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Abstract

Following stroke, the damaged tissue undergoes liquefactive necrosis, a stage of infarct resolution
that lasts for months although the exact length of time is currently unknown. One method of
repair involves reactive astrocytes and microglia forming a glial scar to compartmentalize the
area of liquefactive necrosis from the rest of the brain. The formation of the glial scar is a

critical component of the healing response to stroke, as well as other central nervous system
(CNS) injuries. The goal of this study was to evaluate the toxicity of the extracellular fluid
present in areas of liquefactive necrosis and determine how effectively it is segregated from the
remainder of the brain. To accomplish this goal, we used a mouse model of stroke in conjunction
with an extracellular fluid toxicity assay, fluorescent and electron microscopy, immunostaining,
tracer injections into the infarct, and multiplex immunoassays. We confirmed that the extracellular
fluid present in areas of liquefactive necrosis following stroke is toxic to primary cortical and
hippocampal neurons for at least 7 weeks following stroke, and discovered that although glial
scars are robust physical and endocytic barriers, they are nevertheless permeable. We found that
molecules present in the area of liquefactive necrosis can leak across the glial scar and are
removed by a combination of paravascular clearance and microglial endocytosis in the adjacent
tissue. Despite these mechanisms, there is delayed atrophy, cytotoxic edema, and neuron loss
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in regions adjacent to the infarct for weeks following stroke. These findings suggest that one
mechanism of neurodegeneration following stroke is the failure of glial scars to impermeably
segregate areas of liquefactive necrosis from surviving brain tissue.
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1. Introduction

Activated astrocytes respond rapidly to ischemic stroke by upregulating genes for
intermediate filaments such as glial fibrillary acidic protein (GFAP), calcium-binding
protein B (§100B), vimentin, and nestin (Pekny and Nilsson, 2005; Farina et al., 2007;
Cekanaviciute and Buckwalter, 2016). These changes in gene expression are accompanied
by proliferation and migration towards the injured area. The injury is then walled off

by a front line of reactive astrocytes interspersed with activated microglia/macrophages,
resulting in a glial scar. The physical barrier function of the glial scar is reinforced by the
production of extracellular matrix proteins such as fibronectin, laminin, and chondroitin
sulphate proteoglycans (Cekanaviciute and Buckwalter, 2016). Together, these mechanisms
create a barrier that corrals inflammatory cells present within the core of the injury (Bush et
al., 1999; Wanner et al., 2013). However, it is currently unknown how effectively glial scars
sequester the potentially neurotoxic extracellular fluid present within chronic CNS infarcts.

The extracellular fluid within chronic CNS infarcts is potentially neurotoxic because of
the unique way in which infarcts within the CNS resolve. Unlike other tissues, the brain
responds to ischemia by undergoing liquefactive necrosis. Liquefactive necrosis occurs in
abscesses throughout the body, and is usually caused by an inflammatory response to
infection. However, liquefactive necrosis occurs in the brain in response to stroke or other
trauma, even in the absence of infection (Robbins et al., 2010).

Liquefactive necrosis is characterized by the degradation of tissue, and its transformation to
a liquefactive mass. It persists for many months following stroke and other brain injuries, is
largely uncharacterized in terms of its constituents and toxicity to surrounding brain regions,
and the exact time frame of its resolution is unknown. The eventual outcome of liquefactive
necrosis is cystic encephalomalacia, the term given to the end stage of infarct resolution
when all that remains is an area of astrogliosis and a cerebrospinal fluid (CSF) filled cavity
(Nguyen et al., 2016).

Until the stage of cystic encephalomalacia is reached, how effectively stroke infarcts are
compartmentalized away from uninfarcted tissue has relevance for stroke recovery. This is
because more than one-third of stroke survivors subsequently develop dementia (Barba et
al., 2000; Leys et al., 2005; Bejot et al., 2011) and the cause or causes of this dementia

are unclear. One potential mechanism that has not been investigated before is the possibility
that glial scars only partially segregate neurotoxic extracellular fluid present within areas of
liquefactive necrosis from the rest of the brain during recovery.
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Although the stage of liquefactive necrosis is largely uncharacterized, it is known that in
both mice and humans, infarcts at the stage of liquefactive necrosis are sites of chronic
inflammation (Doyle et al., 2015; Nguyen et al., 2016). In C57BL/6 mice we recently
demonstrated with our colleagues that this inflammation includes a chronic B-lymphocyte
response in the infarct and an increased concentration of antibodies in the surrounding brain
tissue for months after the injury (Doyle et al., 2015). We replicated this finding in multiple
mouse models of stroke. Importantly, in one of these models, in which the infarct is located
adjacent, but not incorporating the hippocampus, mice developed delayed cognitive deficits
(Doyle et al., 2015).

As an indication to how effectively infarcts in the CNS are compartmentalized away from
uninfarcted tissue, we did not detect B-lymphocytes and plasma cells in the brain outside of
the stroke infarct in any of the stroke models we evaluated (Doyle et al., 2015). However,
although the B-lymphocytes and plasma cells remained within the infarcts, it appeared

that the antibodies produced by the plasma cells crossed the glial scar and infiltrated the
surrounding brain tissue in the weeks after stroke. These results suggest that glial scars fail
to completely contain potentially neurodegenerative molecules being produced, or otherwise
present within CNS infarcts such as autoreactive antibodies (Ankeny et al., 2009; Ankeny
and Popovich, 2010).

The failure of glial scars to successfully contain neurodegenerative factors present in areas
of liquefactive necrosis has important implications for individuals recovering from a CNS
injury. It suggests that glial scar permeability may be a significant cause of the delayed
brain atrophy and dementia seen in some patients following stroke. Therefore, in this
study, we evaluated the toxicity of the extracellular fluid present in areas of liquefactive
necrosis following stroke, and determined how effectively, and by which mechanisms,
neurodegenerative factors present in areas of liquefactive necrosis are sequestered from the
surviving brain tissue.

2. Materials and methods

2.1. Mice

Adult 3-5-month-old C57BL/6 and BALB/c male mice were purchased from the Jackson
Laboratory. Animals were housed under a 12-hour light/dark schedule with ad libitum
access to food and water. All procedures met the National Institute of Health guidelines with
approval from the University of Arizona Institutional Animal Care and Use Committee. For
euthanasia, mice were intraperitoneally injected with a cocktail of 100 mg/kg ketamine, 20
mg/kg xylazine, and 3 mg/kg acepromazine, followed by intracardial perfusion with 0.9%
saline. Brains were extracted, and either snap frozen in liquid nitrogen for biochemical
assays, post-fixed in 4% paraformaldehyde (PFA) and cryoprotected in 30% sucrose for
sectioning on a freezing microtome, or immersed in 2.5% glutaraldehyde and 2% PFA for
electron microscopy.
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2.2. Stroke surgeries

Distal middle cerebral artery occlusion (DMCAO) plus hypoxia (DH stroke) was performed
on C57BL/6 mice, as previously described (Doyle et al., 2012; Nguyen et al., 2016).

Mice were anesthetized by isoflurane inhalation, and an incision was made to expose the
temporalis muscle. A pocket was created in the muscle to expose the skull underneath,

and the right MCA identified. A microdrill was used to expose the underlying MCA. The
meninges were cut, and the vessel cauterized using a small vessel cauterizer. The wound
was then closed using surgical glue. Immediately following surgery, mice were placed in a
large chamber containing 9% oxygen and 91% nitrogen for 45 min. Sham mice underwent
the same surgical steps, except for cauterization of the MCA, and were also given 9%
oxygen and 91% nitrogen for 45 min immediately after surgery. Core body temperature was
maintained at 37 °C throughout surgery and hypoxia. Mice were randomly allocated into
stroke and sham experimental groups. This stroke model creates a large infarct comprising
approximately 25% of the stroked hemisphere, has little variability, and excellent long-term
survivability (Doyle et al., 2012). Hypoxia is necessary with this model because C57BL/6
mice that undergo DMCAQO without hypoxia have significantly smaller infarcts (Doyle et al.,
2012). BALB/c mice underwent DMCAQ without hypoxia, as previously described (Doyle
etal., 2012; Nguyen et al., 2016). DMCAO by itself generates an infarct in BALB/c mice
that is equivalent in size and location to the infarct generated by DH stroke in C57BL/6
mice (Doyle et al., 2012). To induce photothrombotic stroke, C57BL/6 mice were injected
intraperitoneally with 100 mg/kg Rose Bengal (Millipore Sigma, Cat. No. 330000) dissolved
in 0.9% saline. Thirty minutes following injection, mice were anesthetized by isoflurane
inhalation, and an incision was made on the top of the head to expose the skull. An optic
cable connected to a metal halide fiber optic illuminator (Dolan-Jenner MH-150; Edmund
Optics) was then placed on top of the skull using a stereotactic frame, and the light source
was turned on for 20 min.

