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Abstract This study was performed to evaluate the bilateral
effects of focal permanent ischemia (FPI) on glial metabolism
in the cerebral cortex. Two and 9 days after FPI induction, we
analyze ['"®*F]JFDG metabolism by micro-PET, astrocyte mor-
phology and reactivity by immunohistochemistry, cytokines
and trophic factors by ELISA, glutamate transporters by RT-
PCR, monocarboxylate transporters (MCTs) by western blot,
and substrate uptake and oxidation by ex vivo slices model.
The FPI was induced surgically by thermocoagulation of the
blood in the pial vessels of the motor and sensorimotor cortices
in adult (90 days old) male Wistar rats. Neurochemical analyses
were performed separately on both ipsilateral and contralateral
cortical hemispheres. In both cortical hemispheres, we ob-
served an increase in tumor necrosis factor alpha (TNF-x),
interleukin-1{3 (IL-13), and glutamate transporter 1 (GLT-1)
mRNA levels; lactate oxidation; and glutamate uptake and a
decrease in brain-derived neurotrophic factor (BDNF) after
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2 days of FPI. Nine days after FPI, we observed an increase
in TNF-« levels and a decrease in BDNF, GLT-1, and glutamate
aspartate transporter (GLAST) mRNA levels in both hemi-
spheres. Additionally, most of the unilateral alterations were
found only in the ipsilateral hemisphere and persisted until
9 days post-FPI. They include diminished in vivo glucose up-
take and GLAST expression, followed by increased glial fibril-
lary acidic protein (GFAP) gray values, astrocyte reactivity, and
glutamate oxidation. Astrocytes presented signs of long-lasting
reactivity, showing a radial morphology. In the intact hemi-
sphere, there was a decrease in MCT2 levels, which did not
persist. Our study shows the bilateralism of glial modifications
following FPI, highlighting the role of energy metabolism ad-
aptations on brain recovery post-ischemia.

Keywords Astrocytes - Energy metabolism - Stroke -
Contralateral hemisphere - Glial reactivity

Introduction

Stroke is responsible for significant mortality and long-term
disability worldwide [1, 2]. In the USA, more than 140,000
people die each year from stroke (www.strokecenter.org),
while most survivors need to receive continuous care due to
sequelae [3, 4]. In acute ischemic stroke, the brain regions
with severely impaired blood flow become rapidly and
irreversibly injured and are referred to as ischemic core [5].
Surrounding the core, there is an area of constrained blood
flow called ischemic penumbra, which presents a partially
preserved energy metabolism and structural pattern. Salvage
of this penumbral region is associated with neurological
improvement and recovery [6, 7].

In addition to the ischemic penumbra, other brain areas
might be relevant to improve outcome after stroke. Some
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clinical evidence indicates that the contralateral area to the
stroke region is also critical for post-stroke tissue reorganization
and for compensation of impaired functions [8—10].
Nevertheless, no studies have looked into possible metabolic
adaptations that might sustain these contralateral changes dur-
ing the recovery phase. Improved understanding of contribut-
ing processes in the intact hemisphere is important for optimiz-
ing approaches to functional recovery after stroke [11].

Morphological changes of astrocytes in the surrounding
area of infarct present a dual role, being detrimental and/or
beneficial for recovery [12, 13]. Following the ischemic insult,
brain astrocytes become activated and participate in brain in-
flammation by secreting inflammatory factors, such as tumor
necrosis factor alpha (TNF-«) and interleukin-1 (IL-1) [14].
Nevertheless, astrocytes also respond to ischemia with the
emergence of neuroprotective and repairing functions, pro-
moting functional recovery [15-17].

Glutamate, the main excitatory neurotransmitter in the cen-
tral nervous system (CNS), is oxidized by astroglial cells at a
rate much higher than other substrates [18], especially when
the exogenous glutamate concentration rises [19]. Thus, it is
important to note that astrocytes are able to increase the uptake
of excessive extracellular glutamate upon ischemic insult [20],
contributing to the attenuation of glutamatergic neurotoxicity
(excitotoxicity).

Lactate, an energy substrate to brain cells, has been shown
to have neuroprotective properties in in vitro [21-23] and
in vivo [24, 25] hypoxic conditions. Lactate trafficking is fa-
cilitated by MCTs [26]. In the CNS, three MCTs have been
characterized: MCT1, MCT2, and MCT4 [27-30]. Recent
evidence suggests that cell-specific MCT expression may par-
ticipate in the brain metabolic adaptations following transient
ischemic insult [31].

Here, we hypothesized that both the injured and intact cor-
tical regions might present modulations after focal ischemic
damage, trying to adapt to a new metabolic situation. We
assume that these changes may be implicated in the recovery
process after injury through mechanisms carried out mainly
by astrocytes. To test our hypothesis, we used an experimental
model of permanent occlusion, since cerebral ischemia is most
permanent in humans [32]. By different methodologies, we
examined the modulation of astroglial metabolism in the ce-
rebral region surrounding the ischemic lesion and in the con-
tralateral cortex.

Materials and Methods
Ethics
All animal experiments were performed in accordance with

the National Institutes of Health “Guide for the Care and Use
of Laboratory Animals” (NIH publication no. 80-23, revised
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1996) and were approved by the Federal University of Rio
Grande do Sul Animal Care and Use Committee (process
number 26674).

