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Fig. 3. ELV-N32 and ELV-N34 induce protection of cerebral-cortical mixed neuronal cell cultures exposed to NMDA excitotoxicity. (A) Representative images of
cerebral-cortical mixed neuronal cell cultures (DIV 12) subjected to 12-hour NMDA excitotoxicity. The cells were fixed and stained with Hoechst 33258 after 12-hour
treatment with ELV-N32 Na or ELV-N34 Me at a concentration of 500 nM along with NMDA at a concentration of 100 mM, showing pyknosis as a result of NMDA
excitotoxicity and neuroprotection elicited by ELV-N32 Na or ELV-N34 Me. (B) Summary of data from (A) (****P < 0.0001 and **P < 0.05, one-way ANOVA, followed by
Holm-Sidak’s multiple comparisons test; n = 9). (C and D) An unbiased image analysis method was applied to count Hoechst-positive nuclei, and the percentage of
relative frequency distribution of pyknotic versus nonpyknotic nuclei is shown in the presence of NMDA + ELV-N32 Na (C) or NMDA + ELV-N34 Me (D), respectively.
When the cells were subjected to NMDA excitotoxicity, they underwent pyknosis, as shown by the leftward shift of the nuclear peak. Again, upon treatment with either
ELV-N32 Na or ELV-N34 Me, there was a positive rightward shift toward the control nuclear population peak, indicating cellular survival elicited by these ELVs. The
nuclear size cutoff for defining pyknotic versus nonpyknotic nuclei is represented by black dashed lines and highlighted by a yellow rectangle. (E) Neuroprotection
elicited by ELV-N32 Na or ELV-N34 Me, as assessed by calcein-positive cell counting after exposure of cerebral-cortical mixed neuronal cell cultures (DIV 12) challenged
with 12-hour NMDA at a concentration of 100 mM (****P < 0.0001, one-way ANOVA, followed by Holm-Sidak’s multiple comparisons test; n = 3). (F) Cell survival as
assessed by MTT assay after exposing cerebral-cortical mixed neurons in culture (DIV 12) to NMDA (100 mM) excitotoxicity in the presence of the noncompetitive NMDA
receptor antagonist MK801 maleate (dizocilpine) (10 mM), ELV-N32 Na (200 nM), or ELV-N32 Me (200 nM) (#P < 0.001, one-way ANOVA, followed by Holm-Sidak’s
multiple comparisons test; n = 6). (G) Neuroprotective effects of ELV-N32 Na or ELV-N32 Me at a concentration of 200 nM after exposure of cerebral-cortical mixed
neurons (DIV 12) to NMDA excitotoxicity (25, 50, or 100 mM). Cell survival was assessed by unbiased image analysis and counting of Hoechst-positive nuclei. (#P < 0.0001
and *P < 0.05, one-way ANOVA, followed by Holm-Sidak’s multiple comparisons test; n = 9). (H) Cerebral-cortical mixed neurons in culture (DIV 28) exposed to NMDA
(50 mM) in the presence or absence of ELV-N32 Na or ELV-N34 Na or 32:6 or 34:6 (500 nM), as assessed by Hoechst staining and cell counting. (#P < 0.0001, one-way
ANOVA, followed by Holm-Sidak’s multiple comparisons test; n = 3). ns, not significant.
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infarct volume, corrected for brain swelling, wasmarkedly reduced in all
ELV-treated groups by 55 to 91% (Fig. 6D).
ebruary 20, 2019
DISCUSSION
We have identified previously unknown lipid mediators derived from
VLC-PUFAs,n-3 that protect neural cells. We demonstrated that ELV-
N32 (Na orMe forms) or ELV-N34 (Na orMe forms), when applied to
cerebral-cortical mixed neuronal cells or hippocampal mixed neuronal
cells in culture, can overcome the damaging effects of UOS, NMDA-
induced neuronal excitotoxicity, or OGD.Most of the strokes are ische-
mic in nature (16), and deprivation of oxygen and glucose leads to a
cascade of events involving mitochondrial damage, which ultimately
leads to neuronal death. Therefore, the in vitro OGD model provides
an opportunity for teasing out the cellular events and putative
underlying neuroprotective signaling pathways in which ELVs partici-
pate. We showed that both ELV-N32 and ELV-N34 elicit neuroprotec-
tion and overcome neuronal cytotoxicity. We also showed that the
34-carbon n-3 VLC-PUFA (C34:6n3) precursor of ELVs, when applied
at a dose of 250 nM after 2 hours of reoxygenation phase following
90min ofOGD insult, could provide neuroprotection to cerebral-cortical
neurons. In conclusion, the endogenously generated ELVs (ELV-N32 or
ELV-N34) ameliorated neuronal injury induced by several stressors, such
as NMDA receptor activation, UOS, or OGD in cerebral-cortical mixed
neuronal and hippocampal mixed neuronal cultures. These novel bio-
active lipids belong to a new class of lipidmediators, termed ELVs, which
Bhattacharjee et al., Sci. Adv. 2017;3 : e1700735 27 September 2017
are derived from phospholipid molecular species having two different
PUFAs at positions C1 and C2.

