurovascular unit that consists of brain microvessels,
neighboring neurons, and glial cells plays an important role
in stroke progression and recovery [4]. The interaction among
these components controls neural activity, cerebral blood flow,
and the permeability of the blood-brain barrier (BBB) [5].
Upon the onset of stroke, the affected vessels showed endothe-
lial edema, preceding structural damage, eventually leading
to endothelial loss and unsalvageable vascular damage [6].
On the other hand, astrocytic functions include BBB mainte-
nance and the regulation of perivascular flow. The expression
of astrocytic aquaporin-4 (Aqp4) controls water homeostasis
and is involved in edema formation.

Adenosine is an endogenous purine nucleoside that modu-
lates a variety of physiological functions, including inflam-
matory responses and vascular blood flow, through interac-
tions with adenosine receptors. Upon the onset of stroke, ATP
can be released from the injured cells and rapidly converted
to adenosine by a series of ecto-nucleotidases. This process
leads to a dramatical increase in adenosine concentration in
the extracellular space (from nM to pM levels), which con-
tinuously elevates during reperfusion [7]. The neuroprotective
effects of adenosine during ischemia have been demonstrated
by several studies [8, 9]. The equilibrative nucleoside trans-
porter-1 (ENT1) and ENT?2 are the major transporters respon-
sible for the transfer of adenosine across the plasma membrane
in a concentration-dependent manner [10]. In particular, the
mRNA level of Ent2 is significantly higher than that of Entl
in the brain of mice [11] and was proposed to predominantly
contribute to the transport of nucleosides (e.g., adenosine and
inosine) in neurons and astrocytes [12]. Also, genetic deletion
of Ent2 was shown to increase extracellular levels of adenosine
in the brain and provide a protective effect on animals with
lipopolysaccharide-induced neuroinflammation and neuronal
injury [11]. In this regard, the present study aimed at investigat-
ing the role of Ent2 in the pathogenesis and treatment of mice
with ischemia-reperfusion.

Methods
Animals

Ent2~~ (C57BL/6-S1c29a2°™!) mice were generated using
the CRISPR-Cas9 technique by Transgenic Mouse Models
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Core at National Taiwan University as described previously
[11, 13]. Adult Ent2** and Ent2~"~ mice of both male and
female were used and randomly allocated for outcome
investigation (Supplementary Table 1). For examining the
impact of the stroke on Ent2 expression, male C57BL/6 J
mice (8—12 weeks old) purchased from Laboratory Animal
Center (an AAALAC-accredited experimental animal facil-
ity) at National Taiwan University were used. All mice were
maintained on a 12-hour light/dark cycle and given food
and water ad libitum in the Laboratory Animal Center at
National Taiwan University. All animal experiments were
approved by the Institutional Animal Care and Use Com-
mittee (IACUC) of the National Taiwan University College
of Medicine (IACUC: 20201107).

Transient Middle Cerebral Artery Occlusion (tMCAOQ)

Unilateral transient focal cerebral ischemia was induced by
occluding the middle cerebral artery as described in litera-
ture [14] with modifications. In brief, the animals were anes-
thetized by intraperitoneal injection of ketamine (80 mg/kg)
and xylazine (10 mg/kg). A craniotomy was performed and
the distal middle cerebral artery (MCA) was ligated. After
90 minutes, the suture was removed to restore the disrupted
blood flow.

Treatments with A;R and A,,R Antagonists

Mice were treated with 2 mg/kg of an AR antagonist,
8-cyclopentyl-1,3-dipropylxanthine (DPCPX) (Tocris
Bioscience, Bristol, UK), or 1 mg/kg of an A,,R antago-
nist, 2-(2-furanyl)-7-(2-phenylethyl)-7H-pyrazolo[4,3-¢]
[1,2,4]-triazolo[1,5-c]pyrimidin-5-amine (SCH58261)
(Tocris Bioscience), intraperitoneally twice daily for 3 con-
secutive days, starting from the day before the induction
of tMCAO. The dose was determined based on previous
reports [15, 16].

Histology

Infarct volume and edema were determined on coronal sec-
tions of brains by 2,3,5-triphenyltetraolium chloride (TTC)
staining and Nissl staining. For TTC staining, the brain was
coronally sliced into four sections, each 2 mm thick and sep-
arated by 2 mm from the anterior tip of the frontal lobe with
an acrylic brain matrix. Brain sections were immersed with
a 2% TTC (Sigma-Aldrich, St. Louis, MO, USA) solution
at 37°C. The images were captured from the anterior and
posterior sides of the tissue. The infarct volume and brain
swelling were determined by summing the infracted (pale)
volume of the four sections and expressed as a percentage
of the contralateral cortex volume as described previously
[14]. Brain edema was estimated by the differences between
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ipsilateral and contralateral cortex volume and expressed
as a percentage of the contralateral cortex volume [17]. In
terms of Nissl staining, the brain was fixed with 4% para-
formaldehyde, immersed in 15% sucrose, and then in 30%
sucrose solution before being sliced into 20 pm-thick sec-
tions on a cryostat. Ten slices were picked with an interval
distance of 200 um and brain sections were stained with 1%
cresyl violet solution. The infarct volume was determined
by the following formula: [(contralateral cortex area — ipsi-
lateral uninjured area) X (thickness of sections + distance
between sections)/(contralateral cortex area) X (thickness of
sections + distance between sections)] X 100% as described
previously [18]. Edema volume was estimated as described
above.

Quantitative Real-Time PCR Analysis

The cortical tissues of the selected slices from the ischemic
and non-ischemic hemispheres were collected for RNA iso-
lation. Total RNA isolation, quality check, cDNA synthesis,
and SYBR green-based quantitative real-time PCR (qRT-
PCR) assay were performed as described previously [10].
The primer sequences were listed in Supplementary Table 2.
The relative expression of target genes normalized to that of
Gapdh was calculated by the comparative Ct (ACt) and was
expressed as 2"2C. The relative quantity was determined by
the formula: 222, in which AACt values were obtained by
subtracting the ACt values of the wild-type (WT) controls.