Reagents

2,3,5-Triphenyltetrazolium chloride (TTC) was from
Sigma-Aldrich (St. Louis, MO, USA). Electrophoresis
reagents were from Bio-Rad Laboratories (Hercules,
CA, USA), and immunoblotting reagents were from
Amersham International (Little Chalfont, Bucks, UK).
Polyclonal rabbit anti-rat MCT2 (#sc-50323), polyclonal
rabbit anti-rat MCT4 (#sc-50329), and polyclonal rabbit
anti-rat (3-tubulin (#sc-9104) were from Santa Cruz
Biotechnology (Heidelberg, Germany). Blots were re-
vealed with an Immobilon™ Western
Chemiluminescence kit (#P90720, Millipore Corp.,
Billerica, MA, USA). For glutamate uptake experiments,
glutamic acid, L-[3,4-H] was purchased from
PerkinElmer (Boston, MA, USA). Lactic acid,
L-[1-'*C] sodium salt was purchased from American
Radiolabeled Chemicals, Inc. (St. Louis, MO, USA).
Glutamic acid, L-['*C(U)] (#NEC290E250UC) and
Optiphase “Hisafe” 3 (#1200-437) scintillation liquid
were purchased from PerkinElmer (Boston, MA, USA).
Protein quantification was performed with the BCA
Protein Assay kit from Thermo Fisher Scientific
(#23227, Rockford, IL, USA) using bovine serum albu-
min as a standard. Brain-derived neurotrophic factor
(BDNF) ELISA kit was purchased from Promega
(Madison, WI, USA). An ELISA kit for TNF-« was
purchased from PeproTech (Rocky Hill, NJ, USA). An
ELISA kit for IL-13 was purchased from eBioscience
(San Diego, CA, USA). GLAST (Rn00667869 ml), and
glutamate transporter 1 (GLT-1) (Rn00691548 ml), and
-actin (Rn00570130 m1) TagMan primers and probes
were purchased from Applied Biosystems (#4331182,
Foster City). All other reagents were of analytical grade.
Polyclonal rabbit anti-glial fibrillary acidic protein
(GFAP) was purchased from Dako (Z0334, Glostrup,
Denmark). AlexaFluor® 555 and Hoescht 33258 were
purchased from Invitrogen (Carlsbad, CA, USA).

Animals

Animals were obtained from the Central Animal House of the
Department of Biochemistry, ICBS, UFRGS. Adult male
Wistar rats (90-100 days old, weighing 300-350 g) were
housed three to five per cage under controlled light and envi-
ronmental conditions (12-h light/12-h dark cycle at tempera-
ture of 22 + 2 °C), with water and commercial food pellets
available ad libitum.
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Induction of Focal Permanent Ischemia

The focal ischemic lesion was induced by blood
thermocoagulation of pial vessels over the motor and sensori-
motor cortices [33-36]. Briefly, the animals were anesthetized
with ketamine hydrochloride (70 mg/kg, i.p.) and xylazine
hydrochloride (10 mg/kg, i.p.) and placed in a stereotaxic
apparatus. The skull was surgically exposed, and a craniotomy
was performed by exposing the left frontoparietal cortex (+2
to =6 mm A.P. and —2 to -4 mm M.L. from the bregma) [37].
The blood inside the pial vessels was thermocoagulated
transdurally by the apposition of a hot probe close to the dura
mater. The rostrocaudal extent of the surface of the frontal and
parietal cortices was lesioned. After the procedure, the skin
was sutured and the body temperature was maintained at
37 °C using a heating pad until recovery from anesthesia.
Animals from the sham group were only submitted to the
aforementioned craniotomy. All animals with apparent surgi-
cal damage were excluded from this study.

Cylinder Test

The cylinder test was performed to evaluate the sensori-
motor performance of each animal after induction of the
FPI model. The test is based on the spontaneous explor-
atory behavior of rodents, and it reveals forelimb prefer-
ence when the animal rears to explore its environment by
making forelimb contact with the cylinder walls [35].
Animals were subjected to one trial 1 day prior and again
2 and 9 days after ischemia (Fig. 1a). To prevent habitu-
ation to the cylinder, the number of movements recorded
was limited to 20. The occurrences of ipsilateral (to the
lesion), contralateral, or simultaneous forelimb use were
counted. The symmetry score for each animal was calcu-
lated on each day by a previously described formula [38].
For the ischemic group, only animals with a symmetry
score between 0 and 30% were selected for experiments.

Experimental Procedure and Tissue Preparation

Rats were divided into two groups: sham (S) and ischemia (I).
Animals were euthanized by decapitation after a short (2 days)
or medium (9 days) period following surgery, and the follow-
ing parameters were evaluated: in vivo—(1) symmetry test
and (2) [lgF]FDG metabolism; ex vivo—(3) lesion size, (4)
glutamate uptake, and (5) substrate oxidation to 4C0,; and
post-mortem—(6) astrocytic reactivity, (7) glutamate trans-
porter expression, (8) MCT immunocontent, and (9) cytokine
and trophic factor levels. For the ex vivo and post-mortem
experiments, we determined a specific region of the cerebral
cortex after TTC (lesion size) and micro-Pet scan, called the
cerebral cortical cluster (somatosensorial, entorinal, auditive,
and visual cortices). The clusters were dissected and analyzed

separately in both cerebral hemispheres (ipsilateral and con-
tralateral cerebral cortices).

Lesion Size Measurement

We used TTC staining to delineate the ischemic core region
from the peri-infarct area (shadow zone) and to assess the
infarct volume. Briefly, the brain was rapidly removed from
the skull and sectioned in the coronal plane into slices of
approximately 2 mm thick using a rat brain matrix (n = 6).
The slices were immersed for 30 min in a 2% TTC solution at
37 °C followed by overnight fixation in 4% paraformaldehyde
(Sigma, St. Louis, MO, USA). After TTC staining, the slices
were arranged in a frontal-occipital orientation and digital im-
ages were taken. Brain slices were analyzed with ImageJ soft-
ware (NIH, Bethesda, MD, USA). The infarct volume was
calculated with the following formula: infarct volume = [mea-
sured infarct area x slice thickness (2 mm)] + [area of contra-
lateral corresponding structure X slice thickness] — [area of
ipsilateral corresponding structure X slice thickness] [39, 40].
The results are expressed in cubic millimeters.

