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CD13 facilitates immune cell migration GEE

and aggravates acute injury but promotes
chronic post-stroke recovery
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Abstract

Introduction Acute stroke leads to the activation of myeloid cells. These cells express adhesion molecules and trans-
migrate to the brain, thereby aggravating injury. Chronically after stroke, repair processes, including angiogenesis, are
activated and enhance post-stroke recovery. Activated myeloid cells express CD13, which facilitates their migration
into the site of injury. However, angiogenic blood vessels which play a role in recovery also express CD13. Overall,

the specific contribution of CD13 to acute and chronic stroke outcomes is unknown.

Methods CD13 expression was estimated in both mice and humans after the ischemic stroke. Young (8—12 weeks)
male wild-type and global CD13 knockout (KO) mice were used for this study. Mice underwent 60 min of middle
cerebral artery occlusion (MCAQ) followed by reperfusion. For acute studies, the mice were euthanized at either 24-
or 72 h post-stroke. For chronic studies, the Y-maze, Barnes maze, and the open field were performed on day 7

and day 28 post-stroke. Mice were euthanized at day 30 post-stroke and the brains were collected for assessment
of inflammation, white matter injury, tissue loss, and angiogenesis. Flow cytometry was performed on days 3 and 7
post-stroke to quantify infiltrated monocytes and neutrophils and CXCL12/CXCR4 signaling.

Results Brain CD13 expression and infiltrated CD13* monocytes and neutrophils increased acutely after the stroke.
The brain CD13*lectin* blood vessels increased on day 15 after the stroke. Similarly, an increase in the percentage area
CD13 was observed in human stroke patients at the subacute time after stroke. Deletion of CD13 resulted in reduced
infarct volume and improved neurological recovery after acute stroke. However, CD13KO mice had significantly

worse memory deficits, amplified gliosis, and white matter damage compared to wild-type animals at chronic time
points. CD13-deficient mice had an increased percentage of CXCL12*cells but a reduced percentage of CXCR4*cells
and decreased angiogenesis at day 30 post-stroke.

Conclusions CD13 is involved in the trans-migration of monocytes and neutrophils after stroke, and acutely, led
to decreased infarct size and improved behavioral outcomes. However, loss of CD13 led to reductions in post-stroke
angiogenesis by reducing CXCL12/CXCR4 signaling.
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Introduction

Worldwide, stroke is the third leading cause of death
[1]. Injury progression involves both acute (within min-
utes to hours) and chronic mechanisms [2]. During the
acute phase of stroke, peripheral immune cells, including
monocytes and neutrophils, infiltrate the brain and lead
to neuroinflammation [3]. However, restorative processes
including angiogenesis and neurogenesis are stimulated
in the later stages that are conducive to stroke recovery
[2]. Recovery starts days to weeks after ischemic stroke
[4]. Angiogenesis is detected in the peri-infarct area in
both animals and humans [5, 6] and is positively cor-
related with survival and stroke outcomes [7-11]. Acti-
vated endothelial cells express adhesion molecules and
recruit inflammatory cells [12-14]. These inflammatory
cells then produce soluble factors, such as chemokines
and cytokines that influence endothelial cell function and
promote angiogenesis [12—14]. Thus, the development of
efficacious drugs will depend on the differential target-
ing of both early inflammatory responses and the delayed
reparative processes after stroke.