We have shown here that all ELV treatments, delivered at 1 hour
after 2 hours of experimental ischemic stroke, improved neurological
recovery throughout the 7-day survival period. We also used magnetic
resonance imaging (MRI), a highly sensitive tool for the detection of
changes inwater content anddiffusion, both ofwhich characterize acute
ischemic stroke (17). The rapid induction of brain edema following fo-
cal ischemia is the leading cause of morbidity and death after stroke
(18). Maximum protection was detected in the cortex (the penumbral
area) and also in the subcortical area. Histopathology revealed smaller
infarcts in cortical and subcortical areas with less pancellular damage,
denser eosinophilic areas, and shrunken neurons along the infarct mar-
gin, all of which were detected in ELV-treated rats.

Cerebral ischemia initiates a complex cascade of cellular, molecular,
and metabolic events that lead to irreversible brain damage (19–21).
Dead neurons and injured tissue are scavenged by activated resident
microglia and/or macrophages that invade the injured tissue from the
bloodstream. Surviving astrocytes and activated microglia in the pe-
numbra may facilitate restoration of neuronal integrity by producing
growth factors, cytokines, and extracellular matrix molecules involved
in repairmechanisms (22). Our results demonstrate that ELV treatment
increased the number ofNeuN-positive neurons andGFAP-positive re-
active astrocytes and the SMI-71–positive blood vessel density in the
cortex. Blood vessel integrity facilitates neurogenesis and synaptogen-
esis, which, in turn, contribute to improved functional recovery.
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Fig. 4. ELV-N32 and ELV-N34 improve neurological/behavioral score, protect the penumbra, and reduce MRI lesion volumes after ischemic stroke. (A) Total
neurological score (normal score, 0; maximal score, 12) during MCAo (60 min) and at various times after treatment. At 60 min of MCAo, all animals had a score of 11 (of a
possible 12). ELV-treated rats had significantly improved neurological scores on days 1, 3, and 7 compared to the vehicle (CSF)–treated group. (B) Ischemic core,
penumbra, and total lesion volumes, computed from T2WI on day 7, were significantly reduced by ELV treatment compared to the vehicle group. (C) Representative
T2WI, pseudo images, core/penumbra, and (D) 3D infarct volumes computed from T2WI on day 7. Core and penumbra were extracted from the entire brain. Core (red)
and penumbral (blue) tissues were automatically identified in vehicle- and ELV-treated animals using the computational MRI method Hierarchical Region Splitting for
penumbra identification. T2 hyperintensities were observed in the ischemic core and penumbra of vehicle-treated rats, consistent with edema formation. In contrast,
ELV-treated animals had smaller lesion sizes. 3D reconstructions are from the same animal in each group on day 7. Values shown are means ± SD (n = 5 to 6 per group)
(*P < 0.05, versus CSF group; repeated-measures ANOVA, followed by Bonferroni tests).
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Neurogenesis continues after birth and can be reactivated as a re-
sponse to injury (23). The generation of new neurons from progenitors
occurs in the subgranular zone of the DG, the subventricular zone
(SVZ) of some cortical areas, the substantia nigra, and the periinfarcted
areas (24). Neural stem cells (NSCs) persist in the forebrain SVZwithin
a niche containing endothelial cells thatmight stimulateNSC expansion
and neurogenesis. Experimental stroke increases neurogenesis and an-
giogenesis, but how endothelial cells influence stroke-induced neurogenesis
Bhattacharjee et al., Sci. Adv. 2017;3 : e1700735 27 September 2017
is unknown. The leading process of the migrating neural progenitor
cells (NPCs) is closely associated with blood vessels, suggesting that this
interaction provides directional guidance to the NPCs (23). The origin
of newly formed vessels and the significance of neovascularization and
neurogenesis are important unanswered issues in the understanding of
stroke pathophysiology and their contribution to recovery.