Immunofluorescence Staining

The brain sections fixed with 4% paraformaldehyde were
immersed in 15% sucrose and then in 30% sucrose. The
tissues were embedded in the optimal cutting temperature
compound (Sakura Finetek, Torrance, CA, USA). Brain
coronal sections (20 pm-thick each) were prepared using
a cryostat. Antigen retrieval was conducted by heating the
slices in a retrieval buffer (pH 9; Dako, Carpinteria, CA,
USA) at 80°C. The slices were immersed in 0.2% Triton
X-100, blocked with 3% bovine serum albumin (BSA), and
then incubated with primary antibodies listed in Supple-
mentary Table 3. The immunolabeling was visualized using
fluorescence-conjugated secondary antibodies with Rhoda-
mine or Alexa Flour 488 (1:400; Jackson Immuno-Research
Laboratories, West Grove, PA, USA) diluted in the blocking
solution. For the assessment of BBB integrity, brain sections
were incubated with anti-mouse IgG conjugated to Rhoda-
mine (1:400; Jackson Immuno-Research Laboratories) for
48 hours at 4°C. The slices were mounted with a mounting
gel (DAPI Fluoromount G; Southern Biotech Birmingham,
Alabama, USA). Images were acquired by a Zeiss AXIO
Imager M1 microscope (Carl Zeiss, Gottingen, Germany)

and the quantification was performed using ImageJ (NIH,
Bethesda, MD, USA).

Immunoblotting

The ipsilateral and contralateral cortex tissues were dis-
sected and homogenized in radioimmunoprecipitation assay
buffer (RIPA; 50 mM NaCl, 50 mM Tris base, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, pH 8) containing a
protease inhibitor cocktail (Roche Diagnostics, Mannheim,
Germany) and a phosphatase inhibitor cocktail (Roche Diag-
nostics). The homogenate was then centrifuged at 14,000 g
for 15 minutes and the supernatant was collected and stored
at —80°C until analysis. The protein concentrations of the
samples were determined by the Bio-Rad DC Protein Assay
Kit (Bio-rad, Hercules, CA, USA). Protein samples (20 pg
each) were diluted with a loading buffer (200 mM Tris-HCI,
1.43% 2-mercaptoethanol, 0.4% bromophenol blue, and 40%
glycerol), heated at 98°C, and then separated by 10% SDS-
PAGE electrophoresis. After electrophoresis, the proteins
were transferred onto nitrocellulose membranes (Millipore,
Bedford, MA, USA) in transfer buffer (0.3% Tris base,
1.88% glycine, and 20% methanol; pH 8.3). Nonspecific
binding was blocked with 5% BSA in TBST buffer (10 mM
Tris-HCI, 150 mM NacCl, and 0.2% Tween-20, pH 7.4) and
the nitrocellulose membranes were incubated with primary
antibodies listed in Supplementary Table 4. Protein load-
ing controls were probed with mouse anti-Gapdh antibodies
(1:160,000; Biodesign International, Saco, Maine, USA).
The membrane was washed by TBST buffer and incubated
with horseradish peroxidase-conjugated anti-mouse IgG
antibodies (1:5000; Cell Signaling, Danvers, Massachusetts,
USA) or anti-rabbit IgG antibodies (1:5000; Cell Signaling,
Danvers, Massachusetts, USA) in TBST buffer. The bound
antibodies were detected using Chemiluminescence reagent
Plus (PerkinElmer Life Science, MA, USA) and Bio-rad
ChemiDoc™ XRS+ Systems. The Image Lab™ Software
was used to obtain images under appropriate exposure time.

Measurement of Cerebral Collateral Circulation
and Hemoglobin Oxygenation

The dual-wavelength optical imaging system was used to
simultaneously measure spatiotemporal characteristics of the
relative cerebral blood flow (rCBF) of collateral blood vessels
and cerebral metabolic rate of oxygen (CMRO,) of the corti-
cal tissue, which combined the laser speckle contrast imaging
(LSCI) and optical intrinsic signal imaging techniques [19].
The measured rCBF and CMRO, of regions of interest (ROIs)
were averaged by a 60-second imaging period to reduce the
noise. To measure the changes of hemodynamics and meta-
bolic responses in the same animal before and after MCAO
with multiple times, each animal received the implantation of
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glass coverslip based cranial window over the cortical surface
for repeated in vivo imaging. The preparation and implantation
procedure of cranial window were described previously [19].

Measurement of Adenine Nucleotides

Tissues from the ipsilateral and contralateral cortex of mice
with tMCAO were rapidly dissected and snap-frozen in lig-
uid nitrogen to stop enzymatic activity. Brain tissues were
then extracted in an ice-cold buffer (methanol/acetonitrile/
water, 40/40/20; v/v/v) with DL-4-chlorophenylalanine
(ACROS organics, Lancashire, UK) as an internal stand-
ard. After being centrifugated at 13,000 rpm for 15 min at
4°C, the supernatant was collected for analysis on the same
day. The assay was conducted by an Agilent 1290 Infinity
II ultra-performance liquid chromatography (UPLC) sys-
tem (Agilent Technologies, Palo Alto, CA, USA), coupled
to the Dual AJS electrospray ionization (ESI) source of an
Agilent 6545 XT quadrupole time-of-flight (Q-TOF) mass
spectrometer (Agilent Technologies, USA). The samples
were eluted over an ACQUITY UPLC BEH amide column
(1.7 pm, 2.1 x 100 mm, Waters Corp., Milford, MA, USA)
by mobile phases composed of double-distilled water (elu-
ent A) and 10% double-distilled water in acetonitrile (elu-
ent B). Both eluents contained 15 mM ammonium acetate
and 0.3% ammonium hydroxide solution. The column tem-
perature was kept at 40°C at a flow rate of 300 pL/min. The
instrument was operated in positive and negative full-scan
mode, collected from an m/z of 60—1500. The chromatogram
acquisition, detection of mass spectral peaks, and their wave-
form processing were performed using Agilent Qualitative
Analysis 10.0 (Agilent, USA) and Agilent Profinder B.10.00
software (Agilent, USA).

Measurement of ROS

ROS was detected using dihydroethidium (DHE, Invitro-
gen, Carlsbad, CA, USA) as described previously [20] with
modifications. Thirty minutes following the reperfusion,
mice were injected with DHE (20 mg/kg) intraperitoneally.
Twenty-four hours after the injection, mice were sacrificed
and the whole brains were collected. Brain ROS levels were
measured by an IVIS spectrum imaging system (IVIS 200,
Xenogen, CA, USA) with a fluorescence filter (Excitation:
500 nm, Emission: 600 nm). Data were analyzed by the soft-
ware Living Image (Xenogen, CA, USA).