Stroke induces profound time-dependent systemic
effects, including the activation of circulating leukocytes
[15]. Monocytes and neutrophils are stimulated within
minutes of ischemic injury [15]. These cells express adhe-
sion molecules and invade the brain leading to inflam-
mation [16]. CDI13 is a metalloprotease, expressed
on myeloid cells, pericytes, fibroblasts, epithelial and
endothelial cells, as well as on tumor cells, and stem
cells [17-22]. CD13 acts as an adhesion molecule that
modulates inflammatory immune cell trafficking result-
ing in the progression of injury [23—25]. Activation and
crosslinking of reciprocal CD13 molecules in monocytes
and endothelium results in monocyte trafficking to the
site of injury [24, 26]. Furthermore, CD13 receptors on
activated neutrophils interact in a homotypic fashion
[27], which could lead to occlusive plugs causing tissue
hypoxia and endothelial damage. Once across the blood—
brain barrier (BBB), infiltrating immune cells release pro-
inflammatory cytokines and activate proteases, leading
to the amplification of brain inflammatory responses and
can result in disruption of the BBB, neuronal cell death,
and hemorrhagic transformation [28, 29]. Within the vas-
culature, CD13 is exclusively expressed by angiogenic/
activated endothelial cells [30, 31]. Angiogenic blood
vessels in the peripheral circulation express CD13 after
ischemia in both skeletal muscle and the heart and play
an important role in subsequent repair [23, 32]. These
findings suggest that CD13, in addition to its role in
inflammation, may also play a role in promoting recov-
ery. We hypothesized that CD13 contributes to increased
myeloid trans-migration and worsens outcomes in the
acute phase of stroke, whereas it contributes to reparative
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angiogenesis and improved outcomes in the chronic
phase of stroke. We tested this hypothesis using global
CD13 knockout mice examined at acute and chronic
phases of stroke. Our findings revealed that knockout
of CD13 resulted in reduced brain infiltration of neu-
trophils, brain infarct volume, and neurological deficits
in the acute phase. In contrast, knockout of CD13 dem-
onstrated reduced angiogenesis and increased cognitive
impairment in the chronic phase. Together, these data
suggest that targeting CD13 function may be beneficial in
the acute phase of stroke, but detrimental continued into
the chronic phase.

Materials and methods

Animals

Wild type (WT) and CD13 knockout mice (KO) on the
C57BL/6 background were a gift from Dr. Shapiro at
UConn Health, Farmington, CT, USA. Young adult male
mice (8—12 weeks) were used for this study and were
group housed in the pathogen-free facility and had access
to food and water ad libitum. All animals were group
housed in Tecniplast individually ventilated cage racks,
fed a commercially available irradiated, balanced mouse
diet (no. 5058, LabDiet, St Louis, MO), and provided
corncob bedding. Rooms were maintained at 21-24 °C
and under a 12:12 h light: dark cycle. Animal procedures
were performed at an Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC)
accredited facility and were approved by the Animal Wel-
fare Committee at the University of Texas Health Sci-
ence Center in Houston, TX, USA. All the surgeries and
behavioral testing were conducted between 6 and 9 am
by an investigator blinded to genotype. All human tis-
sue samples were obtained from the University of Pitts-
burgh neurodegenerative brain bank with appropriate
ethics committee approval (Committee for Oversight of
Research and Clinical Training Involving Decedents). All
brain sections were from the mid-frontal cortex from the
middle cerebral artery territory as determined by expert
neuropathological assessments of H&E-stained sections.
CD13 brain IHC—the sections were from [controls;
68-90 years, n=9, females (n=3) and males (n=6)],
acute ischemic stroke (AIS); 67—-89 years, n=38, females
(n=4) and males (n=4)]. For CXCL12 brain IHC—[con-
trols; 61-92 years, n=8, females (n=2), males (n=6),
AIS; 67-89 years, n=9, females (n=5) and males (n=4)].