2.3. Immunostaining

Coronal sections (40 um) were taken through the entire brain using a freezing Microm

HM 450 sliding microtome (Thermo Fisher Scientific). Free floating sections were then
immunostained using standard techniques (Doyle et al., 2015; Nguyen et al., 2016). The
following primary antibodies were used: immunoglobulin (IgG; Vector Laboratories, Cat.
No. BA2000, RRID: AB2313571), glial fibrillary acidic protein (GFAP; Millipore Sigma,
Cat. No. AB5541, RRID: AB177521), CD68 (Bio-Rad, Cat. No. MCA1957GA, RRID:
AB324217), claudin-5 (Thermo Fisher Scientific, Cat. No. 352588, RRID: AB2532189),
B220 (BD Biosciences, Cat. No. 553085, RRID: AB394615), CD3 (BD Biosciences,

Cat. No. 550277, RRID: AB393573), lysosomal associated membrane protein-1 (LAMP-1;
abcam, Cat. No. AB25245, RRID: AB449893), ionized calcium-binding adapter molecule
1 (Ibal; Wako, Cat. No. 019-19741, RRID: AB839504), matrix me-tallopeptidase (MMP)-9
(abcam, Cat. No. AB38898, RRID: AB776512), chondroitin sulphate proteoglycan (NG2;
Millipore Sigma, Cat. No. AB5320, RRID: AB11213678), CD31 (abcam, Cat. No. 28364,
RRID: AB726362), neuronal nuclei (NeuN) (Millipore Sigma, Cat. No. MAB377, RRID:
AB2298772), and choline acetyltransferase (ChAT; Millipore Sigma, Cat. No. AB144P,
RRID: AB2079751). Sections were then labeled with the appropriate secondary antibody in
conjunction with ABC Vector Elite and 3,3’ -diaminobenzidine Kits (Vector Laboratories)
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for visualization under a Motic BA410 light microscope coupled with a MoticamPro

282A camera or a Keyence BZ-X700 digital microscope with phase contrast, light, and
fluorescence capabilities. For confocal or epifluorescence imaging, sections were incubated
in Alexa Fluor secondary antibodies (Thermo Fisher Scientific), and captured with a Leica
SP5-11 laser scanning confocal microscope or a Leica DMI6000 epifluorescence microscope.

2.4. Nissl staining

Mounted, dehydrated tissue sections were cleared in xylenes, rehydrated, immersed in 0.5%
cresyl violet acetate (Millipore Sigma, Cat. No. C5042) solution for 1 min, rinsed with
distilled water, differentiated in 0.25% acetic alcohol, dehydrated through graded ethanol
series, cleared, and coverslipped.

2.5. Quantification of neovascularization following stroke

Tissue sections were stained with hematoxylin and eosin (H&E; VWR, Cat. No. 95057-844
and 95057-848) according to standard techniques. Two sections per mouse (n = 4 mice

per experimental group) were analyzed. Blood vessel density (per um? of infarct) was then
assessed by manually counting the number of blood vessels within each infarct per mouse,
using a 20x objective, at bregma —1.94 and —0.02 mm, as well as the equivalent area in the
somatosensory cortex on the contralateral hemisphere.

2.6. Determination of blood brain barrier permeability

To evaluate blood brain barrier (BBB) integrity following stroke, mice (n = 5 per
experimental group) were intraperitoneally injected with 2% Evans Blue (Millipore Sigma,
Cat. No. E2129) dissolved in 0.1 M phosphate buffer saline (PBS) at 24 h, 1 week, or

7 weeks following stroke or sham surgery. Mice were perfused 3 h later. Brains were
photographed, and extravasation into each brain hemisphere was measured colorimetrically,
as previously described (Radu and Chernoff, 2013).

2.7. Electron microscopy

2.7.1. Mouse brain tissue—Brains used for transmission and scanning electron
microscopy (EM) were fixed in 2.5% glutaraldehyde and 2% PFA in 0.1 M Pipes buffer

for 1 h at room temperature, or overnight at 4 °C. Following washes in 0.05 M Pipes

buffer and 0.05 M glycine, and washes in 0.1 M Pipes buffer, dissected stroke regions from
each brain were then post-fixed in 1% osmium tetroxide for 1 h. After fixation, samples
underwent washes in deionized water (DIW). Samples for transmission EM were then block
stained in 2% aqueous uranyl acetate, washed in DIW, dehydrated through a graded series
of alcohols, infiltrated with 1:1 alcohol and Spurr’s resin overnight, and then embedded

in 100% Spurr’s resin overnight at 60 °C. Samples for scanning EM were dehydrated,
incubated in hexamethyldisilazan, and then air dried. Sections for transmission EM were
viewed under an FEI Tecnai Spirit microscope operated at 100 kV. Eight-bit TIFF images
were captured using an AMT 4 Mpixel camera. Sections for scanning EM were gold coated,
and viewed under a FEI Company Inspect S microscope operated at 30 kV.
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2.7.2. Human brain tissue—A chronic stroke infarct dissected from fresh frozen brain
tissue (5-gram block) was obtained from the Banner Sun Health Research Institute (Sun
City, AZ) (Beach et al., 2015). Chronic stroke was confirmed by both a clinical and
neuropathological diagnosis. The sample was processed for EM, as described for mouse
samples.

2.8. Multiplex immunoassays

Snap-frozen brain tissue samples were sonicated in ice-cold 0.1 M PBS containing 1%
triton-X and 0.1% sodium deoxycholate, Protease Inhibitor Cocktail (1:100; Millipore
Sigma), and Phosphatase Inhibitor Cocktail 2 (1:100; Millipore Sigma). Following
centrifugation, the total protein concentration of each supernatant was measured using a
Direct Detect Infrared Spectrometer (Millipore Sigma). Total immunoglobulin G (1gG),
matrix metalloproteinases (MMPs), albumin, and cytokines and chemokines were then
quantified using mouse multiplex magnetic bead kits purchased from Thermo Fisher
Scientific and Millipore Sigma, and used according to the manufacturer’s recommendations.
Each lysate sample, standard, and quality control was measured in duplicate. Plates were
read using a MAGPIX instrument (Luminex), and results were analyzed using MILLIPLEX
Analyst 5.1 software (Millipore Sigma).

2.9. Extracellular fluid isolation

Under aseptic conditions and performed quickly on ice, extracellular fluid was harvested

by dissecting (i) the 7-week-old infarct and (ii) the equivalent area of the contralateral
cortex from C57BL/6 mice (n = 10) that had undergone DH stroke, and placing the
dissected tissue into two sterile 15 ml conical centrifuge tubes containing 750 pl of the same
cell culture media that was used for the subsequent primary neuron cultures (serum-free
Neurobasal media, 1x B27 supplement, L-glutamine, and penicillin/streptomycin, without
protease/phosphatase inhibitors; Thermo Fisher Scientific). For each region, the dissected
tissue from each C57BL/6 mouse was pooled into one conical tube, which eventually
contained 10 dissected infarcts from all 10 mice; the second conical tube contained the
dissected equivalent area of the contralateral cortex from all 10 mice. The pooled tissue was
gently triturated by passage through a sterile P1000 micropipette (cut with 3 size openings:
30 times passage through the largest size opening, 20 times passage through the medium
size opening, and 20 times passage through the smallest size opening). Dissociated cells
were centrifuged at 300 rpm for 10 min at 4 °C. 10 pl of the supernatant was pipetted

onto a hemocytometer to confirm the absence of cells under phase contrast microscopy.
The remaining supernatant was collected and transferred into a new conical tube. The pellet
was re-suspended in 750 pl of fresh culture media, followed by gentle trituration with a
P1000 pipet (10 times passage through the largest size opening), and re-centrifuged at 300
rpm for 10 min at 4 °C. 10 pl of this supernatant was pipetted onto a microscope slide

and viewed under phase contrast to confirm once again the absence of cells. The remaining
supernatant was collected and combined with the supernatant from the first trituration.

The pellet was resuspended in fresh culture media, and 10 pl was treated with a LIVE/
DEAD viability/cytotoxicity assay (Thermo Fisher Scientific, Cat. No. L3224), according
to the manufacturer’s directions, to quantify the percentage of cell lysis resulting from the
trituration process. We found that mechanical dissociation caused an average of 7.7% cell
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death (stained by ethidium homodimer-1 as a marker for cell death and calcein-AM as a
marker for cell viability) in the pellets generated from the infarcts, and an average of 8.6%
cell death in the pellets generated from the equivalent areas of the control contralateral
cortices. The protein concentrations of the infarct supernatant and the contralateral cortex
supernatant were then measured via a Direct Detect spectrometer, and normalized to 4
mg/ml of total protein. The extracellular fluid samples were then stored at —80°C until
treatment. The isolation of extracellular fluid was repeated in three separate experiments (n
= 3 sets of biological samples), with the exception that for the second and third repeat, the
infarct and contralateral cortex were dissected from 5 mice and triturated in 350 pl of culture
media.