After cerebral ischemia, the integrity of the NVU is compromised,
allowing uncontrolled entry of molecules into the brain parenchyma
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Fig. 5. ELV-N32 and ELV-N34 attenuate experimental ischemic stroke–induced neuronal and astrocyte cellular damage. (A and B) Representative NeuN (blue),
SMI-71 (brown), and GFAP (dark green) stained brain sections from all groups. Vehicle (CSF)–treated rats showed extensive neuronal loss, reduction of GFAP-reactive
astrocytes, and SMI-71–positive vessels. In contrast, treatment with ELVs increased NeuN-, SMI-71-, and GFAP-positive cells. (C) Coronal brain diagram (bregma, +1.2 mm)
showing locations of regions for NeuN-, SMI-71-, and GFAP-positive cell counts in the cortex (a, b, and c) and striatum (s). Numbers of NeuN-positive neurons, SMI-71–positive
vessels, and GFAP-positive astrocytes, increased by ELV treatment in the ischemic core (s) and different penumbral areas (a, b, and c), are shown. Values shown are means ± SD
(*P < 0.05, significantly different from vehicle; repeated-measures ANOVA, followed by Bonferroni tests; n = 5 to 6 per group).
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thatworsens damage caused by ischemia (25). In patients, a loss ofNVU
integrity is associated with a worse stroke outcome (26). Here, we
measured ischemic disruption of the NVU by infiltration of endogenous
IgG into the brain parenchyma. Treatment with ELV-N34 Na and ELV-
N34 Me attenuated NVU disruption induced by focal cerebral ischemia.

We showed here that the newly identified ELVs protected neurons
undergoingOGDorNMDAreceptor–mediated excitotoxicity.Moreover,
ELVs attenuated infarct volumes, rescued the ischemic core and penum-
bra, diminished NVU damage, and promoted cell survival accompanied
Bhattacharjee et al., Sci. Adv. 2017;3 : e1700735 27 September 2017
with neurological/behavioral recovery. It is reasonable to propose that
novel ELV therapies have the potential to treat focal ischemic stroke and
other conditions that engage inflammatory/homeostatic disruptions.
MATERIALS AND METHODS
Primary cultures of neurons
All animals were handled in compliance with National Institutes of
Health (NIH) guidelines, and the experimental protocols were approved
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Fig. 6. ELV-N32 and ELV-N34 diminish NVU disruption and reduce brain infarction after ischemic stroke. (A) NVU breakdown was assessed by immunodetection
of IgG within the parenchyma. IgG staining (brown) indicates NVU breakdown. Vehicle (CSF)–treated rats displayed increased IgG immunoreactivity in the cortex and
subcortex. Treatment with ELV-N34 Na or ELV-N34 Me showed less IgG staining in the cortex and was mostly localized in the core of infarction (subcortex). (B) Bar graph shows
that ELV-N34 Na and ELV-N34 Me significantly reduced IgG immunoreactivity in the cortex, subcortex, and whole hemisphere (total). Values shown are means ± SD (*P < 0.05,
versus the vehicle group; repeated-measures ANOVA, followed by Bonferroni tests; n = 5 to 6 per group). (C) Nissl-stained brain sections from rats treated with vehicle and
ELVs. Vehicle-treated rats show large cortical and subcortical infarction. In contrast, rats treated with ELVs show less extensive damage, mostly in the subcortical area.
(D) Cortical, subcortical, and total corrected infarct volumes. All ELV treatments markedly reduced cortical, subcortical, and total infarct volumes compared to the vehicle-
treated group. Values shown are means ± SD (*P < 0.05, significantly different from vehicle; repeated-measures ANOVA, followed by Bonferroni tests; n = 5 to 6 per group).
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by the Institutional Animal Care and Use Committee for Animal Re-
search of Louisiana State University Health New Orleans. Primary
cultures of cortical and hippocampal neurons were harvested from
18-day-old embryos (E18) taken from timed-pregnant, 2-month-old
Sprague-Dawley (SD) rats (Charles River Laboratories). Briefly, timed-
pregnant SD rats were euthanized, and embryos were collected under
sterile conditions. Embryonic brains were dissected out on ice by forceps
and placed in a petri dish containing ice-cold Hanks’ balanced salt solu-
tion (HBSS) (Gibco) (without Ca2+) containing 10 mMHepes (pH 7.2)
(Gibco), 0.2mMglutamine, and penicillin (100U/ml) and streptomycin
(100 mg/ml) (Pen Strep) (Gibco). Meninges were removed under a dis-
secting microscope, and cortical or hippocampal tissues were chopped
into small pieces using micro-spring scissors. These tissues were
transferred to 15-ml tubes containing oxygenated trypsin-EDTA (0.025%
in HBSS) and deoxyribonuclease I. The tubes were incubated in 37°C
chamber for 15 min and were agitated every 5 min. After stopping the
trypsinization with 5 ml of 10% fetal bovine serum, these tissues were
triturated 15 times using a fire-polished Pasteur pipette. Then, cell
clumps were left to settle for 2 min to allow debris to settle down, and
the supernatant was transferred to a 15-ml Eppendorf tube. The super-
natantwas filtered through a 70-mmpore size filter (Corning cell strainer)
and centrifuged in a tube for 5 min at 1000 rpm. The cells were then re-
suspended in Neurobasal medium (Gibco) containing 2% B27 (Gibco)
and 2% N-2 (Gibco) supplements, along with 0.5 mM glutamine and
Pen Strep (50 U/ml) (Gibco). Cells were counted using a Neubauer
hemocytometer. Cells (1 × 106) were seeded on a poly-D-lysine–coated
12-well cell culture dish (Corning) and cultured in an incubator (37°C,
5% CO2). The culture medium was first replaced after 24 hours, and
half of the mediumwas then replaced with fresh medium every 3 days
for the first week and every other day thereafter. As a result, approx-
imately 90% purity of neurons was obtained, as determined by class III
b-tubulin, GFAP, and Hoechst 33258 staining (fig. S4B). Cells were
maintained in culture for about 2 weeks until they were exposed to
UOS, OGD, or NMDA excitotoxicity. The representative images show-
ing the morphology of cerebral-cortical mixed neuronal cell cultures and
hippocampal mixed neuronal cultures [12 days in vitro (DIV 12)] are
shown in fig. S4A,whereas representative images showing themorphology
of cerebral-cortical mixed neuronal cell cultures (DIV 28) are shown in
fig. S4 (C and D).