Middle cerebral artery occlusion (MCAO)

Transient focal ischemia was induced under isoflu-
rane anesthesia in the young for 60 min by occlusion of
the right middle cerebral artery [3]. Body temperature
was maintained at 37.0+1.0 °C throughout the surgery
by an automated temperature control feedback system
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(TC1000, mouse, CWE Inc., USA). A midline ventral
neck incision was made, and unilateral MCAO was
performed by inserting a Doccol monofilament (Doc-
col Corp, Redlands, CA, USA) through a right external
carotid artery into the internal carotid artery. Cerebral
blood flow (CBF) was measured by a Laser Doppler flow-
meter (Moor Instruments Ltd., Devor, UK) to ensure
occlusion (>80 percent from baseline) and later MCA
recanalization. Animals were allowed to awaken from
anesthesia during the intra-ischemic period to ensure
behavioral deficits (turning). One hour after ischemia,
animals were re-anesthetized, and reperfusion was
established by the withdrawal of the monofilament.
Animals were then placed in a recovery cage and were
euthanized 72 h after reperfusion (for acute phase stud-
ies). For chronic studies, mice were euthanized at day 30
post-MCAO. Ipsilateral cortical perfusion was evaluated
by Laser speckle perfusion imaging using MoorFLPI full-
field laser perfusion imager (Moor Instruments, Devon,
UK) at day 30 post-MCAO. Sham controls underwent
the same procedure except the monofilament was not
introduced to occlude the middle cerebral artery. Ani-
mals were randomly assigned to stroke and sham surgery
groups and housed in recovery cages for 2 h after surgery.
Sham and stroke mice were then housed together in their
home cages (group housing) to minimize the detrimen-
tal effects of social isolation [33]. Mice used for stroke
(or sham) underwent pre-screening with the Barnes
maze. All mice escaped to the dark box in the Barnes
maze within 3 min and were thus included in the study.
Two mice died in WTMCAO group (days 5 and 10 post-
MCAOQO), and one mouse died in the CD13KO MCAO
group (day 5). These mice were excluded from the day
7 analysis, but were included in the pre-MCAO analy-
sis. BrdU (Sigma, 50 mg/kg, i.p.) was administered for
10 days starting on day 1 post-MCAO.

Behavioral testing

Neurological deficit scoring was done on day 3 post-
MCAO and the mice were euthanized after the testing.
Open field, Y-maze, and Barnes maze were performed on
day 7 and day 28 post-MCAO in the chronic cohort. The
animals were euthanized at day 30 post-MCAO. Behavio-
ral studies were analyzed by a trained observer blinded to
surgical group and genotype. The testing apparatus was
cleaned with 70% ethanol between mice.

Neurological deficit scores

The NDS was assessed on day 3 post-MCAO to quan-
tify acute neurological deficits [34]. The standard scoring
system was as follows: 0, no deficit; 1, forelimb weakness
and torso turning to the ipsilateral side when held by the
tail; 2, circling to affected side; 3, unable to bear weight
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on affected side; and 4, no spontaneous locomotor activ-
ity or barrel rolling.

Open field-testing

Locomotor activity was assessed as described previously
on days 7 and 28 after MCAO [35]. Mice were placed in
a brightly lit box, 50 cm wide X 50 cm length X 38 height,
and allowed to explore freely for 5 min. The mice were
filmed from above throughout the test. These videos were
then analyzed using Noldus Ethovision behavior software
(Leesburg, VA).

Y-maze

The Y-maze (90 cm longx90 cm wide x 76 cm high)
apparatus consists of three arms in the shape of a Y in
a protocol adapted from Kraeuter et al., 2019 [36]. Mice
were placed in the center of the device where the three
arms meet. Each respective arm was blocked by a remov-
able barrier. Mice remained in the center for one minute
to allow acclimatization to the apparatus. Following this,
all barriers were removed simultaneously and mice were
allowed to explore the maze for 5 min. Each session was
also recorded using a digital video camera (JVC Everio,
Victor Company, Japan). Sequences were divided into
three groups: spontaneous (e.g., ABC, CBA, CAB, etc.),
same arm return (AA, BB, and CC), and alternate arm
return (e.g., CAC, BAB, ABA, etc.). The percentage of
spontaneous alternations was calculated as [(number of
alterations)/(total arm entries — 2)] x 100.