2.10. Primary neuronal cultures and cell survival assays

Primary cortical and hippocampal neuron cultures were prepared from timed-pregnant
C57BL/6 mice on embryonic day 16 (E16) and allowed to mature for 7 days, as previously
described (Yang et al., 2006; Yang et al., 2008; Yang et al., 2016), before experimentation.
Tissue culture wells were coated with 10 pug/mL poly-L-lysine in 0.1 M PBS. Cells

were incubated in DMEM/F12 containing 10% fetal bovine serum for the first 2—4 h,

and subsequently maintained in serum-free Neurobasal media with 1x B27 supplement,
L-glutamine, and penicillin/streptomycin (Thermo Fisher Scientific). Neurons were seeded
in 24-well plates at a density of 30,000-40,000 cells per well, and allowed to mature

for 7 days. Cell survival following 4 hour exposure to extracellular fluid isolated from
either the chronic stroke infarcts or the equivalent area of the contralateral cortex was
measured by using the ViaLight Plus Bioassay kit (Lonza, Cat. No. LT07), according to
the manufacturer’s instructions. This highly sensitive assay allows for the bioluminescent
detection of cellular ATP as a measure of viability (i.e., the number of living cells in
culture). Cortical neurons received a 1:4 dilution of each of the 4 mg/ml extracellular fluid
samples. Hippocampal neurons received either a 1:1, 1:4, or 1:9 dilution of each of the

4 mg/ml extracellular fluid samples. Control wells were treated with culture media as a
negative control, and 500 UM (for the 1:1 dilution) of monosodium glutamate (MSG) as a
positive control. Samples were run in quadruplicate and the cell survival assay experiment
was repeated in 3 independent neuron preparations.

2.11. Dextran injections

To determine the permeability of the glial scar, 7-week-old and 12-week-old DH stroke
infarcts (n = 3 mice per experimental group) were stereotactically injected with 1 pl
FITC-labeled dextrans (0.1 mg/ul) at a rate of 0.1 pl/min, penetrating 0.2 mm into the

area of liquefactive necrosis (molecular weights: 10,000 and 70,000 Da; Thermo Fisher
Scientific). These dextrans have covalently bound lysine residues that permit them to

be conjugated to surrounding biomolecules by 4% PFA mediated fixation for subsequent
detection by fluorescence microscopy. The injection was performed surgically through the
original craniotomy while mice were under general anesthesia. Mice were sacrificed at 6 h,
12 h, and 24 h post-injection. Mice (n = 7) that underwent photothrombotic stroke were also
injected with the 10,000 dalton dextran at 7 weeks post-stroke through a new craniotomy
exposing the infarct. These mice were sacrificed at 12 h post-injection. To determine the
permeability of the blood vessels in the peri-infarct location, mice (n = 3—4 per group) were
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also injected into the circulation via intraperitoneal injection with 250 pl Texas Red-labeled
dextrans (8 mg/ml) (molecular weight: 10,000 Da; Thermo Fisher Scientific), and were
sacrificed at 20 min, 6 h, 12 h, and 24 h post-injection following 7 weeks post-stroke.
Post-hoc Nissl staining was used to confirm that the stereotaxic injection into the infarct
through the original craniotomy did not damage or penetrate the glial scar. To quantify
dextran endocytosis in the glial scar, dextran positive cells were counted, and the percentage
that were double positive for either GFAP or Ibal was determined. Counts from multiple
fields of view within the glial scar for each animal were averaged to generate a single value
per mouse.

2.12. Quantitative evaluations of brain atrophy, hippocampal enlargement, and neuron loss

Atrophy of the ipsilateral hemisphere was evaluated by calculating the volume of each
hemisphere through manual tracing using ImageJ analysis software (NIH) in 6 brain sections
(40 pm thick and 1 mm apart) per mouse (n = 3—7 mice per experimental group) that
underwent DH stroke or sham surgery, or were untreated (naive). Stroked mice were
euthanized at 3 days, 1 week, or 12 weeks following surgery, and sham mice were
euthanized at 12 weeks following surgery. Data is presented as the ratio of the volume of
the ipsilateral hemisphere/contralateral hemisphere. To quantify hippocampal enlargement,
measurements of hippocampal regions CA1-3 in Nissl stained tissue were obtained (n =
3-7 mice per experimental group). To quantify neuron loss, ChAT+ neurons were counted
with an automated (Analyze Particles) function using ImageJ analysis software in the cortex
adjacent to the infarct, as well as in the equivalent contralateral cortical region. Two sections
per mouse (n = 3—7 mice per experimental group), and one 10x field containing the motor/
somatosensory areas of each hemisphere between bregma —0.46 mm and —1.94 mm per
section were analyzed. Data is presented as the ratio of the number of ChAT+ neurons in the
ipsilateral/contralateral hemisphere. As an additional measure of neuron loss, the ratio of the
percentage of the area stained by NeuN+ cells in multiple peri-infarct locations (peri-infarct
cortex, hippocampus, striatum, and external capsule) was measured using ImageJ analysis
software and compared to the equivalent locations on the contralateral hemisphere. Both the
peri-infarct cortex and striatum were measured at bregma 0.02, while the hippocampus and
external capsule were measured at —1.94 (n = 4-6 mice per experimental group).

2.13. Statistical analysis

Multiplex immunoassays were performed with blinding to experimental condition. However,
blinding was not possible for immunostaining experiments because of the infarct being
visible in stroked mice. Data are expressed as mean + standard error of the mean

(SEM). Statistical analyses were performed with Prism 6.0 software (GraphPad), with

the level of significance set at p < .05. Differences in blood vessel density were

analyzed using a one-way ANOVA, in conjunction with Tukey’s multiple comparisons
post hoc method. Measurement of Evans Blue extravasation was assessed by a Student’s
ttest. For multiplex immunoassay experiments, differences in protein concentrations in
experiments with two experimental groups were analyzed by a Student’s #test. Differences
in protein concentrations in experiments with three or more experimental groups were
analyzed by one-way ANOVA. For the extracellular fluid toxicity experiment, the data
were analyzed using a one-way ANOVA per dilution, followed by Tukey’s multiple
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comparisons post hoc test. Measurements of dextran leakage and endocytosis in the glial
scar were analyzed using a two-way ANOVA, followed by Sidak’s multiple comparisons
post hoc method. Atrophy of the ipsilateral hemisphere in the weeks following DH stroke
was assessed by one-way ANOVA, followed by Sidak’s multiple comparisons post hoc
method. ChAT immunohistochemistry data were analyzed using a Student’s #test and NeuN
immunohistochemistry data were analyzed using one-way ANOVA.

3.1. Neovascularization following stroke results in a population of leaky microvessels

Prior to assessing the overall toxicity of the extracellular fluid present in areas of liquefactive
necrosis, and the barrier properties of glial scars following a stroke model of CNS injury, we
sought to further characterize the stage of liquefactive necrosis, with the goal of evaluating
what potentially neurotoxic factors are present during this stage of chronic infarction.

A study by Yu and colleagues using an alternative stroke model reported that stroke

results in the formation of a network of leaky blood vessels within the infarct (Yu et al.,
2007). To confirm this finding using our DH stroke (DMCAO plus hypoxia) model, we
performed both H&E histological staining (Fig. 1A) and anti-CD31 (platelet endothelial
cell adhesion molecule-1, PECAM-1; Fig. 1B) immunostaining to assess neovascularization
following stroke. An Evans Blue permeability assay was then performed to assess the extent
to which the new blood vessels are leaky (Fig. 1D). Both H&E staining (Fig. 1A) and

CD31 immunoreactivity (Fig. 1B) confirmed that a network of microvessels forms in the
infarct in the first week after DH stroke. Quantitation revealed that although there was
significant regression of these vessels between 1 week and 2 weeks, vessel density was still
significantly increased at 7 weeks compared to 24 h following stroke (Fig. 1C, left graph).
There was no significant change in blood vessel density in the contralateral hemisphere at
any time point following stroke (Fig. 1C, right graph).

To determine whether the newly formed blood vessels mature into vessels with full BBB
competency, mice were injected intraperitoneally with Evans Blue at 24 h, 1 week, and 7
weeks following stroke, and then perfused with 0.9% saline 3 h following injection. Evans
Blue binds to albumin (67 kDa), and therefore its concentration in the brain is a measure of
albumin extravasation (Radu and Chernoff, 2013). Evans Blue concentration in the infarcted
hemisphere compared to the equivalent area of the contralateral hemisphere, as measured

by visual inspection and colorimetric assay, revealed that although the integrity of the BBB
was largely restored between 24 h (left graph and image) and 1 week (middle graph and
image) after stroke, a small, but significant amount of Evans Blue/albumin still leaks into the
ipsilateral hemisphere when injected 7 weeks (right graph and image) after stroke (Fig. 1D).
These results suggest that chronic stroke infarcts may contain molecules and proteins present
in the circulation that are associated with neurodegeneration when their entry into the CNS
is dysregulated. Examples of circulating factors associated with neurodegeneration include
albumin, homocysteine, complement proteins, cholesterol, autoantibodies, and transferrin
(Zecca et al., 2004; Koudinov and Koudinova, 2005; Obeid and Herrmann, 2006; Ankeny et
al., 2009; Hooper et al., 2009; ladecola, 2010).
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Next, we sought to determine the cause of why blood vessels within stroke infarcts are
chronically leaky to molecules present in the plasma. Astrocytic end-feet typically provide
complete coverage of the cerebral microvasculature in the normal, intact brain (Mathiisen et
al., 2010), and are important for neurovascular unit function (Abbott et al., 2006). However,
although chronic infarcts are encapsulated by astrocytes, GFAP+ staining showed that they
contain very few astrocytes within (Fig. 2A). Therefore, blood vessels that form in the
infarct in the aftermath of stroke appear to be largely devoid of astrocyte support. We

also performed an NG2 immunostain to determine whether NG2+ pericytes are present

on the blood vessels that form within the area of liquefactive necrosis following stroke.
Although there was extensive NG2+ labeling throughout the brain of both pericytes and
polydendrocytes, there was very little NG2+ staining within the core of the infarct (Fig. 2B).

