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Abstract

Stroke is ranked as the fifth leading cause of death and the leading cause of adult disability in the USA. The progression of
neuronal damage after stroke is recognized to be a complex integration of glia, neurons, and the surrounding extracellular
matrix, therefore potential treatments must target the detrimental effects created by these interactions. In this study, we
examined the spatial cellular and neuroinflammatory mechanisms occurring early after ischemic stroke utilizing Nanostring
Digital Spatial Profiling (DSP) technology. Male C57bl/6 mice were subjected to photothrombotic middle cerebral artery
occlusion (MCAO) and sacrificed at 3 days post-ischemia. Spatial distinction of the ipsilateral hemisphere was studied accord-
ing to the regions of interest: the ischemic core, peri-infarct tissues, and peri-infarct normal tissue (PiNT) in comparison to
the contralateral hemisphere. We demonstrated that the ipsilateral hemisphere initiates distinct spatial regulatory proteomic
profiles with DSP technology that can be identified consistently with the immunohistochemical markers, FIB, GFAP, and
Iba-1. The core border profile demonstrated an induction of neuronal death, apoptosis, autophagy, immunoreactivity, and
early degenerative proteins. Most notably, the core border resulted in a decrease of the neuronal proteins Map2 and NeuN; an
increase in the autophagy proteins BAG3 and CTSD; an increase in the microglial and peripheral immune invasion proteins
Ibal, CD45, CD11b, and CD39; and an increase in the neurodegenerative proteins BACE1, APP, amyloid  1-42, ApoE,
and hyperphosphorylated tau protein S-199. The peri-infarct region demonstrated increased astrocytic, immunoreactiv-
ity, apoptotic, and neurodegenerative proteomic profiles, with an increase in BAG3, GFAP, and hyperphosphorylated tau
protein S-199. The PiNT region displayed minimal changes compared to the contralateral cortex with only an increase in
GFAP. In this study, we showed that mechanisms known to be associated with stroke, such as apoptosis and inflammation,
occur in distinct spatial domains of the injured brain following ischemia. We also demonstrated the dysregulation of specific
autophagic pathways that may lead to neurodegeneration in peri-infarct brain tissues. Taken together, these data suggest that
identifying post-ischemic mechanisms occurring in a spatiotemporal manner may lead to more precise targets for successful
therapeutic interventions to treat stroke.
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Introduction

54 Byron D. Ford Ischemic stroke is the leading cause of serious long-term

byron.ford @medsch.ucr.edu disability and the 5th leading cause of death in the USA [1].
1 Ischemic stroke represents approximately 80% of strokes and
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Riverside, CA 92521, USA brain [1]. Currently, only tissue plasminogen activator (tPA)

is approved for treatment of stroke, but has a limited time
window for therapeutic use and is only administered to 3-5%
of patients [2, 3]. However, tPA treatment does not play a
neuroprotective role, and is not ideal for prevention of sec-
ondary, long-term neurodegenerative damage. Additionally,
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as stroke progression is recognized to be a complex inte-
gration of glia, neurons, and the surrounding extracellular
matrix, treatments should aim to directly target the detri-
mental effects created by these interactions [4-6]. There-
fore, there is a strong need to understand the cellular and
molecular mechanisms occurring early after ischemic stroke
in a spatial manner in order to develop effective ischemic
stroke treatments.

Ischemic stroke begins with loss of glucose and oxygen
that triggers necrotic neuronal death (infarct), release of oxy-
gen radicals, microvascular injury, and blood—brain barrier
disruption in the ischemic core [5]. This then leads to sec-
ondary apoptotic, excitatory neuronal death in the surround-
ing ischemic penumbra with increases in neuroinflamma-
tion that can be prolonged for days after injury [7, 8]. After
ischemic damage is complete, the remaining, bordering
region of reversibly damaged cells in an area of decreased
neuronal density is defined as the peri-infarct tissue [9]. The
peri-infarct region exhibits a complex, dynamic interaction
between immune and neuronal cells in both rodents and
humans that critically determines late neuroprotection and
repair processes after ischemia [10, 11]. Neuroinflammation
after ischemia involves activation of microglia, astrocytes,
and infiltration of peripheral leukocytes [12—-15]. Resident
microglia demonstrate reactivity with a change in morphol-
ogy and infiltration into the core [15-17]. Astrocytes prolif-
erate and increase expression of inflammatory factors such
as glial fibrillary acidic protein (GFAP) which can later lead
to astroglial scar formation along the infarct border [14, 16,
17]. These interactions become even more complex with
the understanding that peri-infarct regions in relationship to
the core lesion demonstrate distinct mechanisms in a spatial
manner. The core region demonstrates progressive cavita-
tion, while the peri-infarct tissue becomes increasingly plas-
tic. Thus, understanding the complexities of these interacting
systems as they develop after ischemia in a spatial manner
is key to further elucidating the underlying mechanisms for
future preventions and treatments.

Gene and protein profile expressions have often been ana-
lyzed after ischemic stroke to elucidate the molecular mech-
anisms during various timepoints [18—-26], but have been
limited by technological challenges. Technology limitations
have included the requirement that tissue be analyzed in
whole sections, such as the entire ipsilateral and contralat-
eral hemispheres. Some studies have carefully extracted
cortices and subcortices from each hemisphere with more
specific profile success. However, the spatial profile specific
to the early repair mechanisms occurring in these distinct
regions post-ischemia: the ischemic core, peri-infarct, and
peri-infarct normal tissue (PiNT) have not yet been clearly
elucidated in much detail. In this study, we examined the
spatial regulation of protein profiles initiated at 3 days post-
ischemia in order to visualize the critical time point where

endogenous early neuroprotection effects taper off and neu-
ral repair begins to initiate [4]. By utilizing immunohisto-
chemistry and Nanostring GeoMx Digital Spatial Profiling
(DSP), we analyzed panels of proteins in regions of interest
including the ischemic core border, peri-infarct, and PiNT at
3 days post-ischemia compared to regions in the contralat-
eral cortex. NanoString’s GeoMx DSP technology generates
profiling data for validated protein analytes using high-plex
spatial profiling to rapidly and quantitatively assess the bio-
logical implications of the heterogeneity within the tissue
samples [27, 28]