Statistical Analysis
The investigators were unaware of their genotypes during

surgeries and outcome evaluations. The exclusion criteria
were applied as following: (1) death during surgeries due
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to surgical causes or anesthetic problems; (2) unsuccessful
MCAQO; (3) failure to achieve reperfusion; (4) death before
sacrifice for sampling; (5) absence of observable ischemic
core in TTC staining. Statistical differences were evalu-
ated by the Student’s t test or two-way analysis of variance
(ANOVA), followed by pairwise comparisons using Tukey’s
method. A P value <0.05 was considered statistically sig-
nificant. Post-hoc analysis was performed with G*power
software (version 3.1) to examine whether the values of
statistical power were all greater than 0.8 for the significant
differences between WT and Ent2~~ mice.

Results

Ent2 Deletion Reduces Infarct Volume and Brain
Edema Caused by tMCAO in both Male and Female
Mice

To investigate the impact of Ent2 deletion on brain injury
caused by tMCAO, infarct volume and brain edema were
examined in Ent2™~ mice and the WT controls. The TTC
staining showed that the infarct volume and brain edema
caused by tMCAO were significantly lower in both male
and female Ent2~~ mice, compared with the WT controls
(Fig. 1A to C). The results also showed that the protective
effect of Ent2 deletion in ischemia-reperfusion injury was
in a gender-independent manner. Further studies using the
Nissl staining also showed that Ent2 deletion reduced both
the infarct volume and brain edema of mice with tMCAO
(Fig. 1D).

Ent2 Deletion Ameliorates tMCAO-Induced
Neuroinflammation

The neuroinflammatory response is an important event of
brain ischemia, which may exacerbate the infarct volume
and brain edema [21, 22]. Given that the proinflammatory
cytokines, TNF-a, IL-1p, and IL-6, are considered to be
critical in the progression of neuroinflammation and con-
tribute to cerebral injury and BBB damage in stroke [22], the
expression of these cytokines in the ipsilateral and contralat-
eral cortex was examined. The qRT-PCR results showed that
mRNA levels of TNF-a, IL-1p, and IL-6 were significantly
increased in the ipsilateral cortex of Ent2** mice with
tMCAO, whereas Ent2 deletion reduced the levels of these
cytokines (Fig. 2A). On the other hand, the immunoblotting
showed that Gfap protein was increased in the ipsilateral
cortex of Ent2** mice, but not of Ent2~'~ mice (Fig. 2B).
The immunofluorescence analysis also indicated that Ent2
deletion can reduce the presence of reactive astrocytes in
mice with tMCAO (Fig. 2C). However, different from the
findings in the levels of Gfap protein, tMCAO did not cause
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a significant change in the level of Iba-1 protein in mice with
and without Ent2 (Fig. 2D and E), suggesting that Ent2 dele-
tion reduces the number of Gfap-positive astrocytes, but did
not alter the level of Iba-1-positive microglia/macrophages.

Ent2 Deletion Attenuates tMCAO-Induced Impaired
Microvascular Integrity and Function

The disruption of brain blood vessels is a notable feature of
ischemia and ischemia-reperfusion. Neuroinflammation can
further disrupt the vessel component and increase the per-
meability of the BBB after MCAO [21, 23]. To investigate
BBB integrity, claudin-5, CD31, and collagen-1V, marker
proteins of the tight junction, endothelial cells, and basement
membrane, respectively, were evaluated. In Ent2~"~ mice,
the expression of claudin-5, CD31, and collagen-IV in the
penumbra area was significantly higher and more contin-
uous than that in the WT controls (Fig. 3A). To evaluate
BBB permeability, brain permeation of endogenous IgG
was examined in the brain of WT and Ent2~~ mice after
tMCAO. The results showed that the leakage of IgG was
detected in the ipsilateral cortex of mice with tMCAOQO, but
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was significantly ameliorated in mice with Ent2 deletion
(Fig. 3B). In addition to the disruption of the paracellular
barrier, enhanced transcellular transport has been reported
to be an initial response of cerebral endothelium in stroke, in
which caveolins are involved in this alternative mechanism
for BBB opening [24]. Accordingly, the effect of Ent2 dele-
tion on the transcellular pathway was examined in terms of
caveolin-1 and caveolin-2 expression, markers for caveolae.
As aresult, tMCAO significantly increased the expression of
both caveolin-1 and caveolin-2 in the cortex of the WT mice,
whereas Ent2 deletion reduced elevated levels (Fig. 3C).

In terms of BBB integrity, MMP-9 is a key collagenase
to cleave collagen-1V, leading to vascular hemorrhage. Fol-
lowing tMCAQO, the protein level of MMP-9 in the ipsilat-
eral cortex was significantly increased (Fig. 3D). However,
tMCAO-induced overexpression of MMP-9 was attenuated
in Ent2™"~ mice (Fig. 3D), consistent with the reduced struc-
tural loss of collagen-IV in Ent2~~ mice (Fig. 3A). Except
for MMP-9, Aqp4, the major water channel expressed in
brain perivascular astrocyte processes, plays an impor-
tant role not only in the formation of brain edema, but
also in BBB integrity [25]. Our results showed that Aqp4

@ Springer



2546

Pharmaceutical Research (2023) 40:2541-2554

A
TNF-a
Tha —
03 * #
g% 201 T
33 15 .
<% ==
%o 10 . _?::_
£y
> 5 54
55 .
€2 ol B .
< Ent2** Ent2’ Ent2** Ent2”
CL IL
B S\ A\ N \ C
o 89
Gfap] |
(50kDajl—— W
Gapdh
e
(36kDa)
CL IL
207 * # %
154 | Il | \6
. LN | . bl ]

L
o
1

o
o

Relative protein expression
(fold change to wt contralateral)
P

D

Iba-1
(17kDa)

-
o
I

o
o
1

o
()

Ent2** Ent2” Ent2** Ent2"

CL IL

Q/(\ <<§0/

- -_—
|-—--I

CL IL

Relative protein expression
(fold change to wt contralateral)
o

T T T T
Ent2** Ent2" Ent2** Ent2”-
CL IL

Iba-1

Relative mRNA expression

Relative mRNA expression
(fold change to wt contralateral)

g

E 801

)