OGD, NMDA excitotoxicity, or UOS exposure
An in vitro OGD model was established (10–13). Primary cortical or
hippocampal neurons were cultured from SD rat embryos. On DIV
12, cells were washed with phosphate-buffered saline (PBS) and incu-
bated with glucose-free Neurobasal medium (Gibco) for 30 min. After
that, the cells were placed in a modular incubator chamber (Billups-
Rothenberg Inc.) and incubated in an anaerobic chamber (95% N2

and 5% CO2) for OGD for 90 min at 37°C. After 90 min of OGD ex-
posure, cells were returned to the originalmedium [Neurobasalmedium
(Gibco) containing 2% B27 (Gibco) and 2% N-2 (Gibco) supplements,
along with 0.5 mM glutamine and Pen Strep (50 U/ml) (Gibco)] and
placed in a normoxic chamber (37°C, 5% CO2) for 2 hours. Then, the
medium was changed with a medium containing either ELV-N32 or
ELV-N34 (500 nM) and maintained in a normoxic chamber (37°C,
5% CO2) for 12 hours, after which the cells were sampled and assayed
for cell viability using differentmethods, as previously described (27–31).
For the normoxic (control) conditions, neurons were washed with PBS
but maintained in a regular medium [Neurobasal medium (Gibco) con-
taining 2% B27 (Gibco) and 2% N-2 (Gibco) supplements, along with
Bhattacharjee et al., Sci. Adv. 2017;3 : e1700735 27 September 2017
0.5 mM glutamine and Pen Strep (50 U/ml) (Gibco)] during the course
of 120minwhen the other cellswere subjected toOGDstress. Following
this, the control cells were subjected to two subsequent regular medium
changes to match the timings of the cells that were OGD-stressed.
Cerebral-cortical mixed neuronal cells or hippocampal mixed neuronal
cells in culture were exposed to either NMDA or UOS for 12 hours by
the addition of either NMDA (at a concentration of 25, 50, or 100 mM)
or TNFa (10 ng/ml) and H2O2 (50, 100, or 200 mM). Cell viability and
neuroprotection in the presence of ELV-N32, ELV-N34, 32:6, or 34:6
were assayed after 12 hours.