Moreover, levels of matrix metalloproteinases (MMPs), which are known to disrupt tight
junctions (Yang et al., 2007), were significantly elevated in chronic stroke infarcts (Fig.
2C). Specifically, we discovered high concentrations of MMP2, MMP3, and MMP8 in
stroke infarcts at 7 weeks following stroke by multiplex immunoassays. Furthermore, we
also observed high expression of MMPJ in stroke infarcts at 7 weeks following stroke by
immunostaining (Fig. 2D). Immunostaining for claudin-5, a constituent of tight junctions
in the CNS, provided additional support that there is a paucity of tight junctions in blood
vessels within chronic stroke infarcts (Fig. 2E).

Together, these findings demonstrate that stroke infarcts contain leaky blood vessels for at
least 7 weeks following stroke, and that the leakiness of these vessels correlates with a
lack of astrocyte support, a scarcity of tight junctions, and elevated expression of MMPs,
which are known to interfere with tight junction formation and function. In short, areas of
liquefactive necrosis are areas of chronic BBB compromise.

3.2. Stroke infarcts are sites of chronic inflammation

We recently provided evidence that infarcts at the stage of liquefactive necrosis are sites

of chronic inflammation (Doyle et al., 2015; Nguyen et al., 2016). Here, we validated
these findings, while also including additional markers of neuroinflammation, by performing
immunostaining and multiplex immunoassays on brain tissue harvested from mice 7 weeks
following stroke. As shown in Fig. 3A, LAMP-1 and Ibal immunofluorescence confirmed
that even at 7 weeks following stroke, infarcts are sites of chronically activated microglia/
macrophages. Additionally, the presence of substantial CD3 and B220 immunoreactivity
in the infarcts corroborated that they are also sites of chronic T-lymphocyte (Fig. 3B)

and B-lymphocyte (Fig. 3C) responses, respectively. Multiplex immunoassays confirmed
that chronic infarcts are also sites of sustained pro-inflammatory cytokine and chemokine
expression (Fig. 3D). Specifically, there was significant elevation of IL-1a, IL-1pB, IL-3,
IP-10, IL-5, TGFB, IL-12 (p40), IL-12 (p70), IL-17, IL-13, RANTES, IFNy, GM-CSF,
TNFa, MIP-1a, MCP-3, EOTAXIN, and MCP-1 levels within the infarct of the stroked
mice compared to the equivalent area of the cortex in sham mice. Of these, IL-1, IP-10,
IL-17, IL-13, IFNy, TNFa, EOTAXIN, and MCP-1 (CCL2) have all been linked to
cytotoxicity in neurons (Gelbard et al., 1993; Sui et al., 2006; Takeuchi et al., 2006;
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Thornton et al., 2006; Mizuno et al., 2008; Tzartos et al., 2008; Park et al., 2009; Shichita et
al., 2009; Yang et al., 2011; Kang et al., 2012; Parajuli et al., 2015) (Table 1).

Our data thus far, coupled with previously published findings (Yu et al., 2007; Doyle et

al., 2015; Nguyen et al., 2016), demonstrate that not only are chronic stroke infarcts sites
of leaky neovascularization, which is associated with neurodegeneration (ladecola, 2010),
but also sites of sustained pro-inflammatory responses, including the expression of multiple
cytokines and chemokines linked to neurodegeneration. Therefore, stroke infarcts at the
stage of liquefactive necrosis are environments rich in numerous factors connected with
neurotoxicity and neurodegeneration.

3.3. The extracellular fluid in areas of liquefactive necrosis is neurotoxic

To directly test the neurotoxicity of the extracellular milieu present in areas of liquefactive
necrosis, we isolated the extracellular fluid from 7-week-old stroke infarcts, and compared
its toxicity to the toxicity of the extracellular fluid isolated from the equivalent area of the
contralateral cortex. The extracellular fluid was isolated from each brain region using a
combination of gentle trituration and low speed centrifugation, and was verified to be cell
free by visualization with a hemocytometer under phase contrast microscopy. To control
for cell lysis caused by the isolation procedure, we quantified cell death using markers

of cell membrane integrity and enzymatic activity in the remaining pellet with a standard
LIVE/DEAD viability/cytotoxicity assay, and ascertained that our technique resulted in an
average of 7.7% cell death in the infarct samples, and an average of 8.6% cell death in the
control samples.

The toxicity of each extracellular fluid sample was then tested separately in both primary
cortical and hippocampal neurons after they were allowed to mature for 7 days in culture.
Bioluminescent measurement of cellular ATP, using a cell cytotoxicity bioassay, revealed
that within 4 h of treatment, the extracellular fluid isolated from the area of liquefactive
necrosis was significantly more toxic to cortical (Fig. 4A) and hippocampal neurons (Fig.
4B) compared to the same dilution (1:1, 1:4, and/or 1:9) of extracellular fluid isolated from
the contralateral cortex.

3.4. Glial scars are permeable barriers

It is unlikely that tight junctions connect glial scar astrocytes. This is because despite
decades of research into the localization of tight junctions within the CNS, glial scar
astrocytes have yet to be reported to connect to each other via this mechanism. If glial scar
astrocytes do not connect to each other with tight junctions, then glial scars are unlikely to
form an impermeable physical barrier to neurodegenerative factors present within chronic
stroke infarcts. Therefore, we next evaluated the ultrastructure of the glial scar to visualize
how the astrocytes that comprise the physical front line of glial scars are inter-connected.

Scanning EM revealed glial scars in mice to be primarily comprised of twisted bundles of
hypertrophied astrocytic processes, oriented parallel to the infarct, as previously described
(Fig. 5A) (Wanner et al., 2013). Scanning EM in conjunction with CD3 immunostaining also
revealed that glial scars contain T-lymphocytes (Fig. 5B). This supports a previous finding
by Wanner and colleagues who demonstrated that glial scars corral CD45+ inflammatory
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cells (Wanner et al., 2013). As expected, we found no evidence of tight junctions between
astrocytes in the location of glial scars by transmission EM (Fig. 5C). Scanning EM of
human stroke tissue demonstrated that the structure of the glial scar in humans is similar
to the structure of the glial scar in mice. The human glial scar is also comprised of twisted
bundles of hypertrophied processes oriented parallel to the infarct (Fig. 5D).

Having confirmed by transmission EM that glial scars are not tight junction barriers, we
proceeded to assess the extent to which they are permeable to molecules present within
areas of liquefactive necrosis. Previously, we demonstrated that within 7 weeks of stroke,
isotype switched plasma cells are present within the infarct, and antibodies accumulate in
the hippocampus adjacent to the infarct (Doyle et al., 2015). We provided evidence that
the antibodies that leak into the uninfarcted tissue are from plasma cells in the infarct by
showing that the ratio of the different antibody isotypes in the parenchyma matches the ratio
of the isotypes in the area of liquefactive necrosis, but is different from the ratio of the
isotypes in the plasma (Doyle et al., 2015). We also showed that the ratio of the isotypes
in the parenchyma changes between 1 week and 7 weeks following stroke, suggesting that
antibody leakage into uninfarcted brain regions from areas of liquefactive necrosis is a
continuous process (Doyle et al., 2015).

To corroborate these findings, we performed immunostaining for IgG on tissue harvested at
1 week and 7 weeks following DH stroke. As previously shown in Fig. 3C, B-lymphocytes
were restricted to the location of the infarct and were not present in the adjacent brain tissue.
However, IgG immunoreactivity appeared as a diffuse cloud around the area of liquefactive
necrosis at both time points (Fig. 6A). The radiation of IgG from the area of liquefactive
necrosis was also apparent in another strain, BALB/c mice, following DMCAQO without
hypoxia (Fig. 6B). These findings suggest that antibodies leak into the brain from areas of
liquefactive necrosis.

To quantify the extent of putative antibody leakage across the glial scar, we performed a
multiplex immunoassay on tissue harvested from C57BL/6 mice at 7 weeks following DH
stroke. Results revealed that the concentration of total 1gG was approximately 3-fold higher
in the area adjacent to the infarct at 7 weeks following stroke compared to the contralateral
hemisphere (Fig. 6C). The data also revealed that the concentration of 1gG in the infarct

was 4.5-fold higher than the concentration in the area adjacent to the infarct (Fig. 6C).