We demonstrated that the ipsilateral hemisphere par-
ticularly initiated distinct proteomic regulatory profiles in
a spatial manner that can be co-localized consistently with
the cellular markers, fluoro Jade B (FIB), GFAP, and Iba-
1. Additionally, the core border region presented a unique
proteomic profile that represents cellular death, immuno-
reactivity, and early degeneration. Most notably, the core
border resulted in a decrease of the neuronal proteins Map2
and NeuN; an increase in the autophagic proteins BAG3 and
CTSD; an increase in the microglial and peripheral immune
invasion proteins Ibal, CD45, CD11b, and CD39; and an
increase in the neurodegenerative proteins BACE1, APP,
amyloid f 1-42, ApoE, and hyperphosphorylated tau pro-
tein S-199. The peri-infarct region demonstrated increased
astrocytic immunoreactivity, apoptotic, and neurodegenera-
tive proteomic profile, with an increase in the autophagic
protein BAG3, GFAP, and hyperphosphorylated tau protein
S-199. The PiNT region displayed minimal changes com-
pared to the contralateral cortex with only an increase in
GFAP. These findings may aid in identifying novel thera-
peutic strategies for the treatment of stroke.

Materials and Methods
Animals

All animals used in these studies were treated humanely
and with regard for alleviation of suffering and pain, and all
protocols involving animals were approved by the IACUC
of University of California-Riverside prior to the initiation
of experimentation (protocol # AUP 20,190,021). Male and
female C57BL6 mice (8—10 weeks old) were purchased from
Jackson Laboratories (Cat# #000,664, Bar Harbor, Maine)
and housed with a 12-h daily light/dark cycle. Food and
water were provided ad libitum. All surgical procedures
were performed by sterile/aseptic techniques in accordance
with institutional guidelines.
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Photothrombotic Middle Cerebral Occlusion

Animals were randomized and subjected to left photo-
thrombotic MCA occlusion (MCAO) or sham operation as
described below. Mice were anesthetized with 2% isoflu-
rane and circulating air (N,0:0, at approximately 2:1) and
maintained anesthetized during the procedure via a modified
gas tubing nose connection on a stereotaxic instrument. Eye
lubricant was applied to protect the eyes and body tempera-
ture was maintained via a heating pad placed underneath
the mice during surgery at 37 °C. MCAO was performed
in an adapted accordance to Zhong et al. [29]. Rose Ben-
gal (10 mg/mL; Cat#330,000, Sigma, Burlington, MA) was
injected intraperitoneally (i.p.) at 10 mL/g and allowed to
incubate for 8 min. The animal was stabilized in the stere-
otaxic instrument and the scalp hair was removed. The scalp
was disinfected with iodine and ethanol, and then followed
by a midline skin incision to expose the skull above the left
sensorimotor cortex. A 2-mm diameter focal green laser
(520 nm; Cat# LP520-MF100 ThorLabs Inc, Newton, NJ)
was directed at 2-mm lateral left and 0.6-mm posterior of
bregma. Laser irradiation occurred for 20 min at 10 mW.
After irradiation, the midline incision was sealed with Vet-
bond glue (Cat#NC0398332, Fisher Scientific, Hampton,
NH) followed by triple antibiotic ointment. Mice were then
placed into a 37 °C incubation chamber for 20-30 min to
recover. Sham control animals included (1) Rose Bengal
injection without laser irradiation and (2) laser irradia-
tion without Rose Bengal injection. Mice were sacrificed
at 3 days post-ischemia (dpi). Mice were euthanized by
primary method of transcardial perfusion and second-
ary method of decapitation according to TACUC protocol
#20,190,021.

Histology and Immunohistochemistry

After MCAO, mice were deeply anesthetized with 2% iso-
flurane and perfused transcardially with saline followed by
cold 4% paraformaldehyde (PFA) solution (Cat#HT501128,
Sigma, Burlington, MA) (n=4). Brains were quickly
removed and maintained in 4% PFA for 24 h. Brains in prep-
aration for histological and immunohistochemical analysis
were quickly removed after transcardial perfusion and main-
tained in 4% PFA for 24 h before being cryoprotected in 30%
sucrose/PBS (Sucrose: Cat#C12H22011, Fisher Scientific,
Hampton, NH; PBS: Cat#SH30258.02, HyClone, Logan,
UT). The brains were then flash frozen and stored at — 80 °C
until sectioning. Coronal sections of 12—15 pm thickness
were cryosectioned and mounted on slides which were then
stored at — 80 °C until further processed. Adjacent sections
were used for correlating stains at each stereotaxic location.
Brains from sham animals we used as controls (n=2).

@ Springer

Cresyl violet (Cat#C5042, Millipore, Billerica, MA)
stain was first reconstituted from powder with distilled
water, allowed to stir overnight, and then 0.3% glacial
acetic acid (Cat#A38SI-212, Fisher Scientific, Hamp-
ton, NH) was added and mixed thoroughly. Sections
were stained with cresyl violet on slides beginning with
rehydrating steps of 15 min incubation with 95% etha-
nol (Cat#EX0276-4, Millipore, Billerica, MA), 1 min
with 70% ethanol, 1 min with 50% ethanol, 2 min with
distilled water, and 1 min with distilled water. Sections
were then stained with cresyl violet warmed to 37.5 °C
for 3 min followed by distilled water for 1 min. Sections
were then dehydrated with 1 min of 50% ethanol, 2 min
of 70% ethanol with 1% glacial acetic acid, 2 min of 95%
ethanol, and 1 min of 100% ethanol. After allowing the
ethanol to dry off the sections, they were incubated with
warmed cresyl violet again for 2 min followed by distilled
water for 2 min. Sections were cleared with a 5-min wash
of Histoclear (Cat#H2779-1L, Sigma, Burlington, MA)
and mounted and cover slipped with DPX (Cat#06,522,
Millipore, Billerica, MA).

Fluoro Jade B (FJB; Cat#AG310, Millipore, Bill-
erica, MA) labeling was performed in an adapted proto-
col according to Noll et al. 2019 to ensure infarct presence
and record infarct size and location [26]. Sections were
post-fixed with 10% formalin for 10 min and then washed
twice with PBS for 5 min. Sections were then directly
incubated in 0.06% potassium permanganate (KMnO,;
Cat#6360-16, Ricca Chemical, Arlington, TX) for 3 min
followed by distilled water for 2 min. Sections were then
incubated in a freshly prepared solution of 0.0004% FJB
with DAPI (Cat#ab228549, Abcam, Waltham, MA) for
20 min, rinsed in distilled water 3 times for 2 min, and
then dried at 50 °C.