Micro-PET Brain Scan

The rats were transported to the preclinical imaging facility
2 days before the micro-PET scans (n = 6). At the three
time points (1 day pre-FPI—baseline, 2 and 9 days post-
FPI), the animals were individually anesthetized using a
mixture of isoflurane and medical oxygen (3—4% induction
dose), and an intravenous bolus injection of ['*F]JFDG
(mean £+ SD 1.05 + 0.05 mCi) into the tail vein was made
after overnight fasting (Fig. 4a). Then, each rat was returned
to its home cage for a 40-min period of conscious (awake)
in vivo metabolism of ['*F]FDG. After the uptake period,
each rat was placed in a head-first prone position and
scanned with the Triumph™ micro-PET/CT (LabPET-4,
TriFoil Imaging, Northridge, CA, USA) under inhalatory
anesthesia (2-3% maintenance dose). Throughout these pro-
cedures, the animals were permanently kept on a pad heated
to 36 °C. For radiotracer readings, 30-min list mode static
acquisitions were acquired with the field of view (FOV;
3.75 cm) centered on the rat’s head. All data were recon-
structed using the maximum likelihood estimation method
(MLEM-3D) algorithm with 20 iterations. Each reconstruct-
ed micro-PET image was spatially normalized into an
['®F]FDG template using brain normalization in PMOD
v3.5 and the Fusion Toolbox (PMOD Technologies,
Zurich, Switzerland). An MRI rat brain volume of interest
(VOI) template was used to overlay the normalized images
previously coregistered to the micro-PET image database.
Activity values were normalized for the injected dose and
the animal body weight and are therefore expressed in stan-
dard uptake values (SUVs). Mean SUVs of 57 brain regions
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Fig. 1 The FPI model reduced symmetry scores and produced cortical
infarct, as demonstrated by TTC stain. a Timeline indicating the
experimental design. b Symmetry score differences between groups 2
and 9 days following FPI; ***P < 0.001 (one-way ANOVA, n = 10 per

were extracted using a predefined VOI template [41-43].
For analysis at the voxel level, MINC tools (www.bic.mni.
mcgill.ca/ServicesSoftware) were used for image processing
and analysis [44].

L-Glutamate Uptake
Slices (300 um, 100—120 mg; n = 6) of cerebral cortical clus-

ters were rapidly obtained using a Mcllwain Tissue Chopper
and immersed in HBSS (in mM: 137 NaCl, 0.60 Na,HPO,,
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group). The data are expressed as the means = SEM. ¢ A representative
TTC-stained FPI-injured brain at 2 and 9 days post-ischemia compared to
a sham control. The corresponding position mapped to the bregma taken
from Paxinos and Watson [37] is shown

3.0 NaHCOs3, 20 HEPES-Na*, 5.0 KCI, 0.40 KH,PO,, 1.26
CaCl,, 0.90 MgS0O,, and 5.55 glucose, pH 7.2) at 4 °C.
Cortical slices were preincubated with HBSS at 37 °C for
15 min, followed by the addition of 0.33 puCi of L-[*H]-glu-
tamate. Incubation was stopped after 7 min with two ice-cold
washes of 1 mL HBSS. After washing, 0.5 N NaOH was
immediately added to the slices and kept overnight. Na*-inde-
pendent uptake was measured using the aforementioned pro-
tocol with modifications of the temperature (4 °C) and the
composition of the medium (N-methyl-D-glucamine instead
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of NaCl). Na*-dependent uptake was measured as the differ-
ence between the total uptake and the Na*-independent uptake
[45]. Incorporated radioactivity was measured using a liquid
scintillation counter (Hidex 300 SL, Mikrotek Laborsysteme,
Overath, Germany).

Substrate Oxidation to *CO,

Briefly, cerebral cortex cluster slices (300 pm, 100-
120 mg; n = 6) were obtained as described above, trans-
ferred into flasks and preincubated in Dulbecco’s buffer
for 30 min. Before incubation with substrates, the reac-
tion medium was gassed with a 95% 0,:5% CO, mix-
ture for 30 s. Slices were incubated in 1 mL of
Dulbecco’s buffer containing either (i) 10 uM L-
glutamic acid + 0.2 pCi L-['"*C(U)] glutamate or (ii)
10 uM sodium L-lactate + 0.2 pCi L-[U-'*C] lactate.
Then, flasks containing the slices were sealed with rub-
ber caps and parafilm and incubated at 37 °C for 1 h in
a Dubnoff metabolic shaker (60 cycles/min), as previ-
ously described [46]. The incubation was stopped by
adding 0.2 mL 50% trichloroacetic acid through the
rubber cap into the flask, while 0.1 mL of 2 N NaOH
was injected into the central wells. Thereafter, flasks
were shaken for an additional 30 min at 37 °C to trap
CO,. Afterwards, the content of the central well was
transferred to vials and assayed for CO, radioactivity
in a liquid scintillation counter. All results were calcu-
lated based on the initial radioactivity in the incubation
medium [47].

RNA Extraction and Quantitative RT-PCR

To evaluate GLAST and GLT-1 expression, real-time RT-
PCR was performed. Total RNA was isolated from the
cerebral cortical clusters (n = 6) using TRIzol Reagent
(Invitrogen, Carlsbad, CA). The concentration and purity
of the RNA were determined spectrophotometrically at a
ratio of 260/280. Then, 1 pg of total RNA was reverse-
transcribed using Applied Biosystems™ High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA) in a 20 pL reaction, according to the
manufacturer’s instructions. GLAST, GLT-1, and f(3-actin
mRNA levels were quantified by real-time RT-PCR.
Quantitative RT-PCR was performed in duplicate using
the Applied Biosystems 7500 Fast system. As controls, a
no-template and a no-reverse transcriptase were used in
each assay, producing no detectable signal during 40 cy-
cles of amplification. Therefore, target mRNA levels
were normalized to (-actin levels using the 2 AACt
method [48].

Western Blot for MCT2 and MCT4

For protein immunocontent evaluation, cerebral cortical clus-
ters from sham and ischemia groups were obtained 2 or 9 days
after surgery (n = 5). Cells were solubilized in ice-cold lysis
buffer (4% SDS, 2 mM EDTA, 50 mM Tris-HCI pH 6.8),
standardized in sample buffer (62.5 mM Tris-HCI pH 6.8,
2% (w/v) SDS, 5% [-mercaptoethanol, 10% (v/v) glycerol,
0.002% (w/v) bromophenol blue), and boiled at 95 °C for
5 min. Samples were separated by SDS-PAGE (10 pg pro-
tein/well) and transferred to a nitrocellulose membrane (GE
Healthcare). Adequate loading of each sample was confirmed
using Ponceau S staining. After blocking with 5% (w/v) skim
milk overnight, membranes were incubated with primary
polyclonal rabbit antibody overnight at 4 °C [MCT2, 1:200
dilution; MCT4, 1:200 dilution; and (3-tubulin, 1:1000 dilu-
tion], washed and incubated with horseradish peroxidase-
conjugated donkey anti-rabbit IgG (NA934V, 1:5000 dilution,
GE Healthcare, UK) secondary antibody for 2 h.
Chemiluminescent bands were detected in an ImageQuant
LAS4000 system (GE Healthcare) using an Immobilon™
Western chemiluminescence kit (#P90720, Millipore) and
quantified with ImageQuant TL software (version 8.1, GE
Healthcare). The results are expressed in percent of control
levels after normalization using (3-tubulin as an internal
standard.