These findings suggest that while glial scars are permeable to antibodies, they are still robust
physical barriers to their diffusion.

Additionally, we performed an immunoassay to quantify the extent of putative albumin
leakage across the glial scar on tissue harvested at 7 weeks following DH stroke.
Quantitation showed that the concentration of albumin was significantly increased in the
area adjacent to the infarct at 7 weeks following stroke compared to the equivalent location
in the contralateral hemisphere (Fig. 6D).

To determine if leakage from blood vessels in the peri-infarct location could be the source
of the increased IgG and albumin present in the area adjacent to the infarct, we injected a
10 kDa Texas Red-labeled dextran into the circulation of C57BL/6 mice at 7 weeks post-DH
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stroke and evaluated the extent of leakage from peri-infarct blood vessels at 20 min, 6 h,

12 h, and 24 h following injection. Although we observed that a diffuse cloud of the Texas
Red-labeled dextran localized to peri-infarct vessels at the 6 hour, 12 hour, and 24 hour

time points (Fig. 6E), we were unable to ascertain whether this diffusion effect was due to
direct leakage from peri-infarct blood vessels, or alternatively was due to leakage from blood
vessels within the infarct, followed by secondary leakage across the glial scar.

Therefore, to directly test how effectively glial scars segregate areas of liquefactive necrosis
from adjacent brain tissue, mice were injected with a 10 kDa dextran into the area of
liquefactive necrosis at 7 weeks following stroke, and were then euthanized 6, 12, and

24 h later. Nissl staining was performed on serial sections to confirm that the injections,
which were performed through the original craniotomy, did not puncture the glial scar. Mice
were excluded if there was visual evidence that the injection needle had penetrated into the
parenchyma.

At each time point, the 10 kDa dextran was evident on the parenchymal side of the glial scar
(Fig. 7A), suggesting that glial scars are permeable barriers. However, the 10 kDa dextran
was concentrated at the location of the scar at the 6-hour and 12-hour time points (Fig.

7B). This observation provides further evidence that glial scars nevertheless perform a robust
physical barrier function. The 10 kDa dextran was also concentrated at the location of the
external capsule at the 12-hour time point suggesting that drainage through this less dense
region of white matter fiber tracts occurs (Fig. 7A). Quantitation of the dextran indicated
significant clearance of dextran from the parenchyma by 24 h post-injection (Fig. 7C).

To confirm that glial scar permeability is not stroke model specific, C57BL/6 mice also
underwent photothrombotic stroke followed by 7 weeks of recovery. The 10 kDa dextran
was injected into the infarct and mice were sacrificed 12 h later. Once more, the dextran was
apparent on the parenchymal side of the glial scar (Fig. 7D).

To validate that larger molecules such as albumin (67 kDa) are capable of crossing glial
scars, a separate group of mice were injected with a 70 kDa dextran into the area of
liquefactive necrosis. For this experiment, mice were injected at 12 weeks following stroke,
and then euthanized 24 h later. The 70 kDa dextran was detectable on the parenchymal side
of the glial scar, with increased penetration in areas where the glial scar was comprised of
fewer astrocytes (Fig. 7E).

3.5. Glial scars are endocytic barriers

Our transmission EM data suggested that glial scars may be endocytic barriers (Fig. 5C).
To explore this observation in depth, we performed immunostaining with an antibody for
scavenger receptor class D member 1 (CD68) to survey for endocytic vesicles within

the glial scar (Fig. 8A). CD68 is also a member of the lysosomal/endosomal-associated
membrane glycoprotein family (LAMP). CD68 immunostaining confirmed the presence of
abundant lysosomes/endosomes within glial scars (Fig. 8A). Confocal microscopy of the
glial scar from each mouse injected with the 10 kDa or 70 kDa dextrans also indicated

that glial scars are endocytic barriers (Fig. 8B). Quantification of the colocalization of the
10 kDa dextran with GFAP+ and Ibal+ cells within the glial scar, visualized by confocal
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microscopy, revealed that both of these cell types had endocytosed the dextran, albeit the
microglia/macrophages had endocytosed the dextran to a significantly greater extent than the
astrocytes at every time point (Fig. 8C). Furthermore, LAMP-1 immunostaining (Fig. 8D)
and quantitation (Fig. 8E) confirmed a significant increase in LAMP-1 expression within
both glial scar astrocytes and glial scar microglia/macrophages.

3.6. Material leaking across the glial scar is cleared by both the paravascular clearance and
microglial endocytosis

To elucidate the mechanism(s) of clearance of material leaking across the glial scar, we next
tracked the localization of the 10 kDa dextran within the parenchyma at 6, 12, and 24 h
following injection (Fig. 9A). At each time point, the dextran localized to the paravascular
space in between the lumen of blood vessels and the astrocytes that envelope them.

This particular localization of the dextran indicates that parenchymal diffusion coupled

to convective or dispersive flow in the paravascular spaces is a mechanism of clearance
(Fig. 9B) (lliff et al., 2013; Smith et al., 2017). A representative scanning EM image of an
astrocyte/blood vessel interface in the ipsilateral hemisphere at 7 weeks following stroke is
provided in Fig. 9C. At each time point, the dextran also localized to within parenchymal
microglia, indicating microglial endocytosis is a second mechanism of clearance (Fig. 9D).

3.7. Delayed neurodegeneration occurs in brain regions surrounding areas of liquefactive

necrosis

The preceding evidence indicates that factors associated with neurodegeneration leak into
the brain through permeable glial scars for months following stroke. Although there are
mechanisms of clearance, neurons in the parenchyma still come into contact with these
factors. Therefore, we investigated whether leakage across the glial scar correlates with
ongoing neurodegeneration in the weeks following DH stroke.

Brain sections from mice sacrificed at 72 h, 1 week, or 12 weeks post-stroke were stained
with Nissl, and the ratio of the volume of the ipsilateral/contralateral hemisphere was
calculated. The data revealed that there is significant atrophy of the ipsilateral hemisphere
between 1 week and 12 weeks following stroke (Fig. 10A & B). This finding is particularly
evident in the area of the ipsilateral cortex (motor/somatosensory cortex, layers I1-V1)
adjacent to the infarct, where substantial thinning occurs between these time points.

Nissl staining also revealed significant swelling of neuronal cell bodies in the ipsilateral
hippocampus compared to the contralateral hippocampus of stroked mice, or the
hippocampus of naive mice at 12 weeks post-stroke (Fig. 10C & D). This finding is
indicative of cytotoxic edema. The hippocampus is not infarcted by DH stroke (Doyle et al.,
2012; Doyle et al., 2015), therefore chronic edema in the hippocampus following DH stroke
may be a premorbid cellular response resulting from failure of the glial scar to sequester
neurotoxic factors present within the infarct (Liang et al., 2007).

To further assess for delayed neurodegeneration in the weeks following stroke, a ChAT
immunostain for cholinergic neurons was performed on tissue from mice sacrificed at 1
week and 7 weeks following stroke. Cholinergic neurons and their projections to cortical and
hippocampal targets are critical for attention and cognition, and are particularly vulnerable
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in aging, neurodegenerative disease, and dementia (Davies and Maloney, 1976; Whitehouse
et al., 1982). We found significant loss of ChAT+ neurons in the cortex adjacent to the
infarct between 1 week and 7 weeks (Fig. 10E & F), indicating a delayed loss of cholinergic
neurons in the motor/somatosensory cortex adjacent to the infarct. Neurodegeneration in
the weeks following DH stroke was further confirmed by NeuN immunostaining. We saw

a reduction of NeuN + staining in the peri-infarct cortex and external capsule, but not the
striatum or hippocampus, between 1 week and 8 weeks following stroke (Fig. 10G & H),
which was confirmed by quantitation (Fig. 10I).

Together, these data demonstrate that leakage of factors associated with neurodegeneration
into the brain through permeable glial scars correlates with degeneration of neurons in
adjacent brain regions in the weeks following stroke.

4. Discussion

Glial scars encircle damaged tissue after stroke and other injuries in the CNS, and are
essential for repair (Wanner et al., 2013). They can take longer than two weeks to fully
encapsulate infarcted tissue, and although they were long viewed as a barrier to regeneration,
recent evidence indicate that they actually help rather than inhibit axonal regeneration
(Anderson et al., 2016). The primary cellular constituents of glial scars are astrocytes and
microglia/macrophages, with the border zone that interfaces with the infarct comprised of a
frontline of elongated, hypertrophied astrocytes (Wanner et al., 2013).

The tissue enclosed by glial scars undergoes liquefactive necrosis (Robbins et al., 2010).
Much less is known about the liquefactive necrosis stage of infarction than the acute stage
of infarction, and infarcts are more typically referred to as chronic infarcts at this stage.
However, there is a spectrum of pathology at the chronic stage of infarction and the term
liquefactive necrosis allows differentiation between the stage when microglia/macrophages
and proteolytic enzymes predominate, and the stage of cystic encephalomalacia, when all
that is left is a CSF filled cavity surrounded by a glial scar border.