For immunohistochemical studies, sections were dried
at room temperature for 30 min. After rinsing with 0.01 M
PBS, sections were blocked in PBS containing 5% nor-
mal donkey serum (Cat#ab7475, Abcam, Waltham, MA)
and 0.1% Triton X-100 (Cat#X100, Sigma, Burlington,
MA) for 1-2 h at room temperature, rinsed with PBS/0.2%
Tween-20 (PBST; Cat#01,512, Chem-Impex International,
Wood Dale, IL) and then incubated overnight at 4 °C with
primary antibodies of polyclonal rabbit anti-Iba-1 (1:1000,
Cat#019-19,741, Wako, Osaka, Japan) and Cy3-conju-
gated monoclonal mouse anti-GFAP (1:400, Cat#C9205,
Sigma, Burlington, MA). Sections were washed 3 times
with PBST, incubated with respective AlexaFluor594-
conjugated donkey anti-rabbit IgG antibody (1:400,
Cat#711-585-152, Jackson ImmunoResearch Laboratory,
West Grove, PA) for 1 h at room temperature, then rinsed
4 times with PBST before mounting with DAPI-Fluoro-
mount-G (Cat#0B010020, Fisher Scientific, Pittsburgh,
PA).
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Immunohistochemical Quantification

A Leica MZ FL III stereo microscope with a tethered dSLR
camera was used to capture all digital images of cresyl vio-
let stained sections between X 1.5 to X 2 magnification to
capture a full tissue image and X 5 magnification to capture
a clearer image of the core border region. Representative
cresyl violet images were captured to demonstrate photo-
thrombotic damage at each investigated stereotaxic location
(bregma+2,+ 1, and 0) with highlighted focus on the core
border region (Fig. 1).

A Leica DM5500 B Automated Upright fluorescence
microscope was used to capture all digital images of FIB
stained sections atX 5 magnification to capture the entire
image area of FJB* cells in the FITC channel at the same
exposure time. Immunohistology images of FIB* cells were
captured at bregma+2 and + 1. Images were taken at the
ipsilateral core and corresponding contralateral cortical
region of three separate tissue sections for each mouse (tech-
nical replicates = 3; 4 biological replicates). FIB™ cells were
counted semi-automatically with ImageJ software (Media
Cybernetics, Inc., Bethesda, MD) after threshold at size
10-infinity (pixel units) and circularity 0.4—1.00. FIB* cell
counts were averaged for each stereotaxic location.

A Nikon TS2-S-SM inverted fluorescence microscope
equipped with a CCD camera was used to capture all digi-
tal images of Iba-1 and GFAP sections at X 10 magnifica-
tion in the TRITC channel. Iba-1 and GFAP images were
captured at the same exposure times, respectively for each
marker. Immunohistology images of Iba-1, and GFAP were

Fig. 1 Representative stere- a)

otaxic locations and regions of !
interest at 3-days post-ischemia. I:l
Coronal sections of mice with E

induced photothrombotic

MCAQO were stained with cresyl

violet at 3 days after MCAO

and examined qualitatively at

bregma+2 (a) bregma+ 1 (b)

and bregma 0 (c¢) with four b)
ROIs: ipsilateral core (red),

ipsilateral core border (blue),

ipsilateral peri-infarct normal

tissue (PiNT; orange), and con-

tralateral (yellow) with higher
magnification of the core border s
region. Infarct at 3-days post- Bregma +1
ischemia demonstrated larger

core damage at bregma+2 c)

with some sustained damage D
at bregma+ 1, but no indicated

damage at bregma 0. Core bor- :{r Al >
der region demonstrates a small /
increase in cell numbers at both X
bregma+2 and + 1

7 i

\ \ § A {w""""‘ !
Bregma T ik

captured at approximately bregma+2,+ 1, and 0 at four
different regions of interest: the core, core border, PiNT,
and contralateral cortex in three separate corresponding
tissue sections for each mouse (technical replicates =3, 4
biological replicates). Mean gray values were calculated
with ImageJ2 1.53d (Fiji) software. All picture properties
were obtained and ensured for consistency. Pictures were
converted to 32-bit gray before analysis, and pictures were
not altered in any other way. Area fraction was utilized as a
control where all picture values must have 100% area frac-
tion. Mean gray value region of interest (ROI) technical
replicates were normalized against the averaged mean gray
value contralateral ROI. Iba-1 maxima count was analyzed
with prominence = 15, in areas of high tissue damage (based
on cresyl violet staining) where background signal may be
higher, prominence was increased to 18. Maxima count ROI
technical replicates were normalized against the averaged
mean gray value contralateral ROI. Image collection and
data analysis were performed by an individual who was
blinded to the experimental conditions.

Formalin-Fixed Paraffin-Embedded Tissue
Preparation

Brains in preparation for Nanostring GeoMx DSP were con-
tinually dehydrated in preparation for paraffin embedding:
24 h of 4% PFA was followed by 24 h each in 40% ethanol,
70% ethanol, and a second change of 70% ethanol (MCAO,
n=3). Brains were then placed whole into cassettes and
processed in a Core Facility Tissue-Tek Processor in a 12-h

Key:
. [] Ipsilateral Core

- [ Ipsilateral Core Border

1 Ipsilateral Peri-Infarct
Normal Tissue (PiNT)

Contralateral
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cycle before embedding coronally in paraffin. The 12-h cycle
consisted of an initial 30-min ethanol wash, 5 X 1-h ethanol
washes, 3 X 45-min incubation in CitriSolv, and 3 X 1-h incu-
bation in paraffin wax before embedding (all reagents for the
Tissue-Tek Processor were provided by the core facility).
Formalin-fixed, paraffin-embedded (FFPE) samples were
sectioned to approximately bregma+2 and 5-pm thickness
sections were mounted onto slides and allowed to dry at
room temperature overnight. FIB labeling was performed as
described above to ensure infarct presence and record infarct
size and location. Samples confirmed with FIB* cells indi-
cating successful MCAO were sent to Nanostring (Seattle,
WA) for tissue preparation and GeoMx DSP profiling (n=3
biological replicates). The GeoMx DSP Protein Assay pro-
tocol is described in detail in the GeoMx DSP Manual Slide
Preparation User Manual (MAN-10150-01, page 12-26).