Barnes maze

The Barnes maze was performed on the elevated circular
platform (diameter-9 cm) with 20 equally spaced holes
(diameter-5 cm). A randomly chosen hole was designated
as the escape hole that allowed the mouse to escape the
platform in a dark box below. Training phase (before
the surgery): the mouse was placed at the center of the
maze and allowed to explore for 5 min. The surrounding
walls had visual cues for orientation to the position of the
escape box. At the end of 5 min, the mouse was gently
moved to the dark box and remained there for 1 min. On
days 2—4, the mouse was allowed to explore the maze for
3 min, and the time to escape and the number of incor-
rect entries was recorded. If the mouse failed to locate
the dark box within 3 min, it was gently guided toward
the box. Mice received the training twice a day followed
by testing on day 5. On day 5 (baseline testing)—the mice
performed the task twice and the average was taken. On
days 2-5 (training and baseline), 7, and 28 (testing days),
peanut butter was placed in the dark box as an olfactory
cue to motivate mice to locate the dark box. Mice that
located the dark box within the 3 min were enrolled in
the study. All the mice that performed the task were able
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to locate the dark box within 3 min. The mice were then
tested on days 7 and 28 post-MCAO to assess long-term
memory retention.

Nest building score

The nest building test was performed and analyzed as
described previously [37, 38]. Mice were singly housed
overnight in a cage on corncob bedding with one square
Nestlet (2X2 inches). Twelve hours later pictures were
taken of the nests and scored using a 5-point scale. 1.
The nestlet is untouched with over 90% still intact. 2. The
nestlet is partially torn up, but over 50% is still intact. 3.
The nestlet is almost or completely torn up, but no iden-
tifiable nest site is present (pieces scattered throughout
the cage). 4. The nestlet is almost or completely torn up
and there is an identifiable nest site but the sides of the
nest are flat on more than 50% of its circumference. 5.
The nestlet is almost or completely torn up and there is
an identifiable nest site where the walls of the nest are
higher than the body of the mouse on all sides.

Tissue harvesting

Mice were euthanized on day 3 (acute cohort) and day
30 (chronic/recovery cohort) post-MCAO. Animals
were transcardially perfused with 40 mL of cold sterile
PBS. The olfactory bulb, brainstem, and cerebellum were
removed.

TTC staining

Brains were placed at—80 °C for 4 min to slightly harden
the tissue. Five, 2 mm coronal sections were then cut
from the frontal pole to the cerebellar junction and
stained with 1.5% TTC (SIGMA, St. Louise, MO). Slices
were formalin-fixed (4%) and then digitalized for assess-
ing infarct volume using Fiji software (release 2.9.0).
Infarct volume, mm?®=infarct- (contra/Ipsi).

Cresyl violet (CV) staining

CV staining was performed as described previously
[38]. The brain was post-fixed overnight in 4% PFA and
placed in 30% sucrose solution for 48 h before process-
ing. The brains were then cut into 30-pm sections on a
freezing microtome and every eighth slice was stained
by CV to visualize tissue loss. The slices were digitally
imaged, and tissue atrophy was analyzed using computer
software (Fiji software). Tissue atrophy percentage was
calculated by using the following formula: percentage tis-
sue atrophy=(total ipsilateral tissue/total contralateral
tissue) x 100.

Ventricle size area analysis
Three coronal sections were taken from the CV images
representing positions of+0.48,+0.72, and+1.92 mm
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from bregma. The ventricle was identified and the area
from the contralateral and ipsilateral mouse brain was
quantified on Fiji software. The ventricle area was nor-
malized to the contralateral ventricle. The analysis
was repeated twice to ensure the reproducibility of the
results.