GFAP Immunohistochemistry and Astrocytic
Morphological Analysis

Immunohistochemistry for GFAP-positive astrocytes was per-
formed to evaluate morphological parameters. To confirm
qualitative morphological findings, semiquantitative and
quantitative evaluations were performed to estimate GFAP
immunoreactivity and astrocytic processes. Briefly, brains
(n = 6) were fixed for 24 h with 4% Paraformaldehyde
(PFA) diluted in phosphate-buffered saline (PBS, pH 7.4),
cryoprotected through immersion in sucrose solution (gradu-
ally, 15 to 30% until they sank) and frozen at —20 °C. Coronal
brain slices (30 pm), approximately ranging (relative to breg-
ma) from +2.20 mm (rostrally) to —0.80 mm (caudally), were
obtained using a cryostat (MEV, SLEE Medical GMBH,
Mainz, Germany). Brain slices were post-fixed with 4%
PFA-PBS for 15 min, permeabilized in 0.1% Triton X-100
diluted in PBS (PBS-Tx) and then blocked for 1 h with 5%
fetal goat serum also diluted in PBS-Tx. Histological samples
were incubated for 24 h at 4 °C with polyclonal rabbit anti-
GFAP (1:500 in PBS-Tx), followed by 2-h incubation with
goat anti-rabbit AlexaFluor® 555 secondary antibody (1:1000
in PBS-Tx). Samples were also stained for nuclear visualiza-
tion with Hoescht 33258 according to the manufacturer’s in-
structions. Images were obtained with a Leica TCS SP5 11
laser-scanning confocal microscope and acquired at 8-bit
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gray-scale (256 Gy levels) using the Leica Application Suite
Advanced Fluorescence software (Leica Microsystems,
Munich, Germany).

The morphological analysis was made in three regions of
interest (referred to as regions A, B, and C) approximately
300 um surrounding the cortical lesion (Fig. 3a) at 2 and
9 days post-FPI. Evaluation of cellular fluorescence intensity
was performed as previously described [49] with modifica-
tions. For astrocytic ramification analysis, the Sholl’s tech-
nique was applied [49, 50]. Briefly, orthogonal lines and ten
virtual concentric circles with 3-um intervals were drawn
around the analyzed astrocytes using ImagelJ software
(Fig. 3a). Astrocyte morphological findings were quantified
as previously described [51].

Inflammatory Response and Trophic Factor
Measurements

Samples of cerebral cortical clusters (n = 6) were homoge-
nized in phosphate KCI buffer (HNa,PO, 20 mM; KCl
140 mM; pH 7.4) and stored at —20 °C until the start of the
analysis. TNF-« levels were measured using a rat TNF-«
ELISA kit from Peprotech. IL-1[3 levels were measured using
ELISA kits for IL-13 from eBioscience. The results are
expressed in ng/mL. BDNF levels were measured using com-
mercial ELISA kits from Promega. The results are expressed
in ng/mL or pg/mL.

Statistical Analysis

In micro-PET analysis, each parametric image was
coregistered to a structural MRI template, images were blurred
using a Gaussian kernel with a full-width half-maximum of
1.2 mm, and t-statistical maps were generated (Statistical
Parametric Mapping, Rminc, https://github.com/Mouse-
Imaging-Centre/RMINC). In all ex vivo and post-mortem
analyses, ischemic and sham brains were separated into con-
tralateral (right) and ipsilateral (left) cortices, the latter
representing the ischemic side in the ischemia group. The
results from the ipsilateral and contralateral hemispheres of
the ischemia group were compared to the same brain hemi-
spheres of sham-operated controls. In addition, ischemic
brains were also compared between the contralateral and the
ipsilateral hemisphere to determine whether the stroke had
affected both sides of the brain. The data are expressed as
the means + SEM. All analyses were performed with Prism
GraphPad (version 6.01 for Windows, GraphPad Software,
San Diego, CA, USA, www.graphpad.com). Differences
among the groups were analyzed by one-way ANOVA
followed by Bonferroni post hoc test, with levels of signifi-
cance below P < 0.05.
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The Z-score was calculated using the following formula:

Z = x—L
o

where x is the sample value (raw score), y is the population
mean, and o is the standard deviation of the population. The
absolute value of Z represents the distance between the raw
score and the population mean in units of standard deviation
[52].

Results

FPI Decreases the Symmetry Score and Produces
a Significant Infarct Zone

At the cylinder test, the symmetry score decreased 2 days
post-FPI, which persisted up to 9 days post-FPI (Fig. 1b),
revealing a consistent motor impairment in the contralateral
forelimb, as expected for the ischemia group. We did not ob-
serve forelimb preference in the sham group.

By TTC analysis, the FPI group presented a well-defined
infarct zone 2 days after ischemia (Fig. 1c, visualized by pale
staining, 120 + 99 mm3), which decreased at 9 days post-FPI
(Fig. lc, 32 + 6 mm>). The sham group presented no damage
(Fig. 1c).