How long it takes for stroke infarcts to transition from the stage of liquefactive necrosis to

the stage of cystic encephalomalacia is unknown, and the fact that up to one-third of stroke
sufferers develop dementia raises the possibility that insufficient containment of the milieu
in areas of liquefactive necrosis may be a cause of neurodegeneration in areas surrounding
stroke infarcts (Kalaria et al., 2016). Although previous studies demonstrate that glial scars
are effective at corralling CD45+ inflammatory cells (Wanner et al., 2013), how effectively
they contain the extracellular fluid was undetermined.

Therefore, the first objective of this study was to further characterize the extracellular

fluid present within chronic stroke infarcts during the stage of liquefactive necrosis, and to
determine whether it is neurotoxic. The second objective was to determine how effectively
glial scars seal the area of liquefactive necrosis following stroke, and to identify the cellular
and molecular mechanisms involved. To accomplish these objectives, we used a mouse
model of stroke in conjunction with an extracellular fluid toxicity assay, fluorescence and
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electron microscopy, immunohistochemistry, tracer injections into the infarct, and multiplex
immunoassays.

There was a strong rationale for the hypothesis that the extracellular milieu within areas

of liquefactive necrosis is neurotoxic. Tissue around chronic stroke infarcts atrophies in the
weeks and months following stroke (Skriver and Olsen, 1986; Skriver et al., 1990), there is
BBB dysfunction in the infarct for months following stroke (Wardlaw et al., 2009; Topakian
et al., 2010; Yang and Rosenberg, 2011), and in the mouse model of stroke that we used,

in which the infarct is located adjacent to the hippocampus, the hippocampus develops a
delayed deficit in long-term potentiation in the weeks following stroke (Doyle et al., 2015).

To isolate the extracellular fluid from the area of liquefactive necrosis, we developed a novel
procedure designed to minimize cellular lysis and the release of DAMPs and endogenous
proteases. Nevertheless, our isolation procedure resulted in approximately 8% cell death
during the isolation in both the cells separated from the extracellular fluid in the area of
liquefactive necrosis, and the cells separated from the extracellular fluid in the control
cortex. While this demonstrates that the isolation procedure was similarly damaging to both
types of tissue, each region consists of different cell populations. Therefore, the actual
amount of DAMPs and proteases released by the extraction of the extracellular fluid from
each region is likely to be discordant. With this limitation as a caveat, the extracellular

fluid isolated from the area of liquefactive necrosis was substantially more toxic to neurons
than the control extracellular fluid isolated from an equivalent area of the contralateral
hemisphere using the same procedure.

The validity of our finding that the extracellular fluid present in the area of liquefactive
necrosis is neurotoxic is bolstered by two probable explanations. First, we found that
neovasculogenesis in the infarct results in a leaky population of microvessels in this location.
This finding replicates results from other stroke models, where it has been proposed that
neovascularization following stroke facilitates the transportation of peripheral immune

cells to the area of damage to participate in the breakdown and removal of dead tissue
(Manoonkitiwongsa et al., 2001; Yu et al., 2007). Although it has been proposed that this
population of vessels is transient, the data we present here, as well as published data (Yu et
al., 2007), demonstrate that their resorption following CNS injury is very gradual.

The presence of leaky blood vessels in the area of liquefactive necrosis signifies that the
extracellular fluid in this location contains plasma. The dysregulated entry of plasma solutes
into the brain is neurotoxic. For example, leakage of albumin into the brain is associated
with epileptogenesis (Ivens et al., 2007; Weissberg et al., 2015). This finding is relevant to
glial scar function because for a chronic undefined time period following CNS injury, blood
vessels in areas of liquefactive necrosis leak plasma proteins, which then have a route into
the brain through permeable glial scars. In support of the likelihood that this phenomenon
happens in the weeks following stroke, we demonstrated here that (i) albumin leaks into
areas of liquefactive necrosis for at least 7 weeks following stroke, (ii) a 70 kDa tracer with a
similar molecular weight to albumin can leak across the glial scar, and (iii) the concentration
of albumin in brain tissue adjacent to an area of liquefactive necrosis is higher than the
concentration of albumin in an equivalent area in the contralateral hemisphere.
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The presence of leaky blood vessels within chronic infarcts and permeable glial scars
surrounding chronic infarcts has important implications for drug delivery following stroke.
It suggests that drugs or compounds that target the prolonged inflammatory response within
the infarct, as well as the vulnerable neurons that surround the infarct, can be delivered by
systemic injection for months following stroke. Furthermore, because our data indicate that
blood vessels in areas of liquefactive necrosis may be leaky due to high levels of MMP
expression, these MMPs could be exploited for MMP activated drug targeting (Vartak and
Gemeinhart, 2007). Additional experiments are required to determine the pharmacokinetics
of drug penetration into areas of liquefactive necrosis, drug diffusion across glial scars, and
to determine if the presence of MMPs can be exploited to help drug delivery to this location.

The second probable explanation for why the extracellular fluid in areas of liquefactive
necrosis is more toxic to neurons than extracellular fluid isolated from control brain tissue,
is that we show that this fluid contains MMPs, antibodies, and multiple cytokines and
chemokines associated with neurotoxicity. A summary of their putative mode of toxicity

is provided in Table 1. Most of these proteins, with the exception of antibodies, are

between 10 and 70 kDa in size, which are the sizes of the fluorescent (dextran) tracers

used in our experiments to evaluate glial scar permeability. It remains to be determined how
the composition and toxicity of the extracellular fluid in the area of liquefactive necrosis
changes over time, and how it is impacted by genetics and different stroke comorbidities.

With regard to glial scar permeability, we have shown that despite glial scars being

both robust physical and endocytic barriers, they do not form a perfect seal. They are
permeable to a 10 and 70 kDa tracer injected into the area of liquefactive necrosis for

at least 12 weeks following stroke. With regard to the fate of molecules, such as these
tracers, which leak across the glial scar, our data show that they are both endocytosed

by microglia/macrophages in the adjacent tissue, as well as removed by a paravascular
clearance mechanism. Importantly, even with these removal mechanisms, neurons in areas
adjacent to sites of liquefactive necrosis are under a continuous mild assault for months
following stroke. We propose that this is one cause of delayed neurodegeneration and brain
atrophy following stroke.

It is of course unlikely that this is the only cause of delayed neurodegeneration following
stroke. Physical disruption caused by the stroke disconnects many neurons and may cause
transneuronal degeneration (Fornito et al., 2015). Physical disruption may also reduce

the effectiveness of the paravascular space to remove metabolic waste products and

other potentially neurotoxic interstitial solutes from the interstitial fluid in the ipsilateral
hemisphere (Wang et al., 2017). These mechanisms almost certainly also contribute to
delayed neurodegeneration following stroke.

The containment of the area of liquefactive necrosis is potentially improvable by therapeutic
intervention. Following spinal cord injury, signaling by IL-6 and phosphorylated (p) STAT3
in reactive astrocytes is required for proper establishment of the glial scar (Okada et al.,
2004; Wanner et al., 2013). Conversely, SOCS3 signaling interferes with the establishment
of the glial scar (Okada et al., 2006; Hackett et al., 2016). It is likely that the pSTAT3/
SOCS3 pathway also modulates formation of the glial scar in the brain following stroke.
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Indeed, in support of this possibility, multiple research groups have reported a coordinated
and long-lasting upregulation of gp130 mRNA and STATS3 activation in reactive astrocytes
following cerebral ischemia (Suzuki et al., 2001; Choi et al., 2003; Raible et al., 2014).
Therefore, targeting pSTAT3/SOCS3 signaling in the brain following stroke could be a
method of accelerating and enhancing formation of the glial scar, and consequently creating
a more robust barrier to sequester areas of liquefactive necrosis from uninfarcted tissue.
Evidence that enhancing this containment may improve recovery comes from converse
studies using mice in which proliferating astrocytes have been conditionally ablated. These
mice have impaired recovery following CNS injury (Myer et al., 2006).

This study has several potential limitations. For example, we have not determined if the
containment function of the glial scar is impacted by age. Whether age has an impact is
significant because the average age of stroke sufferers is 68 years (Kissela et al., 2012).
Future studies are needed to address whether older animals build a more robust glial scar,

or if alternatively, glial scar formation is less coordinated and allows increased leakage of
neurotoxic factors from the infarct into the surviving brain tissue. There is evidence for

both possibilities. Although expression of the reactive astrocyte marker GFAP increases with
aging (Nichols et al., 1993; Lee et al., 2000), as does reactive astrogliosis after injury (Badan
et al., 2003), recovery from stroke is poorer in older animals (Badan et al., 2003).