Western blot

The ipsilateral cortical tissue was homogenized using
lysis buffer (1%NP-40, 1 mM phenylmethylsulfonyl fluo-
ride, protease inhibitors; complete and miniphosStop
tablets). Protein concentration was confirmed by BCA
Protein Assay Kit (Thermo Fisher Scientific Inc, Rock-
ford IL). The brain lysate was dissolved in a 2% loading
buffer and resolved on 4-20% gradient SDS —PAGE and
transferred to a polyvinylidene difluoride membrane.
Blots were blocked with 5% bovine albumin serum
for an hour and incubated with an anti-CD13 anti-
body (abcam#ab227663; 1:1000) overnight at 4 °C. The
CD13KO ipsilateral cortical tissue was run as a control
to validate the antibody (Additional file 1: Fig. S1C). The
next day, the blots were washed and incubated with an
HRP-conjugated secondary antibody (1:10,000) for an
hour followed by the detection of the signal by an ECL
detection kit. Band intensities were quantified using Fiji
software.

Leukocyte infiltration

The brain was harvested at 72 h post-MCAO and placed
in RPMI (Lonza) medium and mechanically and enzy-
matically digested in collagenase/dispase (1 mg/mL) and
DNAse (10 mg/mL; Roche Diagnostics) as described
previously [3]. The cell suspension was filtered through a
70-pm filter. Leukocytes were harvested from the inter-
phase of a 70%/30% Percoll gradient. Brain leukocytes
were then washed with 1X PBS and blocked with mouse
Fc Block (eBioscience, 1 pul/50 pl) before staining with
primary antibody-conjugated fluorophores (CD45-ef450,
CD11b- APC-ef780, Ly6C-APC, Ly6G- FITC) for 30 min.
The infiltrated inflammatory monocytes were identified
as CD45MCD11b Ly6CM and neutrophils were identified
as CD45MCD11b*Ly6G*. For live/dead discrimination,
cells were treated with a fixable viability dye (carboxylic
acid succinimidyl ester, AF350; Invitrogen).

Quantification of CD13* endothelial or mural cells

The brains were harvested at 24, 72 h, and 7 days post-
MCAO as described previously with modifications
[39]. The brains were placed in an RPMI medium and
mechanically digested. The cell suspension was filtered
through a 70-pm filter and centrifuged at 300 g for 5 min
at 4 °C. The pellet was mixed with 4 ml of 22% bovine
serum albumin (BSA) and centrifuged at 300 g for 20 min



Nguyen et al. Journal of Neuroinflammation (2023) 20:232

at 4 °C (acceleration -4 and deceleration -0). Myelin on
top was carefully removed and the cell pellet was washed
with RPMI medium and blocked with mouse Fc Block
and primary antibody-conjugated fluorophores (CD45-
ef450, CD11b-APC-ef780, CD13-BV605, CD146-PE/Cy7,
CD31-BV605, CXCR4-APC). For intracellular CXCL12
staining, the cells were permeabilized and fixed by using
a fixation/permeabilization kit (BD Biosciences) accord-
ing to the manufacturer’s instructions. The cells were
then incubated with CXCL12-PE conjugated antibody
overnight at 4 °C and then washed. Data were acquired
on CytoFLEX cytometer (BECKMAN COULTER) and
analyzed by FlowJo (TREESTAR INC.). Cell-specific flu-
orescence minus one control was used to confirm indi-
vidual antibody specificity. For CD13 antibody specificity,
CD13KO mouse brain was used. No less than 300,000
events were recorded for leukocyte estimation. For esti-
mations of CD13" cell counts in the brain no less than
200,000 events were recorded. For estimating CXCL12
and CXCR4' ECs, no less than 1x10° events were
recorded/sample.