FPI Decreases Glucose Uptake In Vivo Only
in the Ipsilateral Hemisphere

Averaged SUV images showed consistent ['*FJFDG brain
metabolism. There was no FPI effect in the contralateral
hemisphere. In the ipsilateral hemisphere, FPI decreased
['®F]FDG brain uptake at three time points analyzed
(baseline, 2 and 9 days post-FPI) in the ['*F]FDG global
uptake (F2, 10y = 4.229, P = 0.03), where the reduction
was more pronounced 2 days after FPI compared to base-
line values (P_ugjustea = 0.04). Analysis of anatomically
delineated VOlIs, designated here as cortical ischemic
cluster (cortex regions: auditory + entorhinal + somato-
sensory + visual), presented a decrease in ['*F]FDG me-
tabolism in the ipsilateral hemisphere compared to the
contralateral hemisphere 2 and 9 days post-FPI (Fig. 2c;
P = 0.001 and P = 0.010, respectively). A voxel-based
analysis demonstrated a large unilateral cortico-
hippocampal hypometabolic area in the group 2 days after
FPI compared with baseline (peak sy, = 7.9, P = 0.0005,
statistical cluster volume 367.832 mm°>, Fig. 2d), but this
hypometabolic area was found to be reduced 9 days after
FPI (peak ¢, = 4.8, P = 0.005, statistical cluster volume
41.184 mm3, Fig. 2e). Additionally, there was a signifi-
cant recovery of glucose metabolism between 2 and 9 days
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Fig. 2 Glucose metabolism in vivo after FPI. a Schematic illustration of
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post-FPI measurements of ['*FJFDG metabolism. Red color represents
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based on ['*F]FDG values (peak fs, = 10.6, P = 0.0001,
Fig. 2f). Nevertheless, the lesioned hemisphere did not
fully recover, as a significant difference in the ipsilateral
hemisphere 9 days post-FPI was observed compared with

compared to baseline values, P = 0.005 (t-statistical map). f Voxel-based
analyses between 2 and 9 days of ['*F]FDG uptake values, demonstrating
a significant recovery in the glucose metabolism accounting for the whole
brain, P = 0.0001 (t-statistical map). All data are expressed as the
means + SEM, *P < 0.05; **P < 0.01; ***P < 0.001 (one-way
ANOVA, n = 6 per group) (color figure online)

the same hemisphere baseline ['*F]FDG uptake values
(Fig. 2b; I, 3.00 + 0.09; baseline, 3.44 + 0.12;
P = 0.0063). For a full description of VOIs, see
Supplementary Fig. 1.
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Ischemic Injury Promotes Glial Reactivity Only
in the Ipsilateral Hemisphere

Semiquantitative and quantitative analysis revealed that the
regional GFAP immunofluorescence significantly increased
in the ipsilateral cortex 2 days post-FPI, an effect that persisted
up to 9 days (Fig. 3b, d, 2 days; ipsilateral I, 13.22 + 2.054;
contralateral I, 33.37 + 1.693; P =0.0016; 9 days, ipsilateral I,
44.10 + 4.678; contralateral I, 17.54 + 0.6448; P = 0.0049;
Fig. 3c, 2 days, ipsilateral I, 118.6 + 3.33; contralateral I,

82.45 + 9.74; P = 0.0247; 9 days, ipsilateral I, 163.8 +
13.77; contralateral 1, 70.24 + 1.76; P = 0.0025).

Primary processes extending from astrocytes soma were
more prominent in the ischemic cerebral hemisphere than
the corresponding contralateral or both cerebral hemispheres
of the sham group. Ramification from primary processes (sec-
ondary processes) also increased in the ischemic groups.
Sholl’s analysis (Fig. 4a) showed that FPI increased the num-
ber of total primary processes in the ipsilateral hemisphere of
the cerebral cortical cluster (Fig. 4b; 2 days, ipsilateral I,

o 601 o 200 *x
E ok < L
p ) — & T
o 5 5 0 .
A &) ( ° ’ £ — g —
2 S
S c
‘ % E 100 4
{ b 9 204 6
o 3
2mm g ’l‘ ©
b 0 Y : . . 0 r " " r
Sham Ischemia Sham Ischemia Sham Ischemia Sham Ischemia
2 days 9 days 2 days 9 days
1 Contralateral =1 Ipsilateral
D 2 days 9 days
I 1 I 1
Contralateral Ipsilateral Contralateral Ipsilateral

Sham

Ischemia

Fig. 3 GFAP shows increased optical density in ipsilateral astrocytes
post-FPI. a Brain slice amplified field demonstrating our regions of
interest (A, B and C) (adapted from Paxinos and Watson [37]) in the
ipsilateral and contralateral cortices. b Regional immunofluorescence
for GFAP (gray values). ¢ Cellular immunofluorescence of GFAP (gray
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values). d Representative morphological changes were evident in
ipsilateral astrocytes at 2 and 9 days post-FPI. All data are expressed as
the means + SEM, *P < 0.05; **P < 0.01 (one-way ANOVA, n = 6 per
group). Scale bar 20 um
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5.19 + 0.12; contralateral I, 3.28 + 0.24; P = 0.0021; 9 days,
ipsilateral I, 5.44 + 0.69; contralateral I, 3.11 + 0.22; P =0.03).
As consequence, FPI increased the number of total intersec-
tions of primary processes (Fig. 4c; 2 days, ipsilateral I,
32.62 + 1.48; contralateral I, 14.39 + 1.66; P =0.0012; 9 days,
ipsilateral I, 35.39 + 5.91; contralateral I, 12.61 + 0.49;
P =0.018) and increased the number of total secondary pro-
cesses in the ipsilateral cortex (Fig. 4d; 2 days, ipsilateral I,
3.22 + 0.72; contralateral I, 0.55 + 0.05; P = 0.0212; 9 days,
ipsilateral I, 4.33 + 0.92; contralateral I, 1.00 + 0.19;
P =0.0237). It is worthwhile to note that the total number of
primary processes and/or intersections is mainly due to an
increase in the number of processes/intersections counted in
central quadrants (Fig. 4e; 2 days, ipsilateral I, 2.69 + 0.14;
contralateral I, 1.33 + 0.19; P = 0.0049; 9 days, ipsilateral I,
2.83 + 0.44; contralateral I, 1.33 + 0.19; P = 0.0356; Fig. 4f;
2 days, ipsilateral I, 18.53 + 1.51; contralateral I, 5.61 + 0.91;

w

Number of Primary Processes
[Total]

Sham

P =0.0018; 9 days, ipsilateral I, 20.11 + 3.037; contralateral I,
5.94 + 0.66; P =0.0103).