% 60 -

S

o

2 40

8

)

£ 20

%}

2 oleas ' T T

< Ent2** Ent2” Ent2** Ent2*

CL IL

Ent2+* Ent2/-

Ent2**

Ent2/-

Mean integrated density
(fold change to wt contralateral)

Mean integrated density
(fold change to wt contralateral)

IL-6
501 *
—
* #
401 ]
.
30 =
L]
201 - =
104
0 T T T T
Ent2** Ent2” Ent2** Ent2”
CL IL
61 * #

»
1

N
1

o

Ent2** Ent2” Ent2** Ent2”"
CL IL

Ent2** Ent2” Ent2** Ent2”
CL IL
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expression was significantly increased in the ipsilateral cor-
tex after ischemia-reperfusion, but can be reversed by Ent2
deletion (Fig. 3D). These findings demonstrated that Ent2
deletion protects against tMCAO-induced BBB breakdown
and water flux.

Ent2 Deletion Modulates rCBF Recovery
and Reduces ROS Production in Mice with tMCAO

With more intact microvessels in Ent2 ™~ mice with tMCAO,
therefore, we examined the changes in rCBF and hemo-
globin oxygenation at pial collateral blood vessels. The
rCBF decreased in both Ent2~~ and WT groups 90 minutes
after MCAO. Following the reperfusion, the rCBF of the
WT mice was quickly restored to the baseline. However,
in mice with Ent2 deletion, rCBF remained at a low level
at the initial phase (i.e., 4 minutes) of reperfusion, but was
then higher at the later phase (i.e., 24 hours) of reperfusion
(Fig. 4B).

Consistent with the findings of rCBF, the level of
CMRO,, an indicator for tissue oxidative metabolism, was
significantly decreased in both Ent2~'~ and WT mice at
all stages post-MCAQO. Nonetheless, mice with Ent2 dele-
tion showed a higher recovery of CMRO, 24 hours after
reperfusion (Fig. 4C). Further study showed that tMCAO-
induced cortical ATP depletion was restored in Ent2~~ mice
(Fig. 4D), corroborating the findings in CMRO,. On the
other hand, since ROS production is a critical contributor
to ischemia-reperfusion injury, we then measured the ROS
levels. The results showed that ROS production was sig-
nificantly lower in Ent2~'~ mice shortly (i.e., 30 minutes)
after the reperfusion (Fig. 4E). These data demonstrated
that Ent2 deletion can modulate the restoration of the blood
flow, restore oxygen metabolism, and reduce ROS produc-
tion after ischemia-reperfusion.

The Activation of A,,R, but Not AR, Is Involved
in the Protective Effects of Ent2 Deletion in Mice
with tMCAO

Since Ent2 deletion can result in an increase in extracellular
adenosine levels [11], we then examine whether the pro-
tective effects of Ent2 deletion are mediated by adenosine
receptors. Given that A;R and A, ,R are high-affinity recep-
tors, the AR antagonist, DPCPX, and the A,,R antago-
nist, SCH58261, were administered for 3 consecutive days
in mice with tMCAO. The results showed that treatment
with SCH58261, but not DPCPX, abrogated the attenua-
tion of infarct volume caused by Ent2 deletion (Fig. 5A, C).
Additionally, SCH58261 treatment abolished the protective
effects of Ent2 deletion on microvascular integrity, examined
by claudin-5, CD31, and collagen-IV (Fig. 5B) and brain
accumulation of IgG (Supplementary Fig. 1). In contrast, the
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administration of DPCPX did not block the protective effects
of Ent2 deletion on BBB structure (Fig. 5D). These data
suggest that A,,R, but not AR, is involved in the protective
effects of Ent2 deletion in mice with ischemia-reperfusion.

Discussion

The blockage of cerebral blood flow in ischemic stroke
leads to neuronal death, neuroinflammation, BBB break-
down, edema, and long-lasting neurological dysfunctions.
While the restoration of cerebral blood flow is the treatment
of choice, the reperfusion causes a significant increase in
oxidative stress and may lead to hemorrhage transforma-
tion. Accordingly, vascular protection is important for the
treatment of ischemic stroke. In response to the insult of
ischemia-reperfusion, brain extracellular level of adenosine,
an important neuromodulator, is dramatically increased. In
the present study, we demonstrated that the deletion of Ent2,
a major transporter for cellular transfer of adenosine in the
brain, provides beneficial effects against tMCAO-induced
infarct volume, edema, neuroinflammation, neurovascular-
associated injury, and ROS production. These findings dem-
onstrated the important role of Ent2 in the pathogenesis and
treatment of ischemia-reperfusion in the brain.

Previous studies have shown that Entl inhibition pro-
tected animals from tMCAO-triggered neuronal apoptosis
and neurological deficit [26]. Compared to Entl, the expres-
sion of Ent2 is more abundant in the brain of mice [11].
After the induction of tMCAOQO, the mRNA level of Ent2 was
significantly increased in the ipsilateral cortex, compared
to the contralateral cortex in mice (Supplementary Fig. 2),
suggesting a potential role of Ent2 in maintaining adenosine
homeostasis under the ischemia/reperfusion condition. In
addition to the amelioration of neuronal damage, the pre-
sent findings further showed that Ent2 deletion preserved
vascular integrity/function in mice with tMCAO (Figs. 3
and 4). In relation to vascular integrity, the dysregulation of
MMP-9 plays a critical role in causing neurovascular disrup-
tion, leukocyte infiltration, cerebral edema, and even hemor-
rhage [27, 28]. MMP-9 level is associated with infarct size
and poor neurological outcomes in animals with stroke [29],
in which MMP-9 knockout mice had significantly smaller
lesions compared to the WT mice after permanent and tran-
sient focal ischemia [30]. While MMP-9 can be activated by
a number of factors, including cytokines (i.e., TNF-a and
IL-1p) [31], the administration of t-PA can also promote
MMP-9 upregulation after focal cerebral ischemia [32]. Of
note, intracranial hemorrhage caused by vascular disruption
is the most feared complication of thrombolytic therapy. The
reduced MMP-9 in Ent2~/~ mice indicates the concomi-
tant use of Ent2 inhibitors, if available, with thrombolytic
agents is worth attention. In relation to this, the effects of
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Fig.4 Ent2 deletion alters A
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dipyridamole, an inhibitor of both Entl and Ent2, on the
treatment of ischemic stroke have been investigated by a
number of clinical studies. A large randomized controlled
trial showed that dipyridamole alone or in combination with
aspirin significantly reduce recurrent ischemic stroke and