Immunohistochemistry (IHC)

For the mouse brain, a standard procedure was utilized
for IHC staining on 30-um sections mounted on Fisher
Scientific Superfrost Plus charged slides [38]. Briefly,
the tissue sections were rinsed in 0.1 M phosphate-
buffered saline (PBS) pH 7.4. Antigen retrieval was per-
formed by heating the tissue in a 10 mM sodium citrate
buffer at pH 6.0. Tissue sections were incubated for 1 h
in blocking solution (0.1% Triton-X, 10% normal goat
serum in 1X PBS) and then incubated overnight in the
primary antibody at 4 °C (CD13-Alexa Fluor 647 (BD
Biosciences#564352); 1:200; IBA-1(Fujifilm Wako pure
chemical corporation¥NCNP24) 1:300; GFAP-Cy3
(Sigma-Aldrich#C9205) 1:300; DyLight 594 labeled Lyco-
persicon Esculentum (tomato) lectin (Vector Laborato-
ries); 1:100, MBP (cell signaling technologies#78896S);
1:100, PDGFR-P (Santa Cruz#sc-374573); 1:300, NeuN-
Alexa Flour 488 (Millipore Sigma MAB377X); 1:300.
Digital images were taken on Lieca microscope. Three
coronal brain sections per mouse, taken 0.02, 0.45, and
0.98 mm from bregma, were stained and visualized for
quantification at 20X magnification at the core/penum-
bra junction to quantify positive cells. To assess the num-
ber of GFAP and Iba-1 positive astrocytes and microglia
in the hippocampus sections from bregma -1.46 mm to
bregma-2.30 mm were used. Three images were taken
from each mouse brain and values were averaged.

For the human brain, a standard procedure was utilized
for IHC staining as described previously [40]. Briefly,
after deparaffinization, the sections were subjected to a
heat-induced antigen retrieval process (citric acid buffer,
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pH 6.0, 99 °C 20 min), then blocked in 3% H202 to
block the endogenous peroxidase. ABC-HRP kit (VEC-
TASTAIN Elite ABC-HRP kit, peroxidase) was used to
perform the following process. Briefly, the sections were
blocked in blocking buffer (1.5% horse normal serum in
PBS), then incubated overnight with primary antibodies,
Anti-CD13 (1:200, Abcam, ab227663) and anti-CXCL12
(1:50, R&D Systems, MAB350-100). Samples were
washed and subsequently incubated with a secondary
antibody (biotin-labeled horse anti-mouse IgG) and avi-
din—biotin complex. Diaminobenzidine chromogen was
used to detect the immunoperoxidase signal, and hema-
toxylin was used as the counterstain. Negative controls
were performed by omitting primary antibodies from
the procedure. Digital images were obtained with Leica
THUNDER Imager DMi8, using the 20xX objective. Five
images/cases were taken, which included infarct area in
stroke cases and normal cortical region in control cases.
The infarct regions were identified in H&E staining.

Quantification of angiogenesis

Following three washes with 0.1 M PBS, pH 7.4 for
10 min, sections were placed in ice-cold 1N hydrochlo-
ric acid (HCl) for 10 min, followed by incubation with 2N
HCI for 30 min at 37 °C. After 30 min, the sections were
rinsed three times with 0.1 M 1x PBS and then sections
were incubated with 0.1 M boric acid for 10 min. The sec-
tions were washed three times and blocked with blocking
solution and incubated with BrdU antibody (Santa Cruz
biotechnology, sc-32323 AF594) and with Lycopersicon
esculentum (tomato) lectin, DyLight 649 for 48 h at 4 °C.
After washing in PBST, sections were coverslipped with
mounting media (VECTASHIELD Antifade Mounting
Medium with DAPI, Vector Laboratories). The average
numbers of cells visualized from three adjacent regions
at the core/penumbra junction were recorded for each
mouse and quantification was done using Fiji software.
For the quantification of total vessel length Angio Tool
was used. Percentage pericyte coverage was estimated by
the area of PDGFR-f divided by the lectin area.