Nanostring Digital Spatial Profiling Analysis

To visualize whole tissue, mounted slides were stained with
oligo-conjugated antibodies for MAP2, Iba-1, and GFAP,
and with Syto13 (nuclei) in the GeoMx DSP instrument.
Circular geometric patterns (200 pm diameter) were used
to identify six ROIs on the scanned tissues of each sample:
core border, peri-infarct, and PiNT regions on ipsilateral and
contralateral hemispheres. The GeoMx Neural Cell Profiling
protein panel (73 proteins) was utilized for this analysis. UV-
cleavable oligo-conjugated antibodies according to the panel
were dispensed onto each ROI, UV-cleaved off, aspirated
into a plate, hybridized, and counted by the GeoMx DSP
instrument. All resulting spatial, quantified analysis was
performed in the Nanostring GeoMx Data Analysis Suite
software (v2.2). Background correction was determined
by protein target correlation plot and high correlation was
seen between Rb IgG, Rb IgGa, and Rb IgGb. All three
IgG proteins were used for panel background correction
via signal-to-background ratio. For detailed information on
protein analyte validation, see the NanoString Whitepaper
(MK2598): (https://nanostring.com/wp content/uploads/
WP_GeoMx_Antibody_Validation_White_Paper.pdf).

Pathway Analysis

For pathway analysis, we used the open-source web-based
software Enrichr [30, 31] to analyze many databases at once
and get a broad overview of important and over-represented
pathways within our differentially expressed proteins.
Z-score is calculated based upon the difference between the
average rank for randomly chosen gene sets and the rank of
the gene set of interest and is used to determine the degree
of enrichment. Visualization of consistently highly repre-
sented pathways was done using pathway diagrams from the
Kyoto Encyclopedia of Genes and Genomes (KEGG) from

@ Springer

the most recent update of the database in 2019 [32]. Pathway
diagrams were colorized using the Color tool in version 5 of
KEGG Mapper [33].

Statistical Analysis

Samples sizes were determined based on power calculations
and findings from previous stroke studies performed at our
laboratory [26]. Normalized mean gray values of ipsilateral
ROIs from immunohistochemistry micrographs were com-
pared against the contralateral ROIs in correlating bregma
locations. Significance of the results was tested with a nested
t test based on their normality of distribution (Shapiro—Wilk
test) using Graphpad Prism 9 (GraphPad Software, San
Diego, CA). P value <0.05 was considered as significant.
A Q-Q plot showed that the data were normally distributed
(not shown) Gene expression analysis was performed using
the GeoMx Data Analysis Suite with built-in statistical
analysis (NanoString Technologies, Seattle, WA) according
to manufacturer’s instructions. GeoMx DSP spatial ROIs
were compared using a linear mixed model (LMM) with
Bonferroni-Hochberg (BH) correction and random effect
for Scan ID and ROI ID. Fold changes were identified by
comparing the ROI/contralateral ROI with a significance of
p value <0.05.

Results

FluoroJadeB Identifies Ischemic Infarct 3 Days
Post-MCAO

We examined the consistency and ability to define the pho-
tothrombotic infarct at 3 days post-injury with the neuro-
degeneration stain, FJB. MCAO was induced in mice and
brain tissue was collected and examined spatially at 3 days
after ischemia at stereotaxic locations bregma+2 and + 1.
Detectable FIB* cells were found consistently through-
out the infarct core at bregma+ 2, but not at bregma + 1
(Fig. 2). MCAO brain tissue exhibited a mean of 547.3 + 114
FIB* cells at bregma+2 with only a mean of 11.6+19 at
bregma+ 1. This demonstrated that neurodegenerative
damage occurs and is detectable by FJB staining three days
after MCAO with primary neuronal damage located at
bregma+2.

GFAP Increases in Core Border 3 Days Post-Ischemia

To characterize the early inflammatory processes that
occur after MCAO, astrocytic immunoreactivity was
assessed in a spatial manner with the immunohistol-
ogy marker, GFAP. MCAO and sham controls (SHAM)
were sacrificed at 3 days after ischemia and brain tissues
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MCAO Bregma +2 MCAO Bregma +1
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»
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o
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0- T

Stereotaxic Location

Fig.2 Neuronal damage 3 days post-ischemia. Brains from mice with
induced MCAO were examined 3 days after ischemia. FIB* cells
were counted at bregma+2 and+1 at 5Xxmagnification for whole
infarct comparison. Extensive FIB* staining was found at bregma +2
(a) but was not detected at bregma+ 1 (#(6)=9.253, p<0.001) (b). A
mean value of FIB™ cells from three brain sections from each location
was obtained for each individual mouse brain (¢; MCAO n=4). Data
are expressed as mean + SD. Scale bar =100 um

were examined at bregma + 2, + 1, and 0 within the ipsi-
lateral core, core border, PiNT, and contralateral cortex
for GFAP expression. High GFAP expression is not typi-
cally observed in the naive or SHAM mouse cortex but is
upregulated within proliferating and activated astrocytes
following neuronal injury [16, 34, 35]. Therefore, GFAP
expression was analyzed as normalized mean gray value
change against the contralateral ROI to detect regional
changes in GFAP expression. GFAP regional expression
changes in SHAM animals demonstrated no significant dif-
ferences from contralateral ROI (data not shown). GFAP
regional normalized mean gray value expression in MCAO
animals was then examined throughout the ipsilateral hem-
isphere (Fig. 3). No significant changes in GFAP expres-
sion were seen in the ipsilateral core. GFAP expression
significantly increased within the ipsilateral core border
at both bregma + 2 and + 1 with a mean gray value expres-
sion change of 1.76 +0.15 and 1.66 +0.15, respectively.
No significant changes in GFAP expression were seen in
the PiNT region at any stereotaxic location. Addition-
ally, GFAP mean gray value expression demonstrated no
change at bregma 0O in all three regions. GFAP expression
suggests that there is an increase in astrocytic inflamma-
tory activity along the core border in a spatial manner at
3 days post-ischemia.