Cytokine and Trophic Factor Levels in the Cerebral
Cortex Were Altered by FPI

FPI significantly affected the levels of cytokines and trophic
factors: (i) it increased TNF-o levels in both hemispheres
2 days post-FPI, an effect that persisted up to 9 days
(Fig. 5a; 2 days, contralateral I, 34.02 + 2.356; S, 17.50 +
3.353; P = 0.0031; ipsilateral I, 37.88 + 2.576; S, 9.050 +
1.951; P < 0.0001; 9 days, contralateral I, 24.33 + 1.676; S,
15.17 + 1.189; P = 0.0112; ipsilateral I, 18.53 + 3.624; S,
7.000 + 1.097; P = 0.0382); and (ii) it increased IL-1(3 levels
at 2 days in both hemispheres, an effect that persisted up to
9 days only in the contralateral cortex (Fig. 5b; 2 days, con-
tralateral I, 30.88 + 1.774; S, 19.30 + 3.843; P = 0.0151;

Ischemia Sham Ischemia
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—

Ischemia

Sham

2 days

9 days

Ischemia Sham Ischemia [ Contralateral 3 Ipsilateral

2days 9 days

4
*

3
a
E 2
o
=
o
<

1

0

Sham Ischemia Sham Ischemia Sham Ischemia Sham Ischemia
L ' L ) L ' L s
2 days 9 days 2 days 9 days
_—

Central Lateral

Fig. 4 Evaluation of cell morphology by Sholl’s analysis [48]. a
Example of an astrocyte with overlaid virtual concentric circles and
lines used in Sholl’s analysis. b Number of total primary processes. ¢
Total number of intersections counted for primary processes. d Total

2 days

F

9 days

Processes

Number Intersections of Primary

Sham Ischemia Sham Ischemia Sham Ischemia
L ) L ) L )

Sham  Ischemia
L )

2 days 9days 9days
_—
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number of secondary processes. e Number of central and lateral
primary processes of astrocytes and f intersections. All data are
expressed as the means + SEM, *P < 0.05; **P < 0.01 (one-way
ANOVA, n = 6 per group)
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Sham Ischemia
L —

2 days

Fig. 5 Cytokine and trophic factor concentrations in the cerebral cortex
after FPIL. a FPI elevated TNF-« levels in both hemispheres at 2 days,
which persisted up to 9 days, and b FPI enhanced IL-13 levels. At 2 days,
their levels were higher in both cortices; however, only in the contralateral
cortex they remained higher at 9 days. ¢ FPI diminished BDNF levels in

ipsilateral 1, 26.45 + 3.298; S, 10.58 + 1.976; P = 0.0070;
9 days, contralateral I, 26.90 + 2.621; S, 14.80 + 1.308;
P =0.0145; ipsilateral 1, 13.10 + 1.607; P = 0.0109).

FPI decreased BDNF levels in the contralateral hemisphere
at 2 days, an effect that persisted up to 9 days (Fig. 5c; 2 days,
I, 7.317 + 1.123; S, 21.80 + 4.477; P = 0.0052; 9 days, I,
10.47 + 0.6489; S, 25.97 + 2.395; P = 0.0033) and was
followed by an ipsilateral decrease in BDNF at 9 days
(Fig. 5c; ipsilateral I, 17.17 + 1.995; S, 35.33 + 3.670;
P =0.0122). Nevertheless, ipsilateral levels of BDNF were
still higher then contralateral levels in the ischemia group
(Fig. 5¢; P =0.0331).

Lactate Metabolism Is Affected in Both Hemispheres
After FPI

Figure 6 shows the significant changes in brain lactate
metabolism caused by FPI. Two days following injury,
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Sham Ischemia Sham Ischemia
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the contralateral cortex at 2 days and in both hemispheres at 9 days. At the
same time point, it was also observed that the ischemic ipsilateral cortex
produced more BDNF than the contralateral. All data are expressed as the
means + SEM, *P < 0.05; **P < 0.01; ****P < 0.0001 (one-way
ANOVA, n = 6 per group)

MCT2 immunocontent was reduced only in the contra-
lateral cortex compared to sham animals (Fig. 6a; con-
tralateral 1, 70.97 + 6.42; S, 100.0 + 4.40; P = 0.0203),
an effect that did not persist up to 9 days. In contrast,
FPI caused a significant increase in MCT4 protein
levels only in the contralateral hemisphere at 2 days
post-FPI (Fig. 6b; contralateral I, 152.9 + 13.92; S,
100.0 + 9.963; P = 0.0363), an effect that persisted
up to 9 days post-FPI, when there was a significant
increase in MCT4 immunocontent in both hemispheres
(Fig. 6b; ipsilateral I, 293.8 + 56.22; S, 100 + 25.8;
P = 0.0351; contralateral I, 171.1 + 15.67; S,
100.0 + 10.81; P = 0.0202).

FPI caused an increase in lactate oxidation in both hemi-
spheres at 2 days post-FPI compared with the respective hemi-
spheres of the sham group (Fig. 6c; ipsilateral I, 144.8 +
10.85; S, 100.0 + 7.39; P = 0.0057; contralateral I, 182.8 +
21.08; S, 100.0 + 7.35; P =0.0053), an effect that persisted in
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Fig. 6 Lactate metabolism after FPI. a FPI reduced contralateral MCT2
immunocontent and b increased contralateral MCT4 immunocontent at
2 days, followed by an increase in both hemispheres at 9 days. ¢ FPI
increased lactate oxidation in both brain cortices at 2 days. At 9 days,
there was still ipsilateral hypermetabolism. Lactate oxidation sham

the ipsilateral hemisphere (Fig. 6¢; ipsilateral I, 147.8 + 16.33;
contralateral I, 93.09 + 8.529; P = 0.0082) (Fig. 6¢; ipsilateral
S, 100.0 + 6.45; P =0.0333).