Another possible limitation is that we have yet to interrogate the barrier function of each

of the different extracellular matrix molecules present within glial scars. For example,
astrocytes can produce four different types of proteoglycan: heparan sulphate proteoglycan,
dermatan sulphate proteoglycan, keratan sulphate proteoglycan, and chondroitin sulphate
proteoglycan (Silver and Miller, 2004), each of which may play a different role in
sequestering the area of liquefactive necrosis from the rest of the brain during recovery from
stroke. More research is needed to delineate the role of each component of the extracellular
matrix in the containment function of glial scars.

In summary, these findings demonstrate that glial scars are not perfect repairs, and the
incomplete sealing of sites of liquefactive necrosis allows entry of neurotoxic factors
present in stroke infarcts into the surrounding parenchyma for months following stroke.

To our knowledge this significant defect has not been previously explicitly recognized

or investigated, and we propose that it has substantial implications for the delayed
neurodegeneration and brain dysfunction seen months to years after stroke, as well as after
other types of CNS injury.
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Fig. 1.

Poi‘t-stroke angiogenesis results in a population of leaky microvessels. (A) Hematoxylin
and eosin (H&E) staining demonstrates that a new network of blood vessels (arrowheads)
forms within the infarct during the first week following DH stroke. Scale bar, 100 um.

(B) Anti-CD31 immunostaining demonstrates that the new blood vessels persist within the
infarct for at least 7 weeks following stroke. Scale bar, 250 pm. (C) Quantitation of the
blood vessel density within the infarct (left graph), as well as in the equivalent area of the
somatosensory cortex of the contralateral hemisphere (right graph). Data represent mean +
SEM from n = 4 mice per experimental group. *p < .05, **p < .01, and ****p < .0001

by one-way ANOVA followed by post hoc Tukey’s testing. (D) Measurement of Evans
Blue extravasation at 24 h, 1 week, and 7 weeks after stroke or sham surgery demonstrates
that the blood vessels within the infarct are chronically leaky. Photographic insets show
representative images of Evans Blue extravasation. Data represent mean = SEM fromn =5
mice per experimental group. *p < .05 by Student’s #test.
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Blood vessels within chronic infarcts lack astrocyte support, NG2+ pericytes, and tight
junctions. (A) Anti-GFAP immunostaining demonstrates that chronic infarcts are largely
devoid of astrocytes. A representative stitched image (from 8 mice) of a brain section

(left image) and magnified inset (right image) of GFAP+ immunolabeled astrocytes at 7
weeks post-DH stroke. Scale bar, 100 um. (B) Anti-NG2 immunostaining demonstrates
that chronic infarcts and the glial scar are also devoid of NG2+ pericytes and NG2+
polydendrocytes. Scale bar, 200 pm. The inset is an image of a polydendrocyte taken from
the adjacent hippocampus as an antibody positive control. Scale bar, 25 pm. (C) There is a
significant increase in expression of MMP2, MMP3, and MMP8 in the area of liquefactive
necrosis 7 weeks following stroke compared to the equivalent area in the cortex from
sham mice (n = 4 per experimental group). Data represent mean + SEM. MMPs that are
significantly different between stroke and sham mice are denoted in the graphs by asterisks.
*p <.05 by multiple #tests. (D) Representative images (from 6 mice) demonstrate that
there is also increased MMP9 immunoreactivity (arrowheads) in chronic infarcts 7 weeks
following stroke (representative of 5 mice). The black dotted line in the left image indicates
the location of the glial scar separating the infarct from the surviving tissue. Scale bar, 100
um for left image; scale bar, 25 pm for right image. (E) There is also a lack of claudin-5
immunofluorescence, a component of tight junctions, within areas of liquefactive necrosis
7 weeks following stroke. A representative image (from 4 mice) is provided showing tight
junction protein claudin-5 (green, arrowheads), astrocytes (GFAP, magenta), and nucleic
acid marker DAPI (blue) at 7 weeks post-stroke. Scale bar, 100 pm.
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Infarcts are sites of chronic inflammation. (A) A representative image (from 5 mice)
showing the lysosomal marker LAMP-1 (red), microglia/macrophages (Ibal, green),
astrocytes (GFAP, magenta), and the nucleic marker DAPI (blue) reveals substantial
LAMP-1 and Ibal immunoreactivity in a chronic infarct at 7 weeks following DH stroke.
(B) A representative image (from 5 mice) revealing abundant CD3+ T-lymphocytes within
a chronic infarct at 7 weeks following stroke. (C) A representative image (from 5 mice)
revealing abundant B220+ B-lymphocytes within a chronic infarct at 7 weeks following
stroke. Scale bar, 100 pm for A—C. (D) Multiplex immunoassays demonstrate that multiple
cytokines and chemokines associated with neurotoxicity are present within chronic infarcts
(n =7 mice per stroke group; n = 3 mice per sham group), and are significantly elevated
(18 cytokines and chemokines out of 23) in stroke mice compared to sham mice. Data are
expressed as a fold-change relative to age matched Sham control values. Data represent
mean £ SEM. *p < .05 by Student’s #test.
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Fig. 4.

Extracellular fluid isolated from the area of liquefactive necrosis is neurotoxic. After
allowing primary cortical (A) and hippocampal (B) neurons to mature for 7 days in culture,
they were treated with 4 mg/ml extracellular fluid (EF) isolated from either chronic stroke
infarcts or the equivalent area on the contralateral hemisphere at indicated dilutions. After 4
h of treatment, neuron survival was determined by the bioluminescent detection of cellular
ATP as a measure of viability. Cultures were also treated with 500 pM (for dilution 1:1)
monosodium glutamate (MSG) as a positive control. The graph in A shows the combined
data from 3 independent experiments (with 3 separate EF sample sets) for dilution 1:4, while
the graph in B shows data from 1 experiment for dilutions 1:1 and 1:9, and the combined
data from 3 independent experiments (with 3 separate EF sample sets) for dilution 1:4. Data
represent mean = SEM. *p < .05, **p < .01, ***p <.001, and ****p < .0001 by one-way
ANOVA followed by post hoc Tukey’s testing.
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Fig. 5.
The ultrastructure of the glial scar. (A) Scanning EM reveals the ultrastructure of the glial

scar at 7 weeks following DH stroke. The glial scar is primarily comprised of hypertrophied
astrocytic processes oriented parallel to the area of liquefactive necrosis (representative of

3 mice). Scale bar, 50 um. Right panel: Higher magnification pseudo-colored version of

the same field showing probable lymphocytes (orange) corralled by the glial scar (pink).
Scale bar, 25 pm. (B) Anti-CD3 immunostaining suggests that these are T-lymphocytes
(representative of 8 mice). Scale bar, 100 um. (C) Transmission EM reveals that the glial
scar is devoid of tight junctions at 7 weeks following stroke (representative of 4 mice).

For this analysis, the infarct was identified by the presence of foamy macrophages, the peri-
infarct location was identified by the presence of myelinated axons, and the glial scar was
identified as the area between these two locations. Scale bar, 10 um. (D) The ultrastructure
of the human glial scar. Top: original scanning EM image. Bottom: pseudo-colored scanning
EM image showing the glial scar in pink, the infarct in yellow, and uninfarcted tissue in
blue. Scale bar, 150 pm.
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E\?idence that antibodies and albumin leak across the glial scar and into the brain. (A &

B) Representative (from 6 to 8 mice) stitched images of brain sections from (A) C57BL/6
and (B) BALB/c mice immunostained with an IgG antibody to demonstrate that a cloud of
antibodies radiates out from the stroke infarct at both 1 week and 7 weeks following DH
stroke. (C) 1gG concentration by multiplex immunoassay is significantly increased in the
ipsilateral hemisphere adjacent to the infarct (peri-infarct) compared to the equivalent area
of the contralateral hemisphere at 7 weeks following stroke (n = 20 mice per experimental
group). Data represent mean £ SEM. *p < .05, ****p < .0001 by one-way ANOVA followed
by post hoc Tukey’s testing. (D) Albumin concentration is increased in the area adjacent

to the infarct (peri-infarct) compared to an equivalent area of the contralateral hemisphere

(n =20 mice per experimental group). Data represent mean £ SEM. **p < .01 by paired
ttest. (E) A representative image showing that a 10 kDa Texas Red-labeled dextran injected
intraperitoneally into the circulation after 7 weeks post-stroke is found around peri-infarct
blood vessels at 6 h following injection. However, it is difficult to discriminate if it has
leaked from peri-infarct blood vessels, or from infarct blood vessels and then diffused across
the glial scar. Scale bar, 100 pm.
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Fig. 7.