T T
Ent2** Ent2'-

other vascular events [33]. However, others did not provide
positive results, possibly due to a small sample size and low
statistical power [34]. Nonetheless, it should also be noted
that the transport of dipyridamole across the BBB is rather
limited [35]. The development of a BBB-permeable Ent2
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«Fig.5 Adenosine receptor A,,R, but not AR, is involved in the
protective effects of Ent2 deletion against tMCAO-induced dam-
ages. (A), The infarct volume and edema estimated by Nissl stain-
ing in brain slices of Ent2~~ and the WT mice with the treatment of
SCHS58261 (an A,,R inhibitor). (B), Immunostaining of claudin-5,
CD31, and collagen-IV in the penumbra of Ent2™~ and the WT
mice with the treatment of SCH58261. (C), The infarct volume and
edema of brain slices of Ent2™~ and the WT mice with the treatment
of DPCPX (an A;R inhibitor). (D), Immunostaining of claudin-5,
CD31, and collagen-IV in the penumbra of Ent2~'~ and the WT mice
with the treatment of DPCPX. The scale bar represents 1 mm in Nissl
staining and 50 pm in immunostaining, respectively. Data are pre-
sented by mean +SEM (n=4; mixed gender). N.S. represents not sig-
nificant (p>0.05), #p <0.05 compared with Ent2*"* group.

inhibitor would be helpful to further investigate the role of
Ent2 in the pathogenesis and treatment of stroke.

Except for the activation of MMPs, edema is also con-
sidered as one of the cardinal signs of neuroinflammation in
stroke. Ent2 deletion not only ameliorated neuroinflamma-
tion but also reduced brain edema (Figs. 1 and 2), supporting
the connection between inflammatory responses and edema
formation. On the other hand, edema formation is a criti-
cal issue associated with cerebrovascular dysfunction after
ischemic stroke. Aqp4 controls water flux on the endfeet
of perivascular astrocytes. Aqp4 upregulation may induce
astrocyte swelling and exaggerate the ischemic brain injury.
Acutely inhibiting Aqp4 decreased edema and astrogliosis in
cerebral ischemia [36]. Aqp4 deletion reduced brain edema
and improved neurological and BBB functions in ischemia
[37, 38]. Accordingly, the attenuation of tMCAO-induced
brain edema in Ent2™~ mice may involve the reduction in
Aqp4 protein expression (Figs. 1 and 3D), which also sug-
gests that Ent2 may play a role in regulating Aqp4-depend-
ent perivascular flow.

Collateral circulation is an important predictor of the
outcome of acute ischemic stroke. The promotion of collat-
eral circulation may reduce ischemic brain injury [39]. Yet,
ROS production caused by ischemia-reperfusion is involved
in neuronal cell injury and edema formation in mice with
tMCAO [40]. ROS production was significantly increased
shortly (i.e., 10-30 minutes) after the reperfusion [41, 42].
It was suggested that ROS generated during the initial stages
of cerebral ischemia contributes to brain injury [42]. In the
present study, while the rCBF at the collateral blood vessels
of the WT mice was restored quickly, ROS production in
WT mice was also significantly increased (Fig. 4). Unlike
the findings in WT mice, rCBF of Ent2~~ did not return to
the baseline (i.e., the level before MCAO) promptly after the
reperfusion. Instead, it resumed slowly at the initial phase
and then reached a higher level later. The delayed recanaliza-
tion in Ent2™'~ mice was accompanied by a lower increase
in ROS level, providing protection from a sudden increase
in ROS attack. In terms of the recanalization after stroke,
cerebrovascular dysregulation in the ischemic region leads to

the inability of the cerebral blood vessels to dilate and draw
blood from neighboring vascular territories with normal
blood supply [43]. Interventions such as increasing adeno-
sine level on vasodilation can improve rCBF and result in the
amelioration of tissue damage in ischemic stroke [44, 45].
Nonetheless, it was found that, in response to an intravenous
injection of dipyridamole, an inhibitor of Ent1/Ent2, the
increases in plasma adenosine levels appeared to be bipha-
sic [46]. Therefore, the slower recovery rate of the rCBF
in Ent2~~ mice may be due to the changes of adenosine
level that leads to vasodilatory effect and A,,R signaling.
Although the detailed mechanism of the regulation of rCBF
in Ent2~'~ condition remains to be defined, the present study
suggests that adenosine augmentation by targeting Ent2 is
a promising approach to modulate collateral cerebral blood
flow following reperfusion.

While extracellular adenosine level is increased in
ischemia and ischemia-reperfusion [7], Ent2 deletion may
further increase the level [11], which may in turn activate
both AR and A,,R. In the present study, the administration
of the A,,R antagonist, SCH58261, blocked the reparative
effects of Ent2 deletion in tMCAOQO mice, whereas treatment
with DPCPX (an AR antagonist) did not reverse the protec-
tion. Although acute activation of AR is commonly consid-
ered to be neuroprotective by inhibiting glutamate release
and excitatory synaptic transmission, the neuroprotection of
Ent2 deletion appeared not to be mediated by AR activa-
tion. One potential explanation for this finding is that A, R
activation may cause AR desensitization, especially under
conditions of high adenosine levels [47]. Targeting A,,R has
been proposed as a therapeutic strategy for stroke treatment.
Yet, the beneficial effects caused by A,,R antagonists/ago-
nists seem to depend on the time window following stroke
onset, in which A,,R antagonists provide early protection
by controlling excitotoxicity, whereas A,,R agonists provide
protracted protection by controlling inflammatory responses
[48]. In addition, A,,R activation can inhibit MMP-9 release
[49] and exhibit vasodilated effects [50], both of which may
preserve microvascular structure and function that are criti-
cal for stroke treatment. In addition to the effects of adeno-
sine, intracerebroventricular infusion of inosine was shown
to reduce cerebral infarction and glutamate responses [51].
As inosine can be formed by the deamination of adenosine
extracellularly, the elevation of extracellular adenosine
level may be accompanied by an increase of inosine level.
However, it was noted that adenosine (ECs, ~6 nM) has
a significant higher affinity for A,,R than that of inosine
(ECsy ~300 pM) [52]. Since our findings suggest that A,,R
activation is involved in the effect of Ent2 deletion (Fig. 5),
the contribution of inosine in this aspect may be relatively
minor.