Microglia Increase Reactivity Within Ischemic
Region

To further characterize the inflammatory processes that
occur after MCAO, microglial activity was assessed in a
spatial manner with the immunohistology marker, Iba-1.
MCAQO and sham controls (SHAM) were sacrificed at 3 days
after ischemia and brain tissues were examined spatially at
bregma+2,+ 1, and 0 within the ipsilateral core, core bor-
der, PINT, and contralateral cortex for Iba-1 expression.
In the naive and SHAM mouse cortex, Iba-1 expressing
microglia exhibit a quiescent, ramified morphology (Fig. 4)
[16]. After ischemia, resident microglia can increase Iba-1
reactivity, change morphology, as well as infiltrating mono-
cytes will express Iba-1 [36]. Iba-1 expression was analyzed
as normalized mean gray value change and normalized
gray maxima count against the contralateral ROI to detect
regional changes in Iba-1 expression. Iba-1 regional expres-
sion changes and gray maxima count in SHAM animals
demonstrated no significant differences from contralateral
ROI (data not shown). When Iba-1 expression was compared
as mean gray value expression change, Iba-1 expression was
only seen to significantly decrease within the core region at
bregma+2 with a mean gray value change of —0.26 +0.04
(Fig. 4d). No significant changes in Iba-1 normalized mean
gray value changes were seen in any other ipsilateral regions
at any other stereotaxic location. When Iba-1 Gy maxima
count was measured, a more specific pattern of Iba-1 expres-
sion could be seen. Iba-1 normalized gray maxima count
significantly decreased within the core region at bregma + 2
with a change of —0.72+0.11 (Fig. 4e). Iba-1 Gy maxima
count also exhibited a significant increase within the core
region at bregma 0 with a change of 0.35+0.11. Immunohis-
tology images (Fig. 4a) demonstrate a distinct morphological
change in Iba-1 expressing cells within the bregma + 2 core
region. There was also a disappearance of Iba-1 express-
ing cells from the center of the core region, likely reflect-
ing within the decrease of gray values, specifically maxima
count. Additionally, round Iba-1 expressing cells appear
along the core border region with beginning invasion into
the core, suggesting activation of residential microglia and
potentially early invasion of peripheral monocytes.

Iba-1 normalized gray maxima count demonstrates signif-
icantly increased Iba-1 counts at both core border bregma+2
and + 1 with a change of 0.71 +0.20 and 0.47 +0.13, respec-
tively (Fig. 4e). Iba-1 normalized gray maxima count was
seen to be significantly decreased in the PiNT at bregma+ 1
by —0.20 +0.095, but no significant changes were seen in
the PiNT at any other stereotaxic location. The increase in
gray maxima count Iba-1* round cells within the bregma
core border location further suggests activation of residential
microglia and early invasion of peripheral monocytes into
the core in a spatial manner at three days post-ischemia.
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Fig.3 GFAP expression
increases in core border
spatially 3 days post-ischemia.
Brains from mice with induced
photothrombotic MCAO were
examined spatially 3 days after
MCAO for GFAP expression.
Normalized mean gray value
change of GFAP expression
compared to the contralateral
hemisphere in the ipsilat-

eral core (a), ipsilateral core
border (b), and ipsilateral
PiNT (c). Mean gray value
change increased significantly
in the core at bregma+2
(1(16)=2.796, p=0.013),

core border at bregma+ 2
(7(6)=5.082, p=0.002) and
bregma+ 1 (#(6)=4.557,
p=0.004) but was non-signif-
icant in bregma 0 (d). Mean
gray value fold change of GFAP
was non-significant in PINT in
any stereotaxic location. Data
are expressed as mean +SD;
p<0.05, MCAO (n=4). Scale
bar=100 pum

Bregma +2

Bregma +1

Bregma 0

Inflammatory activation within the core border of GFAP-
and Iba-1-expressing astrocytes and microglia demonstrates
the importance of this region early after ischemia. Therefore,
we have determined that consistent identification of the core
border can be histologically defined with combination of
these three glia cell stains: FJB, GFAP, and Iba-1 at 3 days
post-ischemia (Fig. 5).

Nanostring Digital Spatial Profiling Defines Distinct MCAO
Protein Profiles

In order to elucidate a detailed proteomic analysis and
profile after ischemia within these specific ROI’s, we uti-
lized Nanostring’s GeoMx DSP technology. MCAO mice
were sacrificed at 3 days after ischemia and brain tissues
were examined spatially in the ipsilateral core border, peri-
infarct, and PiNT tissues compared to the contralateral
side with the Nanostring GeoMx DSP Neural Cell Pro-
filing protein panel (70 proteins; excluding IgG negative
targets). Sections were immunostained with four chosen
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identifying markers for ROI selection (Fig. 6). Markers
included MAP?2 for neuronal damage, GFAP for astrocytic
reactivity, Iba-1 for microglia, and Syto13 for nuclei. The
full neural cell profiling protein panel was run on each
ROI resulting in quantified protein read-outs for each ROI.

To determine the comparative significance of GeoMx
DSP regional specific comparisons to whole tissue analy-
sis, GeoMx DSP proteomic profiles were first compared as
a combined ipsilateral hemispheric group to the contralat-
eral hemisphere’s proteomic data. All ipsilateral ROIs
(core border, peri-infarct, and PINT ROIs) were combined
as one ipsilateral hemispheric group and compared against
the contralateral side for significantly changed proteins via
an LMM. Then, the individual core ROI was compared
against the contralateral side for significantly changed pro-
teins via an LMM (Fig. 7). The whole ipsilateral hemi-
spheric group resulted in only 4 significantly upregulated
proteins. However, when the ipsilateral core border ROI
was isolated and compared to the contralateral tissues, 27
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Fig.4 Iba-1 Expression Demonstrates Microglia Reactivity Spatially
at 3 Days Post-Ischemia. Brains from mice with induced MCAO were
examined spatially 3 days after ischemia for Iba-1 expression. Nor-
malized mean gray value change and normalized gray maxima count
of Iba-1 expression compared to the contralateral hemisphere in the
ipsilateral core (a), ipsilateral core border (b), and ipsilateral PINT
(). Normalized mean gray value (d) significantly decreased in core
region at bregma+2 (#(6)=6.008, p=0.001). Normalized mean gray
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value change of Iba-1 was non-significant in PiNT or in other regions
of interest at any other stereotaxic location. Normalized gray max-
ima count of Iba-1 decreased in ipsilateral core region at bregma+2
(#(6)=6.502, p<0.001) and ipsilateral PiNT at bregma+ 1
(#(21)=2.164, p=0.042) but increased in the core region at bregma
0 (#(6)=3.104, p=0.021) and ipsilateral core border at bregma+2
(1(6)=3.626, p=0.011) and+ 1 (#(6)=3.527, p=0.012) (e). Data are
expressed as mean+ SD; p <0.05, MCAO (n=4). Scale bar=100 pm