Statistical analysis

Data are presented as mean+SEM except for NDS,
which was presented as median (interquartile range) and
analyzed with the Mann—Whitney test. The ROUT test
was used to analyze outliers. Two-group comparisons
were analyzed by unpaired t-test with Welch’s correc-
tion. Flow cytometry data were analyzed using two-way
ANOVA with Tukey’s multiple comparisons tests. Three-
group data were analyzed by ordinary one-way ANOVA
with Tukey’s multiple comparisons tests. Statistical sig-
nificance was set at p <0.05.
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Results

Brain CD13 expression and CD13* monocytes

and neutrophils infiltration increased at acute time points
after stroke

Stroke responses are biphasic in nature comprising both
acute and chronic mechanisms [41]. To investigate the
early changes in brain CD13 expression (corresponding
to the peak time of inflammation) we performed western
blot and flow cytometry analyses on day 3 post-MCAO
(Additional file 1: Fig. S1). Western blot findings showed
an increase (p <0.05) in cortical CD13 expression on day
3 post-MCAO (Additional file 1: Fig. SIA) compared to
sham. As CD13 plays a role in trans-migration [27, 42],
we examined brain CD13"Ly6G neutrophils and Ly6c™
inflammatory monocytes, early responders after ischemic
stroke. The percentage of infiltrated CD13"Ly6G neutro-
phils and Ly6C" monocytes was higher in the animals
that underwent MCAO suggesting a trans-migratory role
of CD13 after stroke (Additional file 1: Fig. S1B).

CD13* endothelial or mural cells increase in both mouse
and human brains after a stroke

CD13 is expressed on peripheral myeloid cells [43, 44]
including infiltrated monocytes and neutrophils (Addi-
tional file 1: Fig. S1B), however little is known about the
expression of CD13 on brain resident cells including
astrocytes, microglia, endothelial, and pericytes. Our
immunohistochemistry findings revealed that CD13 did
not co-localize with GFAP™ astrocytes or Iba-1" micro-
glia but with PDGFR-B*pericytes and lectin* blood ves-
sels in the naive mouse brain (Additional file 2: Fig. S2A
and B) consistent with findings from others that demon-
strated that CD13 is expressed by brain pericytes [45].
Both PDGFR-B™ cells and lectin™ cells co-localized with
CD13.

We also assessed brain CD13% cells (endothelial or
mural cells) at 24 and 72 h after MCAO in young mice
by flow cytometry (Fig. 1A). We observed a significant
decline (p<0.05) in CD13" endothelial or mural cell
counts at both 24 h and 72 h after MCAO compared to
sham. However, an increase (p <0.05) in CD13" endothe-
lial or mural cell numbers was observed in 72 h versus
24 h MCAO group suggesting a recovery in the cells at
this time point. CD13 expression increases in activated/
angiogenic endothelial cells [30, 31]. After the experi-
mental stroke, an increase in the vascular area is seen in
the ischemic core border within 4-7 days [46]. By days
14-28, angiogenesis is observed in the peri-infarct area
[47, 48]. On day 15 post-MCAO an increased number
of CD13%lectin™ cells were seen in the peri-infarct area
compared to the sham (Fig. 1B). We further investi-
gated CD13" cells in human control and ischemic stroke
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patients (Fig. 1C). There was a significant increase in the
area of cortical CD13" in subacute stroke brains com-
pared to age-matched controls, and the CD13 stain-
ing pattern was primarily around blood vessels. These
observations suggested CD13"cells decline acutely after
MCAO in mice. However, an increase in CD13" 15 days
after stroke and in subacute stroke human brains sug-
gests that CD13" increases in the later stages of stroke.