In terms of nucleoside transporters, the concentrative
nucleoside transporters (Cnts) are also expressed in the
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mouse brain. Cnts are unidirectional nucleoside transport-
ers coupled with the sodium/proton gradient. Compared
with Ents, Cnts have higher apparent affinity but a much
lower turnover rate for nucleosides [53]. In this regard,
Cnts are considered to be associated with nucleoside
sensing and signal transduction [54]. While the expres-
sion level of Cntl and Cnt3 is reported to be low in the
brain [55] and Cnt2 expression is downregulated in the
infarcted tissue [56], we cannot exclude the implication
of Cnts in ischemia/reperfusion. On the other hand, since
the damaged region of the ligation MCAO model was only
confined to the cerebral cortex, deficits of neurobehavioral
functions were not obvious in this model, as observed in
the present study (data not shown). Further study employ-
ing a stroke model induced by intraluminal filament
MCAO, which may result in a more severe damage in the
cerebral cortex, striatum, and hippocampus, is required
to explore the role of Ent2 in long-term neurobehavioral
outcomes.

Conclusions

Ent2 deletion provides beneficial effects on mice with
cerebral ischemia and reperfusion injury by reducing the
infarct volume, brain edema, and neuroinflammation, with
the restoration of brain microvascular function. These pro-
tective effects involve A, R activation.

Abbreviations Aqp4: aquaporin-4; A,,R: adenosine 2A receptor;
CD31: cluster of differentiation 31; CMRO,: cerebral metabolic rate
of oxygen; Ent: equilibrative nucleoside transporter; MMP-9: matrix
metalloproteinase-9; rCBF: regional cerebral blood flow; ROS: reactive
oxygen species; tMCAO: transient middle cerebral artery occlusion.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11095-023-03565-2.

Acknowledgments We thank Houng-Chi Liou at the Institute of Phar-
macology, College of Medicine, National Taiwan University for the
technical support for the induction of tMCAO and the technical ser-
vices provided by the “Transgenic Mouse Models Core Facility of the
National Core Facility for Biopharmaceuticals, Ministry of Science
and Technology, Taiwan” and the “Animal Resources Laboratory of
National Taiwan University Center of Genomic and Precision Medi-
cine” for the generation of Ent2” mice; Dr. Chih-Yu Lin and Gong-
Min Lin at Metabolomics Core Facility, Agricultural Biotechnology
Research Center at Academia Sinica for UPLC-MS/MS analysis and
data processing.

Authors’ Contributions H-L C contributed to the conception and
design, acquisition and analysis of data, and manuscript preparation;
K-C W contributed to the acquisition and analysis of data and manu-
script preparation; Y-Y C, C-J H, H-L W, Y-H F, and W-Y C contrib-
uted to the acquisition and analysis of data; C-J L contributed to the
conception and design, advised, manuscript preparation, and funding
acquisition. All authors read and approved the final manuscript.

@ Springer

Funding The present work was supported by the National
Science and Technology Council of Taiwan (grant:
MOST110-2320-B002-025-MY3).

Data Availability The datasets used and/or analyzed during the pre-
sent study are available from the corresponding author on reasonable
request.

Declarations

Ethical Approval and Consent to Participate All animal experiments
were approved by the Institutional Animal Care and Use Committee
of National Taiwan University College of Medicine (IACUC number:
20201107).

Consent for Publication Not applicable.

Competing Interests The authors declare no competing interests.

References

1. Kleindorfer DO, Towfighi A, Chaturvedi S, Cockroft KM, Gut-
ierrez J, Lombardi-Hill D, et al. Guideline for the prevention
of stroke in patients with stroke and transient ischemic attack:
a guideline from the American Heart Association/American
Stroke Association. Stroke. 2021;52:e364—467.

2. Brouns R, Deyn D. The complexity of neurobiological pro-
cesses in acute ischemic stroke. Clin Neurol Neurosurg.
2009;111:483-95.

3. Abramov AY, Scorziello A, Duchen MR. Three distinct mecha-
nisms generate oxygen free radicals in neurons and contrib-
ute to cell death during anoxia and reoxygenation. J Neurosci.
2007;27:1129-38.

4. del Zoppo GJ. Inflammation and the neurovascular unit in the
setting of focal cerebral ischemia. Neurosci. 2009;158:972-82.

5. YuX,JiC, Shao A. Neurovascular unit dysfunction and neuro-
degenerative disorders. Front Neurosci. 2020;14:334.

6. Krueger M, Mages B, Hobusch C, Michalski D. Endothelial
edema precedes blood-brain barrier breakdown in early time
points after experimental focal cerebral ischemia. Acta Neuro-
pathol Commun. 2019;7:17.

7. Ganesana M, Venton BJ. Early changes in transient adenosine
during cerebral ischemia and reperfusion injury. PLoS One.
2018;13:e0196932.

8. Kitagawa H, Mori A, Shimada J, Mitsumoto Y, Kikuchi
T. Intracerebral adenosine infusion improves neurological
outcome after transient focal ischemia in rats. Neurol Res.
2002;24:317-23.

9. Seydyousefi M, Moghanlou AE, Metz GAS, Gursoy R, Faghfoori
MH, Mirghani SJ, et al. Exogenous adenosine facilitates neuro-
protection and functional recovery following cerebral ischemia in
rats. Brain Res Bull. 2019;153:250-6.

10. Yao SY, Ng AM, Vickers MF, Sundaram M, Cass CE, Baldwin
SA, et al. Functional and molecular characterization of nucleobase
transport by recombinant human and rat equilibrative nucleoside
transporters 1 and 2. Chimeric constructs reveal a role for the
ENT?2 helix 5-6 region in nucleobase translocation. J Biol Chem.
2002;277:24938-48.