.
Fig.5 Histological markers define core border at 3 days post-ischemia. Immunohistology images of FIB (a; green), Iba-1 (b; red), and GFAP (c;
red) compared at the core border at bregma+ 2 can define a consistent, clear core border at 3 days post-ischemia. Scale bar=100 um
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Fig.6 Representative immunohistochemical figures for DSP analysis
and ROI selection. Coronal sections from mice with induced photo-
thrombotic MCAO were immunohistologically stained for identifying
markers MAP2 (green), GFAP (yellow), Iba-1 (red), and Sytol3 for
nuclei (blue) (a) and overlayed for ROI selection (b). Overlay of these

Fig. 7 Ischemia presents region ]
specific proteomic profiles. |
Volcano plots representing the |
significant protein fold changes I

markers clearly identified the extent of the infarct region and astroglia
immunoreactivity within the core border. ROI’s included ipsilateral
core border, ipsilateral peri-infarct, ipsilateral PINT, and contralateral
cortex, each region is outlined in a red circle (¢). Clear differences in
the identifying IHC markers can be seen within each ROI

e all Tags
— — Significance threshold

—-— P-value

of the ipsilateral hemispheric T ’
group (core border, peri-infarct, E 1 j : .
and PiNT ROIs) (a) and isolated o Ie N
core border ROI (b) compared T s i - ;; o
against the contralateral ROI. [IFA “}'
Data is plotted on a -log10 p X 3y
I

value scale; fold change on the
x-axis; all tags (blue plotted
dots) represent individual panel
proteins; p value (0.05; green
dotted X parallel line) (MCAO
n=3)

Contralateral Fold Change

# Sig changed Proteins
#Up

#Down

proteins demonstrated significant changes, with 19 upregu-
lated and 8 downregulated.

To determine general similarities and consistencies
between the proteomic profiles of ROIs between biological
samples, a hierarchical cluster was created (Fig. 8). Overall,
all core border ROIs clustered together, demonstrating the
most similar profiles across samples within the core border.
Peri-infarct ROIs clustered closest to the core border ROIs,
demonstrating similarity between samples within the peri-
infarct region and closest proteomic profile next to the core
border ROIs. The PiNT and contralateral ROIs clustered
generally together outside of the core border and peri-infarct
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regions, demonstrating most similarity to each other between
samples and furthest similarity to the core border and peri-
infarct regions. Overall, this hierarchal cluster suggests that
each ROI group demonstrates a unique, consistent proteomic
profile after ischemia.

Each ROI was further characterized compared to the con-
tralateral ROI. Significantly differentially regulated proteins
according to fold change were documented for each ROI
(Table 1). The ipsilateral core border ROI demonstrated 27
differentially regulated proteins with 19 upregulated and 8
downregulated. Of these 27 differentially regulated proteins,
there was most notably a unique profile reflected in neuronal
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Fig.8 Hierarchical Cluster Heat
Map of ROIs. Protein expres-
sion from each individual ROI
representing the ipsilateral

core border (purple), ipsilateral
peri-infarct (orange), ipsilateral
PiNT (red), and contralateral
(white) is plotted on a heat map
where red =higher representa-
tive expression and blue =lower
representative expression.

ROIs are clustered according to
proteomic expression similarity
where most similar are clustered
together and tree relatives are
mapped above
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Table 1 Regulatory Proteomic ROI Profiles. Proteins were compared
against the contralateral side for significant fold changes via an LMM
for each ROI including: ipsilateral hemispheric group, ipsilateral core

border ROI, ipsilateral peri-infarct ROI, and ipsilateral PINT ROI.
Upregulated proteins expressed in yellow-green, downregulated pro-
teins expressed in orange-red (p <0.05, n=3)

Ipsilateral Ipsilateral Core | Ipsilateral Peri- Ipsilateral PiNT
Hemispheric Group Border ROI Infarct ROI ROI

Differentially Regulated
Proteins 4 27 3 1
Upregulated 4 19 3 1
Downregulated 0 8 0 0

Protein Name Protein Acronym Fold Change Fold Change Fold Change Fold Change

Microtubule associated protein 2 MAP2 -7.19

Neuronal nuclei NeuN -3.07

BAG family molecular chaperone regulator 3  [BAG3 4.08 12.04 2.96

Cathepsin D CTSD 8.44

Transcription factor EB TFEB 2.96

Vacuolar protein sorting ortholog 35 VPS35 2.36

Aldehyde dehydrogenase 1 family member A1 |Aldh1l1 -2.30

Vimentin VIM -2.15

Glial fibrillary acidic protein GFAP 7.25 23.69 6.09

Cluster of differentiation 45 CD45 2.25

lonized calcium binding adaptor molecule 1 IBA1 4.31

Cluster of differentiation molecule 11B CD11b 8.24

Cluster of differentiation 39 CD39 8.74

Macrophage scavenger receptor 1 MSR1 9.69

Secreted phosphoprotein 1 SPP1 26.39

P2X purinoceptor 7 P2RX7 1.82 3.01

Complement component 3 receptor 4 subunit |ITGAX -1.53

Beta-secretase 1 BACE1 4.18

Amyloid Precursor Protein APP 5.41

Amyloid-Beta 1-42 off 1-42 5.82

Phospho-Tau (S199) tau-S199 13.10] 57.42 21.41

Phospho-Tau (S404) tau-S404 -2.19

Apolipoprotein E ApoE 6.02

Insulin-degrading enzyme IDE 1.48

Neprilysin NEP 3.48

TAR DNA-binding protein 43 Tdp-43 =181

Neurogranin NRGN -2.42

Parkinson Disease 5 Park5 2.54

death, apoptotic, immunoreactive, and early degeneration
proteins. Neuronal proteins, MAP2 and NeuN, resulted
in downregulation of —7.19 and — 3.07 respectively in the
core border. An autophagy protein, BAG3, resulted in a
12.04-fold upregulation and a lysosomal autophagy protein,
CTSD, was also upregulated by 8.44-fold. The astrocytic
protein, Aldh1/1, was downregulated by —2.30-fold and a
glial cytoskeletal intermediate filament protein, vimentin,
was downregulated by — 2.15-fold. Many proteins related to
microglial immunoreactivity and immune peripheral inva-
sion were significantly upregulated within the core border
region. These included a 2.25-fold upregulation in CD45, a
4.31-fold upregulation in Iba-1, an 8.24-fold upregulation in
CD11b, an 8.74-fold upregulation in CD39, and a 9.69-fold
upregulation in MSR1. Notably, there was also a marked
26.39-fold upregulation in SPP1, a protein specifically asso-
ciated with disease-related microglia.