Hoechst staining and unbiased image analysis
Cells were washed with 1X Dulbecco’s PBS containing no calcium or
magnesium (Gibco) and fixed for 10 min using ice-cold 4% para-
formaldehyde (PFA), followed by a 15-min incubation with 100%
methanol. Then, the cells were washed with 1X PBS (pH 7.4) (Gibco)
and incubated in PBS containing 20 mM Hoechst 33258 (Molecular
Probes) for 20 min. After that, the cells were washed three times with
1X PBS and stored in 1X PBS at 4°C until they were imaged for micros-
copy. One 4 × 4 tile mosaic was acquired from the center of each well
using aZeiss 510Meta laser confocalmicroscope and the LSM510Meta
software. The size of the images was 3600 mm × 3600 mm with a reso-
lution of 1.1378 pixels/mmand a pixel size of 0.879 mm×0.879 mm.Each
of the images had anywhere from 8000 to 15,000 cells, based on differ-
ent experimental conditions and from one preparation of culture to the
other. We imaged at least three separate wells per condition per exper-
iment and then analyzed them for cell survival. Images were imported
into the ImageJ image analysis software (NIH, Bethesda, MD) and
batch-processed using custommacros. AnOtsu auto threshold was ap-
plied to each image of Hoechst-stained nuclei, and the area of each de-
tected object was recorded, as previously described (27, 28). To estimate
the percentage of nonpyknotic nuclei, we chose a size cutoff value above
which objects were assumed to be nonpyknotic. The size cutoff value for
pyknosis was located at the mode of the corresponding NMDA/OGD-
only treatment group, and all objects below that value were assumed to
be pyknotic, except for those with areas of <10 mm2, which were as-
sumed to represent cellular debris and were excluded from the analysis.
The results were exported into Microsoft Excel and analyzed. We
noticed that there were small but unavoidable changes in the distri-
bution of object sizes that would occur from preparation to preparation
and slightly shift the appropriate cutoff value. Hence, the cutoff is not
the same for all the experiments. The nuclear size cutoff for defining
pyknotic versus nonpyknotic nuclei is now represented by black dashed
lines and yellow boxes in Figs. 2 (C and D) and 3 (C and D) and fig. S5
(A to D). For different experiments, the cutoff value varied within a
range from 48 to 62 mm2, with most of the pyknotic nuclei measuring
about 30 to 50 mm2, whereas most of the nonpyknotic nuclei ranging
from 80 to 140 mm2.

Calcein AM–propidium iodide live/dead assay and
MTT assay
A 10-ml solution was prepared by combining both the components of
the live/dead cytotoxicity kit (Invitrogen) using 20 ml of component A
(calcein AM) and 20 ml of component B (propidium iodide). Calcein
acetoxymethyl ester (calcein AM) is a cell-permeant dye that can be
used to determine cell viability in most eukaryotic cells. In live cells,
the nonfluorescent calcein AM is converted to green fluorescent calcein
after acetoxymethyl ester hydrolysis by intracellular esterases. On each
well of a 12-well cell culture plate, 50 ml of this solution was added, and
9 of 12
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the cells were incubated in a normoxic chamber (37°C, 5%CO2) for 1 to
2 hours. Then, the cells were imaged using an Olympus FluoView laser
confocalmicroscope. Imageswere imported into theNIH ImageJ image
analysis software, and green and red channels were separated. Then,
using the cell counter, the images were counted to determine the num-
ber of live cells (green) and dead nuclei (red). The results were exported
intoMicrosoft Excel and analyzed. The representative images of calcein-
stained neurons are shown in fig. S3. The MTT assay is based on the
cleavage of the yellow tetrazolium salt MTT to purple formazan crystals
by metabolically active cells. The assay was performed to measure the
viability of primary cortical neurons in each treatment group. Briefly,
MTT (5 mg/ml and 100 ml per well) (Sigma-Aldrich) was added to
the cells in 12-well plates and incubated in a normoxic chamber (37°C,
5% CO2) for 2 hours. Then, the generated blue formazan reduction
product, due to the action of succinate dehydrogenase in living cells
on the dye, was dissolved in 1 ml of isopropyl alcohol and transferred
to triplicatewells in a 96-well plate, and its absorbancewas read at 490nm
using aMolecular Probes Spectramaxmicroplate reader. The results were
expressed as the percentage of cell survival.