11. Wu KC, Lee CY, Chou FY, Chern Y, Lin CJ. Deletion of equili-
brative nucleoside transporter-2 protects against lipopolysac-
charide-induced neuroinflammation and blood-brain barrier
dysfunction in mice. Brain Behav Immun. 2020;84:59-71.


https://doi.org/10.1007/s11095-023-03565-2

Pharmaceutical Research (2023) 40:2541-2554

2553

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Nagai K, Nagasawa K, Fujimoto S. Transport mechanisms
for adenosine and uridine in primary-cultured rat corti-
cal neurons and astrocytes. Biochem Biophys Res Commun.
2005;334:1343-50.

Wu KC, Lee CY, Chern Y, Lin CJ. Amelioration of lipopolysac-
charide-induced memory impairment in equilibrative nucleoside
transporter-2 knockout mice is accompanied by the changes in
glutamatergic pathways. Brain Behav Immun. 2021;96:187-99.
Liu YC, Tsai YH, Tang SC, Liou HC, Kang KH, Liou HH, et al.
Cytokine MIF enhances blood-brain barrier permeability: impact
for therapy in ischemic stroke. Sci Rep. 2018;8:743.

Popoli P, Pintor A, Domenici MR, Frank C, Tebano MT, Péez-
zola A, et al. Blockade of striatal adenosine A, , receptor reduces,
through a presynaptic mechanism, quinolinic acid-induced
excitotoxicity: possible relevance to neuroprotective interven-
tions in neurodegenerative diseases of the striatum. J Neurosci.
2002;22:1967-75.

Muto J, Lee H, Lee H, Uwaya A, Park J, Nakajima S, et al. Oral
administration of inosine produces anti-depressant-like effects in
mice. Sci Rep. 2014;4:4199.

Hara H, Friedlander RM, Gagliardini V, Ayata C, Fink K, Huang
Z, et al. Inhibition of interleukin-1p converting enzyme family
proteases reduces ischemic and excitotoxic neuronal damage. Proc
Natl Acad Sci U S A. 1997;94:2007-12.

Broughton BRS, Brait VH, Guida E, Lee S, Arumugam TV, Gar-
diner-Mann CV, et al. Stroke increases G protein-coupled estro-
gen receptor expression in the brain of male but not female mice.
Neurosignals. 2013;21:229-39.

Wang HL, Chen JW, Yang SH, Lo YC, Pan HC, Liang YW, et al.
Multimodal optical imaging to investigate spatiotemporal changes
in cerebrovascular function in AUDA treatment of acute ischemic
stroke. Front Cell Neurosci. 2021;15:655305.

Ju TC, Chen HM, Chen YC, Chang CP, Chang C, Chern Y.
AMPK-al functions downstream of oxidative stress to mediate
neuronal atrophy in Huntington's disease. Biochim Biophys Acta.
2014;1842:1668-80.

McColl BW, Rothwell NJ, Allan SM. Systemic inflamma-
tory stimulus potentiates the acute phase and CXC chemokine
responses to experimental stroke and exacerbates brain damage
via interleukin-1 and neutrophil-dependent mechanisms. J Neu-
rosci. 2007;27:4403-12.

Vidale S, Consoli A, Arnaboldi M, Consoli D. Postischemic
inflammation in acute stroke. J Clin Neurol. 2017;13:1-9.
McColl BW, Rothwell NJ, Allan SM. Systemic inflammation
alters the kinetics of cerebrovascular tight junction disruption
after experimental stroke in mice. J Neurosci. 2008;28:9451-62.
Knowland D, Arac A, Sekiguchi KJ, Hsu M, Lutz SE, Perrino J,
et al. Stepwise recruitment of transcellular and paracellular path-
ways underlies blood-brain barrier breakdown in stroke. Neuron.
2014;82:603-17.

Nicchia GP, Nico B, Camassa LM, Mola MG, Loh N, Dermietzel
R, et al. The role of aquaporin-4 in the blood-brain barrier devel-
opment and integrity: studies in animal and cell culture models.
Neurosci. 2004;129:935-45.

Zhang D, Jin W, Liu H, Liang T, Peng Y, Zhang J, et al. ENT1
inhibition attenuates apoptosis by activation of cAMP/pCREB/
Bcl2 pathway after MCAO in rats. Exp Neurol. 2020;331:113362.
Wang CX, Shuaib A. Critical role of microvasculature basal lam-
ina in ischemic brain injury. Prog Neurobiol. 2007;83:140-8.
Morancho A, Rosell A, Garcia-Bonilla L, Montaner J. Metal-
loproteinase and stroke infarct size: role for anti-inflammatory
treatment? Ann N Y Acad Sci. 2010;1207:123-33.

Montaner J, Alvarez-Sabin J, Molina CA, Anglés A, Abilleira S,
Arenillas J, et al. Matrix metalloproteinase expression is related
to hemorrhagic transformation after cardioembolic stroke. Stroke.
2001;32:2762-7.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Asahi M, Asahi K, Jung JC, del Zoppo GJ, Fini ME, Lo EH.
Role for matrix metalloproteinase 9 after focal cerebral ischemia:
effects of gene knockout and enzyme inhibition with BB-94. J
Cereb Blood Flow Metab. 2000;20:1681-9.

Yang Y, Rosenberg GA. Blood-brain barrier breakdown in acute
and chronic cerebrovascular disease. Stroke. 2011;42:3323-8.
Tsuji K, Aoki T, Tejima E, Arai K, Lee SR, Atochin DN, et al.
Tissue plasminogen activator promotes matrix metallopro-
teinase-9 upregulation after focal cerebral ischemia. Stroke.
2005;36:1954-9.

Diener H, Cunha L, Forbes C, Sivenius J, Smets P, Lowenthal A.
European stroke prevention study. 2. Dipyridamole and acetyl-
salicylic acid in the secondary prevention of stroke. J Neurol Sci.
1996;143:1-13.

Leonardi-Bee BPMW, Bousser M, Davalos A, Diener H,
Guiraud-Chaumeil B, et al. Dipyridamole for preventing recur-
rent ischemic stroke and other vascular events: a meta-analysis of
individual patient data from randomized controlled trials. Stroke.
2005;36:162-8.

Kunz W, Mueller E, Siess M. The distribution of dipyridamole
in the body and in the myocardial cell of rats and mice. Arzneim
Forsch. 1963;13:179-85.