Glial Glutamate Metabolism Is Altered by Ischemic
Damage

The only effect of FPI on GLAST mRNA was a decrease in
the ipsilateral hemisphere at 2 days, which persisted up to
9 days (Fig. 7a; 2 days, ipsilateral I, 59.68 + 9.14; S,
100.0 + 16.09; P = 0.05; 9 days, ipsilateral I, 59.37 + 9.57;
S, 100.0 + 8.91; P=0.0278; Fig. 7a; ipsilateral I, 59.68 + 9.15;
contralateral I, 102.4 + 17.90; P = 0.03). FPI also reduced the
mRNA content of GLT-1 in both hemispheres at 2 days, an

Ischemia
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absolute values (pmol/min/mg of tissue) : 2 days—contralateral =
0.050 £ 0.003 and ipsilateral = 0.053 £ 0.003; 9 days—contralateral =
0.163 + 0.021 and ipsilateral = 0.181 + 0.010. All data are expressed as
the means + SEM, *P < 0.05; **P < 0.01; ***P < 0.001 (one-way
ANOVA, n =5 per group)

effect that persisted up to 9 days (Fig. 7b; I, 51.11 + 11.29; S,
100.0 + 16.47; P = 0.0328) (Fig. 7b; 1, 64.25 + 11.41; S,
100.0 + 9.66; P = 0.0379) (Fig. 7b; ipsilateral I, 34.56 +
8.27; S, 100.0 + 18.77; P = 0.0227; contralateral I, 47.98 +
11.84; S, 100.0 + 8.80; P = 0.0124).

The FPI increased glutamate uptake by cortical slices in both
hemispheres at 2 days after injury, an effect that persisted up to
9 days only in the ipsilateral hemisphere (Fig. 7c; ipsilateral I,
176.5 + 26.51; S, 100.0 + 17.58; P = 0.0429; contralateral I,
152.2 + 11.66; S, 100.0 + 10.43; P = 0.0075) (Fig. 7c; ipsilat-
eral I, 150.8 + 25.10; contralateral I, 87.81 + 7.40; P = 0.0229).

Regarding glutamate utilization as an energy substrate, FPI
increased the glutamate oxidation 2 days after FPI only in the
ipsilateral hemisphere, an effect that persisted up to 9 days
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Fig. 7 Glutamate metabolism after FPI. a Ipsilateral GLAST expression
was diminished by FPI at both time points. b GLT-1 expression in both
brain hemispheres was decreased when compared to sham, which
persisted up to 9 days post-FPL. ¢ FPI induced an increase in glutamate
uptake in both brain hemispheres at 2 days; this result persisted up to
9 days only in the ipsilateral hemisphere. d Enhanced ipsilateral gluta-
mate oxidation that continued until 9 days post-FPI. Glutamate uptake
sham absolute values (pmol/min/mg of protein) : 2 days—contralateral =

(Fig. 7d; ipsilateral I, 186.0 + 14.69; S, 100.0 + 21.56;
P =0.0065) (Fig. 7d; ipsilateral I, 186.0 + 14.69; contralateral
I, 128.7 + 17.31; P = 0.0275) (Fig. 7d; ipsilateral I, 145.2 +
10.69; S, 100.0 + 014.73; P = 0.0279) (Fig. 7d, ipsilateral I,
0145.2 + 10.69; contralateral I, 96.29 + 6.49; P = 0.0033).

Discussion

This study shows the bilateralism of glial modifications
following FPI, highlighting the role of energy metabolism
adaptations on brain recovery post-ischemia. Focal ische-
mic injury caused alterations in both the peri-infarct zone
in the ipsilateral hemisphere as well as the same region in
the intact (contralateral) hemisphere. Some alterations
were bilateral, some were present only in the affected
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hemisphere (ipsilateral) and some were present only in
the intact (contralateral) hemisphere. The investigated al-
terations refer to bioenergetics, glutamatergic system, re-
active astrogliosis, and inflammatory parameters.

Ipsilateral Hemisphere Most of the unilateral alterations
were found in the ipsilateral hemisphere and persisted until
9 days post-FPI. They include diminished in vivo glucose
uptake and GLAST expression, followed by increased GFAP
gray values, astrocyte reactivity, and glutamate oxidation. In
the intact hemisphere, there was a decrease in MCT?2 levels,
which did not persist.

Bilateral Alterations Some of the alterations occurred only at
short term (2 days post-FPI), while others persisted until me-
dium term (9 days post-FPI) or only appeared in the later
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period. TNF-alpha levels increased and GLT-1 expression de-
creased in both brain hemispheres on the cortical ischemic
cluster 2 and 9 days post-FPI. In the short term, IL-1§3 levels
were increased in both ipsilateral and contralateral clusters,
but this alteration only persisted in the contralateral cortex at
9 days. Lactate oxidation was likely increased 2 days post-FPI
in both brain hemispheres, but only the ipsilateral cluster was
higher at 9 days. MCT4 and BDNF showed enhanced and
diminished levels, respectively, bilaterally at 9 days.
Interestingly, both alterations were present 2 days post-FPI,
but only in the contralateral hemisphere. This may indicate
that there are some adaptations that occur first in the intact
hemisphere. Our results provide evidence that focal ischemic
injury causes brain bilateral metabolic modulations that may
play a role in brain recovery and/or long-lasting adaptations.

Importantly, we demonstrated that the tissue around the
lesion (cerebral cortical cluster) was capable of taking up
and oxidizing more energy substrates, despite a lower perfu-
sion, and that cytokines and trophic factors were altered in
both hemispheres, contributing to the idea that the brain re-
gions analyzed are connected. In addition, our data provide
evidence that focal ischemic injury causes metabolic modula-
tions in the ipsilateral hemisphere that persist up to medium
term and may play a role in brain recovery and/or long-lasting
adaptations.

The expansion of the infarct zone at the cost of viable brain
tissue is the “natural” dynamic of permanent vessel occlusion.
Nevertheless, some areas can spontaneously recover [53], as
we observed in vivo in the micro-PET analysis and ex vivo
with TTC staining 9 days following FPI. These results show
that the infarcted area recovered its metabolic activity and
could indicate ongoing angiogenesis or even migration of cel-
lular progenitors and/or their proliferation [54]. However,
metabolic recovery of the infarcted zone did not lead to func-
tional motor improvement, as observed in the cylinder test.
Takatsuru et al. [10] demonstrated that functional compensa-
tion by the contralateral cortex occurs 1 week after injury; it is
only after this period that the animals can use the new synap-
ses formed to recover motor functions. Our results suggest that
ipsilateral metabolic recovery might precede this time frame
and enable motor improvement.