MCAo and cannula implantation into the right
lateral ventricle
All studies were approved by the Institutional Animal Care and Use
Committee of the Louisiana State University Health Sciences Center.
Male SD rats (Charles River Laboratories), weighing 280 to 340 g, were
fasted overnight but allowed free access to water. Atropine sulfate
[0.5mg/kg intraperitoneally (ip)]was injected 10min before anesthesia.
Anesthesia was induced with 3% isoflurane in a mixture of 70% nitrous
oxide and 30% oxygen. All rats were orally intubated and mechanically
ventilated. During ventilation, the animals were paralyzed with pan-
curonium bromide (0.6 mg/kg ip). The catheters were implanted into
the right femoral artery and vein for blood sampling and infusion of drug.
Serial analyses of arterial blood gases, plasma glucose, arterial blood pres-
sure, and heartbeat rate were conducted before and during surgical
procedure. Rectal (CMA 150 Temperature Controller and CMAMicro-
dialysisAB) andcranial (temporalmuscle;OmegaEngineering) tempera-
tures were closely monitored before, during, and after MCAo. Rectal
temperature and body weight were monitored daily until sacrifice.

Rats underwent 2 hours of rightMCAo by an intraluminal filament,
as previously described (15). Briefly, the right common carotid artery
bifurcation was exposed through a midline neck incision, and the oc-
cipital artery branches of the external carotid artery were isolated, li-
gated, and dissected. After careful isolation of the internal carotid
artery (ICA), a 3-0monofilament coatedwith poly-L-lysinewas advanced
through the ICA to themiddle cerebral artery untilmild resistancewas
felt. The neck incision was closed with a silk suture, and the animals
were then allowed to recover. After 2 hours of MCAo, rats were rea-
nesthetized with the same anesthetic combination. Temperature probes
were reinserted, and intraluminal sutures were carefully removed. The
animalswere then allowed to survive for 7 dayswith free access to food
and water.

Thirty minutes after suture removal, a brain infusion cannula was
implanted into the right lateral ventricle for treatment administration
in each rat. Briefly, rats were anesthetized with 3% isoflurane and were
secured to a stereotaxic apparatus with skull leveled between bregma
and lambda. A sterile stainless steel cannula (5mm long) was implanted
into the lateral ventricle using the stereotaxic coordinates (0.2mm caudal
to bregma, 2mm lateral tomidline, and 5mmbelow the dura). Cannulas
were removed after the treatment was completed.
Bhattacharjee et al., Sci. Adv. 2017;3 : e1700735 27 September 2017
Treatment
ELVs as Na or Me were dissolved in artificial CSF and administered
into the right lateral ventricle 1 hour after 2 hours of MCAo. The follow-
ing ELVs were used: ELV-N32 Na, ELV-N32 Me, ELV-N34 Na, and
ELV-N34 Me (5 mg/50 ml), or CSF (50 ml). All treatments were
administered by a researcher blinded to the treatment groups.

Neurological/behavioral tests
Behavioral tests were performed by an observer blinded to the treatment
groups at 60 min (during MCAo) and then on days 1, 2, 3, and 7 after
MCAo. The battery consisted of two tests that had been used previously
to evaluate various aspects of neurologic function: (i) the postural reflex
test to examine upper body posture while the animal is suspended by
the tail and (ii) the forelimb placing test to examine sensorimotor inte-
gration in forelimb placing responses to visual, tactile, and propriocep-
tive stimuli. Neurological function was graded on a scale of 0 to 12
(normal score, 0; maximal score, 12), as previously described (15). Rats
that did not demonstrate high-grade contralateral deficit (score, 10 to
11) at 60 min during MCAo were excluded from further study.