Sun C, Lin L, Yin L, Hao X, Tian J, Zhang X, et al. Acutely
inhibiting AQP4 with TGN-020 improves functional outcome
by attenuating edema and peri-infarct astrogliosis after cerebral
ischemia. Front Immunol. 2022;13:870029.

Hirt L, Fukuda AM, Ambadipudi K, Rashid F, Binder D, Verk-
man A, et al. Improved long-term outcome after transient cer-
ebral ischemia in aquaporin-4 knockout mice. J Cereb Blood Flow
Metab. 2017;37:277-90.

Manley GT, Fujimura M, Ma T, Noshita N, Filiz F, Bollen
AW, et al. Aquaporin-4 deletion in mice reduces brain edema
after acute water intoxication and ischemic stroke. Nat Med.
2000;6:159-63.

Shuaib A, Butcher K, Mohammad AA, Saqqur M, Liebeskind
DS. Collateral blood vessels in acute ischaemic stroke: a potential
therapeutic target. Lancet Neurol. 2011;10:909-21.

Kondo T, Reaume AG, Huang TT, Carlson E, Murakami K, Chen
SF, et al. Reduction of CuZn-superoxide dismutase activity exac-
erbates neuronal cell injury and edema formation after transient
focal cerebral ischemia. J Neurosci. 1997;17:4180-9.

Peters O, Back T, Lindauer U, Busch C, Megow D, Dreier J, et al.
Increased formation of reactive oxygen species after permanent
and reversible middle cerebral artery occlusion in the rat. J Cereb
Blood Flow Metab. 1998;18:196-205.

Yamato M, Egashira T, Utsumi H. Application of in vivo ESR
spectroscopy to measurement of cerebrovascular ROS generation
in stroke. Free Radic Biol Med. 2003;35:1619-31.

Tadecola C. Neurovascular regulation in the normal brain and in
Alzheimer's disease. Nat Rev Neurosci. 2004;5:347-60.

Markus HS. Cerebral perfusion and stroke. J Neurol Neurosurg
Psychiatry. 2004;75:353-61.

Fan JL, Brassard P, Rickards CA, Nogueira RC, Nasr N,
McBryde FD, Fisher JP, Tzeng YC. Integrative cerebral blood
flow regulation in ischemic stroke. J Cereb Blood Flow Metab.
2022;42:387-403.

Hegediis K, Keresztes T, Fekete I, Molnar L. Effect of i.v. Dipy-
ridamole on cerebral blood flow, blood pressure, plasma adeno-
sine and cAMP levels in rabbits. J Neurol Sci. 1997;148:153-61.
Klaasse EC, Ijzerman AP, de Grip WJ, Beukers MW. Internaliza-
tion and desensitization of adenosine receptors. Purinergic Signal.
2008;4:21-37.

Pedata F, Pugliese AM, Coppi E, Dettori I, Maraula G, Cel-
lai L, et al. Adenosine A2A receptors modulate acute injury
and neuroinflammation in brain ischemia. Mediat Inflamm.
2014;2014:805198.

@ Springer



2554

Pharmaceutical Research (2023) 40:2541-2554

49.

50.

51.

52.

53.

54.

Ernens I, Rouy D, Velot E, Devaux Y, Wagner DR. Adenosine
inhibits matrix metalloproteinase-9 secretion by neutrophils:
implication of A,, receptor and cAMP/PKA/Ca®* pathway. Circ
Res. 2006;99:590-7.

Ngai AC, Coyne EF, Meno JR, West GA, Winn HR. Receptor sub-
types mediating adenosine-induced dilation of cerebral arterioles.
Am J Physio Heart Circ Physiol. 2001;280:H2329-35.

Shen H, Chen GJ, Harvey BK, Bickford PC, Wang Y. Inosine
reduces ischemic brain injury in rats. Stroke. 2005;36:654-9.
Welihinda AA, Kaur M, Greene K, Zhai Y, Amento EP. The adeno-
sine metabolite inosine is a functional agonist of the adenosine A2A
receptor with a unique signaling bias. Cell Signal. 2016;28:552—-60.
Smith KM, Ng AML, Yao SYM, Labedz KA, Knaus EE, Wiebe
LI, Cass CE, Baldwin SA, Chen XZ, Karpinski E, Young JD.
Electrophysiological characterization of a recombinant human
Na+—coupled nucleoside transporter (\CNT1) produced in Xeno-
pus oocytes. J Physiol. 2004;558:807-23.

Pastor-Anglada M, Pérez-Torras S. Emerging roles of nucleoside
transporters. Front Pharmacol. 2018;9:606.

@ Springer

55.

56.

Parkinson FE, Damaraju VL, Graham K, Yao SYM, Baldwin SA,
Cass CE, Young JD. Molecular biology of nucleoside transporters
and their distributions and functions in the brain. Curr Top Med
Chem. 2011;11:948-72.

Medina-Pulido L, Molina-Arcas M, Justicia C, Soriano E, Bur-
gaya F, Planas AM, Pastor-Anglada M. Hypoxia and P1 recep-
tor activation regulate the high-affinity concentrative adenosine
transporter CNT2 in differentiated neuronal PC12 cells. Biochem
J. 2013;545:437-45.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.



	The Critical Role of Equilibrative Nucleoside Transporter-2 in Modulating Cerebral Damage and Vascular Dysfunction in Mice with Brain Ischemia-Reperfusion
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Animals
	Transient Middle Cerebral Artery Occlusion (tMCAO)
	Treatments with A1R and A2AR Antagonists
	Histology
	Quantitative Real-Time PCR Analysis
	Immunofluorescence Staining
	Immunoblotting
	Measurement of Cerebral Collateral Circulation and Hemoglobin Oxygenation
	Measurement of Adenine Nucleotides
	Measurement of ROS

	Statistical Analysis
	Results
	Ent2 Deletion Reduces Infarct Volume and Brain Edema Caused by tMCAO in both Male and Female Mice
	Ent2 Deletion Ameliorates tMCAO-Induced Neuroinflammation
	Ent2 Deletion Attenuates tMCAO-Induced Impaired Microvascular Integrity and Function
	Ent2 Deletion Modulates rCBF Recovery and Reduces ROS Production in Mice with tMCAO
	The Activation of A2AR, but Not A1R, Is Involved in the Protective Effects of Ent2 Deletion in Mice with tMCAO

	Discussion
	Conclusions
	Anchor 28
	Acknowledgments 
	References