Within the core border region, BACE1 was upregulated
by 4.18-fold, APP was upregulated by 5.41-fold, and amy-
loid B (ap) 1-42 was upregulated by 5.82-fold. This suggests
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that 3 days after ischemia, the BACEI cleaving protein was
upregulated within the core and perhaps leads to increased
cleaved products of APP and the aff 1-42 form. Notably,
there was a significant upregulation of the tau-S199 amyloid
by 57.42-fold, which can lead to neuronal destabilization and
death. There was also a significant upregulation of ApoE by
6.02-fold, which could later lead to be neuroprotective or
neurodegenerative depending on whether it is expressing
the neuroprotective isoform 3 or neurodegenerative isoform
4 [37]. The ipsilateral peri-infarct ROI demonstrated sig-
nificant upregulation in 3 proteins: GFAP was upregulated
by 23.69-fold, tau-S199 was upregulated by 21.41-fold, and
BAG3 was upregulated by 2.96-fold. The ipsilateral PINT
ROI only demonstrated significant upregulation in one pro-
tein, GFAP, by 6.09-fold.

Pathway Analysis

To determine the pathways with the most altered activity
within the core border, overrepresentation analysis (ORA)
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was performed in Enrichr using the list of 27 differentially
regulated proteins generated from LMM analysis. The top
ten results of pathway ORA from nine different popular
databases are shown (Fig. 9). The upper panel shows results
ranked by combined score, which integrates the significance
of the result and the magnitude of change. The lower panel
ranks pathways by p value. Over the nine databases and
using both ranking methods, the most prominently over-
represented pathways were related to neurodegenerative
diseases and the innate immune response. Alzheimer and
related amyloid processing pathways were the most strongly
enriched pathways. Other neurodegenerative pathways that
were significant but lesser in magnitude of pathway acti-
vation included Parkinson’s disease and dementia. Innate
immune activation is indicated by the strong enrichment of
inflammasome pathways, integrin signaling pathways, cas-
pase activation and related apoptotic pathways, and immune-
cell specific signaling pathways including those for micro-
glia and T cells. Examination of the Alzheimer pathway
diagram indicates that the majority of activity change results
from upregulation of proteins associated with amyloid pro-
cessing (Fig. 10). Interestingly, we see an increase in both
APP and BACE, which could lead to an increase in amy-
loid P fibrils, but also an increase in neprilysin (NEP) and
insulin-degrading enzyme (IDE), both of which are enzymes
responsible for amyloid degradation. APOE was the most
dramatically upregulated Alzheimer pathway protein within
the core border. APOE is a key mediator of Alzheimer pro-
gression as it triggers induction of amyloid f accumulation.

Discussion

Our data presented emphasizes the importance of account-
ing for spatial differences when analyzing post-ischemic
proteomic data. Our proteomic analysis presents unique
profiles spatially and regionally in relation to the infarct
core. Previous technologies using whole ipsilateral tis-
sues can provide some insight into mechanisms occurring
post-ischemia but can greatly obscure specific mechanisms
that occur within each region. Our data demonstrated that
each region analyzed with GeoMx DSP demonstrated a
unique proteomic profile with distinctly regulated proteins.
Within the ischemic core border, a unique profile relating
to cellular death, immunoreactivity, and early degeneration
was identified. When looking further into the relationship
between these differentially regulated proteins, a poten-
tial pattern emerged with future interest for therapeutic
targeting. As expected, the neuronal proteins, MAP2 and
NeuN, were downregulated, indicative of neuronal death
within the core border. This is also reflected in the upregu-
lation of the autophagic protein, BAG3, and the lysoso-
mal autophagy protein, CTSD. CTSD has been shown to

increase sharply after ischemia but will decrease as lys-
osomes rupture [38]. BAG3 was also upregulated within
the peri-infarct region, suggesting that autophagic block
maybe ongoing within this region.

Ischemia also resulted in an upregulation of the general
immune cell surface marker, CD45, as well as Iba-1. This
suggests an increase in residential microglia and/or periph-
eral monocyte infiltration and activity. However, as residen-
tial microglia are recognized to decrease acutely within the
core via degeneration, which is reflected within the immu-
nohistochemistry mean gray value and gray maxima count
changes, we expect this Iba-1 increase to reflect peripheral
monocyte invasion [16, 36, 39]. This is also suggested by
the eightfold upregulation of CD11b and CD39 and a three-
fold upregulation of the CD39 receptor, P2RX7, which are
all surface markers on leukocytes. Leukocytes are noted to
begin infiltrating into the ischemic region as early as 12 h
after ischemia and persist, with peak levels at 7 days post-
ischemia [16, 17, 36]. Microglia reactivity post-ischemia is
notoriously recognized to have both beneficial and delete-
rious effects. Activated microglia acutely can phagocytose
cells that have necrotized within the lesion core, preventing
the further release of neurotoxic products [39-41]. However,
activated microglia also release many pro-inflammatory
cytokines and reactive oxygen species which can contribute
to infarct development [39—41]. Therefore, truly understand-
ing the interactions of these cytokines and proteins is key to
identifying future targets for therapeutic intervention. For
example, CD39 and MSR1 both demonstrated an upregula-
tion of approximately ninefold, and both proteins have been
suggested to play a neuroprotective role within the inflam-
matory process. Transgenic mouse lines overexpressing
CD39 resulted in reduced leukocyte infiltration, smaller
infarct volumes, and decreased neurological deficit after
ischemia, suggesting a neuroprotective role of CD39 during
ischemic insult [42]. CD39 expression on endothelial cells
and leukocytes is suggested to reduce inflammatory cell traf-
ficking and platelet reactivity via cell-cell interaction after
ischemia [43]. Also, it has been shown that higher expression
of the MSR1 protein increases damage-associated molecu-
lar patterns (DAMP) clearance after ischemia via MSR1-
induced resolution of neuroinflammation, indicating MSR1
as a potential therapeutic target [44]. Additionally, there was
a notable 57-fold upregulation of the protein SPP1. This
protein is suggested to function as a pro-angiogenic trophic
factor, but it is also associated with neurodegeneration as it
is recorded to be upregulated in senescent microglia in an
age-dependent manner [45, 46]. Controversially, this protein
has also been associated with macrophagic communication
to astrocytic migration toward the infarct area that has been
suggested to be a neuroprotective repair mechanism of the
ischemic neurovascular unit early after ischemia [47].
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Fig. 10 Alzheimer pathway regulation within core border ROIL
Pathway diagram of Alzheimer disease obtained from KEGG data-
base with color added to reflect significant protein expression level
changes specific to the core border ROI (a). Protein colored based