MRI acquisition and analysis of total lesion, core, and
penumbra volumes
High-resolution ex vivo MRI was performed on 4% PFA–fixed brains
on day 7 using an 11.7-T Bruker Advance 8.9-cm horizontal bore in-
strument equipped with an 89-mm receiver coil (Bruker Biospin).
T2WI, diffusion-weighted images (DWI), 3D volumes, and apparent
diffusion coefficient (ADC) maps were collected, as we previously de-
scribed (32). T2 and ADCmaps were computed from T2WI and DWI,
respectively. We used Hierarchical Region Splitting to automatically
identify core and penumbra volumes (total lesion = core + penumbra)
from T2 relaxation and water mobility (ADC), as we have published
previously (32). Our penumbral tissue determination by Hierarchical
Region Splitting was confirmed by the use of perfusion-weighted imag-
ing (PWI)/DWI subtractions at each brain level, as we have performed
previously (32). The penumbra was defined as the difference between
the PWI and abnormal ADC (diffusion-perfusion mismatch) (2 SD el-
evation or reduction compared to normal tissues).

Histopathology and immunohistochemistry
Animals were allowed to survive for 7 days afterMCAo. Then, rats were
reanesthetized with 3% isoflurane, 70% nitrous oxide, and a balance of
oxygen and transcardially perfused with 0.9% saline, followed by 4%
PFA. Brainswere then removed and embedded in a gelatinmatrix using
MultiBrain Technology (NeuroScience Associates), as previously de-
scribed (33). To quantitate infarct volume, we digitized histological
sections (MCID core imaging software, InterFocus Imaging Ltd.) at
nine standardized coronal levels (bregma levels: +5.2, +2.7, +1.2, −0.3,
−1.3, −1.8, −3.8, −5.0, and −7.3 mm) using a charge-coupled device
camera (QICAM Fast 1394, QImaging) (33). Brain sections were
imaged on amotorizedmicroscopeBX61VS (Olympus) at 10×objective.
An investigator blinded to the experimental groups then outlined the
zone of the cortical and subcortical infarcts as well as the left and right
hemispheres of each section. Infarct volume was calculated as the
integrated product of the cross-sectional area and intersectional distance
and corrected for brain swelling. Brain edema was measured by the dif-
ferences of ipsilateral and contralateral hemispheres (15). Immuno-
histochemical procedures were performed on the adjacent sections
to identify specific vascular and neuronal elements in the ischemic
core and penumbra. The following antibodies were used: rat BBB
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(SMI-71, BioLegend) as a vascularmarker, GFAP (Agilent Technologies)
to label reactive astrocytes, and NeuN (Chemicon/Millipore) and bio-
tinylated anti-rat IgG antibody (BioLegend) to detect NVU breakdown.
The number of positive cells and immunopositive vessels was counted
in the cortex and striatum at the level of the central lesion (bregma level,
−0.3 mm). Data were expressed as numbers of positive cells and vessels
per high-power microscopic field (magnification, ×40). The images of
sections were obtained using confocal laser microscope (LSM 510, Carl
ZeissMicroImaging) following the specific experimental protocols. The
images were acquired with a dimension of 212.3 mm × 212.3 mm using
Zen software (Carl ZeissMicroImaging). Image analysis was conducted
using ImageJ software. Analyses were conducted by an investigator
blinded to the experimental conditions. IgG staining intensity was
calculated and averaged at the same levels as assessed for ischemic dam-
age, as previously described (25, 34). To calculate the intensity of IgG
staining, we converted the images to gray scale and recorded and com-
pared themean gray values. ImageJ software assigns black pixels for the
numerical value of “0” and white pixels for the numerical value of “1.”
Gradations of gray were assigned the numerical values in between,
increasing with pixel lightness and decreasing with pixel darkness. As
such, IgG staining intensity values were expressed as the reciprocal of
mean gray for graphical clarity. All sections were imaged at the same
time with the same settings and with no adjustment to brightness or
contrast. IgG staining intensity wasmeasured in the entire contralateral
and ipsilateral hemispheres, as well as the cortex and striatum.

Statistical analysis
For cell cultures
All results were expressed as means ± SEM. Data from all experiments
were evaluated using one-way ANOVA, followed by Holm-Sidak’s
multiple comparisons post hoc test. Statistical analyses were performed
using GraphPad Prism software (version 7.02). A value of P < 0.05 was
considered statistically significant.
For ischemic stroke
Values are presented as means ± SD. Repeated-measures ANOVA,
followed by Bonferroni procedures to correct formultiple comparisons,
were used for intergroup comparisons of neurobehavioral scores over
time and infarct areas across coronal levels. Two-tailed Student’s t tests
were used for two-group comparisons. Differences at P < 0.05 were
considered statistically significant.
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