Previous studies have suggested that GFAP may play a
crucial role in neuronal survival after injury, and astrocytes
normally have a protective function in the evolution of ische-
mic brain damage [54-56]. We showed that FPI promotes
increased GFAP immunocontent and numbers of primary pro-
cesses of astrocytes accounts, thus showing a more radial
symmetry of ipsilateral astroglia. Together, these data reflect
the reactivity of astrocytes from the FPI group and an impor-
tant morphological change compared to that observed in as-
trocytes from the sham rats. Another study involving experi-
mental ischemic stroke in adult mice showed the development
of larger infarcts in GFAP—/—Vim—/— mice compared to wild-

type mice [57], suggesting that, in adults, reactive astrocytes
are important for the protection of the ischemic penumbral
region, mostly through effective elimination of glutamate
and reactive oxygen species [57, 58].

As inflammation plays an essential role in the pathogenesis
of ischemic stroke and is directly associated with astrocyte
reactivity [59, 60], the main pro-inflammatory cytokines were
measured to determine the inflammatory profile of glial cells
after FPI injury. In this study, TNF-o concentrations were
enhanced in both brain hemispheres 2 and 9 days post-surgery.
TNF-« receptors in the brain are expressed by neurons and
glia, and their activation state as well as the downstream ef-
fectors following ischemia are thought to play an important
role in determining whether TNF-o will exert a beneficial or
harmful effect on the CNS [61]. This dual activity may also
depend on the time and progression of the ischemic damage.
IL-1P levels, like TNF-x, were higher in both hemispheres
compared to the sham group 2 days after the ischemic injury,
and these levels remained higher until 9 days after FPI only in
the contralateral hemisphere.

BDNF has a protective role in neurodegenerative diseases,
including cerebral ischemia [62], since this trophic factor is
known to promote anti-inflammatory cytokine release and to
downregulate the expression of TNF-« [63]. Our data indicate
that the lower content of BDNF might not be able to inhibit
TNF-« and IL-1f3 synthesis, and we therefore observed a high
level of pro-inflammatory cytokines in the ischemia group
compared to the sham group. BDNF is also considered a po-
tent and beneficial modulator of neuronal functions [64].

Expression of MCTs is regulated at both the transcriptional
and translational levels [65]. Robinet and Pellerin [66] dem-
onstrated that MCT2 is regulated by BDNF. As seen previ-
ously, our experimental protocol produced a down regulation
of BDNF levels in both studied times, mainly in the cerebral
cortex of the contralateral hemisphere. This decrease of
BDNF in the contralateral cortex was followed by a reduction
in MCT2 immunocontent at 2 days after FPI, presenting a
straight regulation on the short-term of this trophic factor
and MCT2 [66, 67]. Conversely, under hypoxic conditions,
MCT4 expression is upregulated through the transcription
factor hypoxia-inducible factor-1x (HIF-1cv), since its expres-
sion is linked to oxygen tension [30, 68, 69]. In our work,
2 days post-FPI, MCT4 expression was increased only in the
contralateral hemisphere. Furthermore, it seems that HIF-1«
is a component of recovery that triggers a response in the
intact hemisphere. Wiener and colleagues [70] also reported
that brain FPI increases mRNA encoding for HIF-1« in the
penumbra region [71].

One of the most essential roles of astrocytes in the brain is
the removal of glutamate from the synaptic cleft via its uptake,
which is an energetically expensive process [72—74]. Here, we
observed a paradoxical decrease in glutamate transporter ex-
pression at the protein level, accompanied by increased
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Fig. 8 Representative cluster of the results in both hemispheres after FPI. The results were analyzed as Z-score values. Z is negative when the sample
value is below the mean and positive when above the mean. Each square represents one rat (n = 5 per group)

activity (uptake), which persisted up to medium term. Brain
extracellular glutamate concentrations are normally approxi-
mately 2 uM [75], but ischemic injury increases glutamate
availability in the extracellular space, which might increase
the activity of astrocytic glutamate transporters [10]. GLT-1
and GLAST appear to have similar affinities for glutamate,
showing a consistent range between 10.9-77 and 2-90 uM,
respectively [75]. Importantly, neither inhibition of astrocyte
glutamine synthetase [76] nor the astrocyte TCA cycle [77]
are rate limiting for astrocyte glutamate uptake, suggesting
that substrate availability may be the mechanism involved in
the enhanced glutamate uptake post-FPI in the cortical ische-
mic cluster.

Previous studies have shown that neurons are directly in-
volved in regulating the expression of both GLT-1 and
GLAST [78-80]. Thus, the downregulation of these trans-
porters in this study could be a consequence of glutamate-
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induced neuronal death or the reduction of synaptic activity
in both brain hemispheres in the analyzed areas. On the other
hand, GLAST mRNA expression was diminished in the ipsi-
lateral hemisphere. Interestingly, 2 days following FPI, we
identified increased glutamate uptake and lactate oxidation
in both ipsi- and contralateral cortices. Nine days after FPI,
glutamate and lactate oxidation rates were still elevated, and
['®FIFDG uptake was decreased in the ipsilateral cortex.
Based on recent evidences [18, 19], it seems that glutamate-
derived lactate could be produced and used as an energy
source within the brain. However, the precise molecular cou-
pling between glutamate and lactate metabolism remains to be
determined.

Overall, our results provide new evidence that astrocytes
removed from the affected area, not only those in the affected
hemisphere, are adapting some aspects of their metabolism
(Fig. 8), potentially contributing to mechanisms that could
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attenuate brain damage following ischemic insult. Long-
lasting (after 9 days post-FPI) adaptations are under investi-
gation in our group. Specifically, a link between the gluta-
matergic system and lactate metabolism was observed, which
seems to depend on some connectivity between the ipsilateral
and contralateral cortices. These significant changes support
the hypothesis of metabolic reprogramming occurring after
ischemic injury, which appear to promote recovery and adap-
tation, offering perspectives for new stroke therapeutic targets
for clinical application.
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