A unique astrocytic proteomic profile is reflective
throughout each region. Within the core border, there is
downregulation of the astrocytic proteins, Aldhl/1 and
vimentin by about twofold. Vimentin-expressing astrocytes

on significant (Blue=significant increase; FDR <0.05) fold change
compared to contralateral ROI. The most significant changes center
around amyloid processing. An inset of the pathway region where
proteins are altered after ischemia is shown (b)

have been shown to increase acutely after ischemia but given
downregulation at this 3-day timepoint in combination with
Aldh1/1 downregulation, may suggest astrocytic degenera-
tion within the core [48]. However, large upregulation of
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Fig. 10 (continued)

GFAP within the peri-infarct region by almost 24-fold and
confirmed with mean gray value change increase at the core
border both at bregma+2 and + 1 suggests strong reactivity
of astrocytes within the border and peri-infarct region 3 days
after ischemia. GFAP has been shown by multiple studies
to be increased specifically within the peri-infarct region
beginning as early as 4 h after ischemia up to 28 days [16,
17, 48]. Reactivity of astrocytes and microglia can lead to
secondary tissue damage, progressive cavitation, and scar
formation along the peri-infarct border [49]. Ultimately, the
relative differences between these microglial and astrocytic
proteomic profiles within the core border and peri-infarct
regions could provide potential targets for prevention of sec-
ondary damage and anti-inflammation.

Ischemia is well-recognized to be associated with neuro-
degeneration and more specifically the relationship between
stroke history, tau proteins, and increased Alzheimer disease
prevalence [50, 51]. Multiple tau-related proteins within
the core border region resulted in a pattern that could ulti-
mately indicate a future therapeutic target. BACEI, APP,
and amyloid B 1-42 all demonstrated an approximate five-
fold upregulation within the core border. BACE1 has been
shown to be upregulated in response to released reactive
oxygen species and hypoxia inducible factor 1o (HIF1ar) fol-
lowing ischemia [50, 52]. Increased BACEI1 activity results
in increased cleavage of APP with increased deposits and
aggregation of the neurotoxic form of amyloid  1-42 [50,
52]. BACE1 expression was found to be regulated by a
positive feedback loop between y- and p-secretase cleav-
ages on APP [53, 54]. Additionally, upregulation of APP
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within neurons, astrocytes, or microglia can lead to neu-
ronal destabilization and vulnerability to stress, suggesting
that upregulation of all three proteins within the core border
could be indicative of a neurodegenerative profile [37]. The
tau-S199 form was also found highly upregulated by 57-fold
within the core border, and this tau form has been shown
to play a role in the development of Alzheimer-like lesions
after ischemia. After ischemia, tau proteins become rapidly
dephosphorylated acutely and are then slowly rephospho-
rylated and accumulated in a serine site-specific manner
[51]. Tau-S199 has been reported to be specifically induced
after ischemia and to contribute to ischemic neuronal injury
[51]. Dysregulation and displacement of tau proteins after
ischemia is suggested to contribute to a neurodegenerative
profile. Lastly, upregulation of the protein ApoE within the
core border region could play a dual role depending on the
isoform of ApoE that is being expressed. ApoEe3 is the most
common isoform and can exhibit a neuroprotective effect by
contributing to communication from microglia to neurons
for repair, regeneration, and survival as well as suppression
of microglia reactivity [37]. However, the ApoEe4 isoform
may be neurodegenerative by contributing to amyloid
deposition [37].

Conclusions and Future Directions
The ability to isolate the ipsilateral core border, ipsilat-

eral peri-infarct, ipsilateral PiNT, and contralateral cor-
tex regions and compare their proteomic profiles in such
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a detailed manner has allowed us to determine that each
region demonstrates a unique differentially regulated
proteomic profile. Future ischemia studies could greatly
benefit from spatial analysis as we have demonstrated the
substantial loss of data that can occur with whole tissue
analysis. We examined proteomic profiles at 3 days post-
ischemia to determine if stroke produced a neurogenerative
profile after stroke that could be reversed by therapeutic
intervention to stimulate post-injury repair. We are cur-
rently investigating protein profiles at different time points
post-ischemia during the subacute phase (24 h to 5 days).
Additional studies are ongoing to determine the spatiotem-
poral profile during the acute phase of stroke (less than
24 h) to explore mechanisms of early neurotoxicity and
endogenous neuroprotection. However, the GeoMx DSP
protein assay does have limitations such as limited plex
and restriction to user selected regions of interest. To over-
come this, we will determine spatiotemporal gene expres-
sion using NanoString’s GeoMx DSP Whole Transcrip-
tome Atlas (WTA) RNA assay which will examine ~20 k
transcripts occurring in our ROIs at different timepoints
post-ischemia, with different MCAO models and with
treatment paradigms. We will also perform these studies
with transgenic mice generated to express unique chan-
nel fluorescence for resident microglia vs infiltrating and
perivascular monocytes/macrophages which will allow us
to utilize the GeoMx DSP segmentation function to isolate
each cell type for spatiotemporal transcriptomic and pro-
teomic changes post-ischemia. Additionally, NanoString
is releasing the CosMx, an in situ single-cell platform
that will be capable of analyzing tissue at a cellular and
subcellular level with 1000 RNA plex, to further analyze
cell-to-cell interaction and cellular processes. We will uti-
lize our GeoMx DSP data to determine which timepoints
and MCAO models demonstrate the most dynamic cell
activity and analyze those with the CosMx technology.
Overall, our data highlight the importance of identifying
ischemic spatial mechanisms to understand the complex,
dynamic interactions throughout ischemic progression,
and repair as well to introduce potential targets for suc-
cessful ischemic therapeutic interventions.
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