Gﬁal scars do not prevent 10 kDa or 70 kDa tracers injected into the area of liquefactive
necrosis from leaking into the brain. (A) Representative (from 3 mice per experimental
group) fluorescent images of DAPI (blue) stained brain sections from mice injected with
a 10 kDa FITC labeled dextran (green) into the area of liquefactive necrosis at 7 weeks
following DH stroke. These images reveal a cloud of dextran emanating from the infarct
at 6 h (left image) and 12 h (middle image) post-injection, with substantial clearance

by 24 h (right image) post-injection. (B) Representative (from 3 mice per experimental
group) higher magnification fluorescent images of GFAP (magenta) immunostained brain
sections from mice injected with a 10 kDa FITC labeled dextran (green) into the area

of liquefactive necrosis at 7 weeks following stroke, and sacrificed at 6 h (left image),
12 h (middle image), and 24 h (right image) post-injection. Scale bar, 100 um. (C)
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Quantitation of significant dextran leakage and clearance in the parenchyma (n = 3 mice per
experimental group). Data are expressed as a percentage occupied by dextran fluorescence.
Data represent mean £ SEM. **p < .01 by two-way ANOVA followed by post hoc Sidak’s
testing. (D) Representative fluorescent images of DAPI (blue) and GFAP (magenta) stained
brain sections from mice sacrificed 7 weeks following photothrombotic stroke and 12 h
post-injection with a 10 kDa FITC labeled dextran (green) into the area of liquefactive
necrosis. Bottom image is a higher magnification field from the top image. Scale bars; 1000
um (top) 250 um (bottom). (E) Glial scars are permeable to a 70 kDa dextran. Mice were
injected into the area of liquefactive necrosis with a 70 kDa FITC labeled dextran (green) at
12 weeks following DH stroke, and euthanized 24 h later. Astrocytes are labeled with GFAP
(magenta). Comparison of FITC fluorescence in conjunction with GFAP immunostaining
between the ipsilateral and contralateral hemispheres demonstrates that the glial scar is also
permeable to molecules 70 kDa in size (representative of 3 mice). Scale bar, 200 um.
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Gﬁal scars are endocytic barriers. (A) A representative (from 8 mice) image showing the
presence of CD68+ cells within the glial scar at 7 weeks following stroke. Scale bar, 200
pum. (B) Anti-GFAP immunostaining (magenta) of the glial scar at 24 h following injection
with the 10 kDa FITC labeled dextran (green) suggests that glial scars are endocytic
barriers (a representative image from 3 mice). Scale bar, 200 pm. (C) Quantitation of the
colocalization of the 10 kDa FITC labeled dextran with GFAP+ and Ibal+ cells within the
glial scar (n = 3 mice per experimental group). Data are expressed as a percentage occupied
by dextran + cells. Data represent mean = SEM. *p < .05 and **p < .01 by two-way ANOVA
followed by Sidak’s post hoc testing. (D) A representative image showing the lysosomal
marker LAMP-1 (red), astrocytes (GFAP, white), microglia/macrophages (Ibal, green), and
nuclei marker DAPI (blue) at 7 weeks post-stroke. Scale bar, 50 um. (E) Quantitation of
LAMP-1 demonstrates a significant increase in LAMP-1 expression within the glial scar
compared to the adjacent area to the infarct. Data are expressed as a percentage occupied by
LAMP-1 staining. Data represent mean £ SEM. ***p < .001 by Student’s #test.
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M?)Iecules leaking across glial scars are cleared by both microglial endocytosis and
paravascular clearance. (A) Representative (from 3 mice per experimental group) low
magnification images showing localization of the 10 kDa FITC labeled (green) dextran
within the parenchyma at 6 h (left image), 12 h (middle image) and 24 h (right image)
following injection after DH stroke. GFAP+ astrocytes are shown in magenta, and the
nuclei marker DAPI is seen in blue. Scale bar, 200 um. (B) A representative (from 9 mice)
image showing that the dextran (green) localizes to the paravascular space (arrowhead, right
image). GFAP+ astrocytes are shown in magenta. Scale bar, 20 pm. (C) Scanning EM
reveals astrocyte complexity, as well as the ultrastructure of an astrocyte surrounding a blood
vessel in the parenchyma adjacent to the glial scar (arrowhead) Scale bar, 20 pm. (D) A
representative image (from 9 mice) showing that the dextran (green) colocalizes within the
parenchyma (arrowhead, right most image) with Ibal+ microglia/macrophages (magenta).
Scale bar, 50 um.
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Fig. 10.

Delayed neurodegeneration occurs in regions adjacent to the area of liquefactive necrosis.
(A) A representative image of a brain section stained by Nissl at 12 weeks following

DH stroke. An area of ipsilateral cortical atrophy is highlighted with double sided arrows
in comparison to the contralateral hemisphere. (B) Quantitation of the ipsilateral and
contralateral hemispheres demonstrates that atrophy in the form of shrinkage of the
ipsilateral hemisphere is significant between 1 week and 12 weeks post-stroke (n = 3-7
mice per experimental group). Data are expressed as the ratio of the ipsilateral versus
contralateral hemisphere. Data represent mean + SEM. Sham mice were sacrificed at 12
weeks following sham surgery. *p < .05 by one-way ANOVA, followed by post hoc Sidak’s
testing. (C) Representative Nissl images showing cytotoxic edema in CA3 pyramidal cells
adjacent to the glial scar in mice at 12 weeks post-stroke compared to CA3 pyramidal cells
in the contralateral hemisphere and in naive mice. Scale bar, 25 um. (D) Measurements

of hippocampal regions CA1-3 in Nissl stained brain tissue reveal significant enlargement
of the ipsilateral side of the hippocampus (n = 3—-7 mice per experimental group). Data

is expressed as the area of each hippocampal region. Data represent mean = SEM. *p <

.05 by one-way ANOVA, followed by post hoc Tukey’s testing. (E) Representative images
of ChAT+ labeled cholinergic neurons (arrowheads) in the ipsilateral cortex from stroke
(left and middle images) and sham (right image) mice at 1 week and 7 weeks post-stroke.
Scale bar, 200 um. (F) There is significant loss of ChAT+ neurons in the ipsilateral cortex
between 1 week and 7 weeks following stroke (n = 3—7 mice per experimental group). Data
are expressed as relative number of ChAT+ neurons or the ratio of ChAT+ neurons in the
ipsilateral versus contralateral motor-somatosensory cortex. Data represent mean + SEM.
*p < .05 by Student’s ttest. (G) Representative images of brain sections immunostained
with anti-NeuN at 1 week and 8 weeks following DH stroke. (H) Representative images
showing the loss of NeuN immunoreactivity in the peri-infarct cortex and external capsule
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in naive C57BL/6 mice and mice at 1 week and 8 weeks post-stroke. Scale bar, 1200 um. (I)
Quantitation of NeuN immunoreactivity in the peri-infarct cortex, external capsule, striatum,
and hippocampus in the weeks following DH stroke. Data represent mean + SEM. *p < .05,
**p < .01, ***p <.001, and ****p < .0001 by one-way ANOVA, followed by post hoc
Tukey'’s testing.
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Factors associated with neurotoxicity and neurodegeneration present in areas of liquefactive necrosis.

Factor s present

in areas

of liquefactive
necrosis associated
with neurotoxicity

Approx.
molecular
weight (kDa)

Putative mode of neurotoxicity

Selected references

MMP2, MMP3,
MMP8, MMP9

Albumin

Antibodies

IL-1a, IL-1B

IP-10

IL-17

IL-13

IFNy

TNFa

Eotaxin

MCP-1

72 (MMP2), 54
(MMP3), 65
(MMP8), 92
(MMP9)

67

150-900

31

10

21

10

18

17

13

Apoptosis induction, blood brain barrier disruption, and
demyelination.

Excitatory synaptogenesis through astrocytic TGF-p signaling
leading to epileptogenesis.

Antibody-dependent cell-mediated cytotoxicity (ADCC),
stimulation of complement, inhibition of signal transduction, and
direct induction of apoptosis.

IL-1 type 1 receptor activation in astrocytes leads to the
production of free radicals and the induction of caspase
dependent neuronal death.

Treatment of neuronal cultures with exogenous IP-10 produces
elevations in intracellular calcium, leading to mitochondrial
membrane permeabilization, cytochrome C release, and
apoptosis.

IL-17 can induce cell apoptosis in the CNS in an Actl and
FADD dependent pathway.

IL-13 has been shown to trigger microglial NADPH oxidase-
derived oxidative stress, leading to the degeneration of
hippocampal neurons in vivo.

IFNvy receptor can form a neuron-specific, calcium-permeable
receptor complex with the AMPA receptor subunit GIuR1.
Through this receptor complex IFN-y increases calcium influx,
decreases ATP production, and leads to neuronal dysfunction.

TNFa can induce excitotoxicity by triggering glutamate release
from activated microglia.

Eotaxin can enhance excitotoxic neuronal death by inducing
microglial production of reactive oxygen species.

MCP-1 is an activator of microglial mediated neuronal death.

(Fujimoto et al., 2008; Mroczko
etal., 2013)

(Ivens et al., 2007; Weissberg et
al., 2015)

(Ankeny and Popovich, 2010;
Doyle and Buckwalter, 2016)

(Thornton et al., 2006)

(Sui et al., 2006)

(Tzartos et al., 2008; Shichita
et al., 2009; Kang et al., 2012;
Kang et al., 2013; Waisman et
al., 2015)

(Park et al., 2009)

(Mizuno et al., 2008)

(Gelbard et al., 1993; Takeuchi
et al., 2006)

(Parajuli et al., 2015)

(Yang et al., 2011)
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