Loss of CD13 did not affect behavioral outcomes

in uninjured mice

To determine if loss of CD13 alone affects brain function,
we performed cognitive and motor testing on wild-type
and global CD13 knockout (KO) mice. Additionally, IHC
was performed to investigate markers of inflammation
at baseline (GFAP™" astrocytes, and Iba-1* microglia) in
the cortex and corpus callosum (CC). There was no dif-
ference in cerebral blood flow between CD13KO and
WT animals (Additional file 3: Fig. S3A). No difference
in distance moved on the open field was seen, and KO
mice had no apparent motor deficits (Additional file 3:
Fig. S3B). There was no difference between latency to
escape (Additional file 3: Fig. S3C) and a similar num-
ber of incorrect entries (Additional file 3: Fig. S3D) was
seen in the Barnes maze reflecting the absence of base-
line memory deficits between the two groups. Histologi-
cal analyses demonstrated no differences in the cortical
intensity of GFAP (Additional file 3: Fig. S3E) or Iba-1
(Additional file 3: Fig. S3F) between CD13KO and WT
mice. Similarly, no difference in CC GFAP (Additional
file 3: Fig. S3H), Iba-1 (Additional file 3: Fig. S3I), or MBP
(Additional file 3: Fig. S3]) intensity was seen between
the two groups. Although no difference in the corti-
cal PDGFR-P pericytes coverage (Additional file 3: Fig.
S$3G) was observed in CD13KO versus wild-type mice,
CD13KO mice lacked CD13 positivity but still were posi-
tive for PDGFR-P (Additional file 3: Fig. S3K). These find-
ings suggested that CD13 deletion does not affect normal
histological or brain function in uninjured animals.

CD13 led to larger infarcts and promoted neutrophil
trans-migration

To explore the role of CD13 in trans-migration after
ischemic stroke, we utilized a global CD13 KO model.
The CD13KO naive mice did not show any gross ana-
tomical difference in large blood vessels of the circle of
Willis (Fig. 2A). At 72 h post-MCAO, CD13KO mice had
smaller infarcts and improved NDS (p <0.05, Fig. 2B and
C) despite a similar drop in CBF (Fig. 2D). These results
suggested that CD13 plays a detrimental role in acute
stroke pathology and contributes to worsened neurologi-
cal outcomes.
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We then investigated the amount of brain infiltration of
myeloid cells in the contralateral and ipsilateral (MCAO
side) hemispheres 3 days after stroke. Microglia counts
were significantly lower (p<0.05) in the WT ipsilateral
compared to the respective contralateral hemisphere,
likely representing the increased infarct seen in wild-type
mice (Fig. 2E). No difference in microglia numbers in
the contralateral and ipsilateral hemispheres was seen in
CD13KO mice (Fig. 2E). Microglia numbers were higher
(p<0.05) in the CD13KO mice compared to WT ipsi-
lateral hemispheres (Fig. 2E). An increase in ipsilateral
Ly6C" monocytes and Ly6G* neutrophils was observed
in the WT and CD13KO animals compared to their
respective contralateral hemispheres (Fig. 2F). Although
no difference in ipsilateral Ly6C™ monocytes in the
CD13KO and WT was observed (Fig. 2F). Furthermore,
an increase in ipsilateral Ly6G™ neutrophils was observed
in both CD13KO and WT compared to their respective

contralateral hemispheres (Fig. 2G). However, a sig-
nificantly lower number of ipsilateral Ly6G neutrophils
was observed in CD13KO mice when compared to the
WTMCAO mice (Fig. 2G). These results suggested that
the reduction in infiltrated neutrophils and higher micro-
glia counts could be partly responsible for the improved
stroke outcomes seen in CD13KO mice.

CD13 plays a critical role in post-stroke cognitive recovery
at chronic time points

We investigated functional deficits in WT and CD13KO
mice at subacute (Day 7, Fig. 3A), and chronic/recov-
ery (Day 28, Fig. 3B) time points after stroke. On day
7 post-MCAO (Fig. 3A), no difference in percentage
alterations on the Y-maze was observed between sham
and WTMCAO or sham and CD13KOMCAO animals
(Fig. 3A). However, on the Barnes maze, an increase
(p<0.05) in the escape latency and incorrect entries was
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observed between sham and WTMCAO mice. Simi-
larly, CD13KOMCAO mice took a longer time to escape
and made more incorrect entries than the sham animals
reflecting stroke-induced memory impairment. Although
non-significant CD13KOMCAO mice took a longer time
to escape and made more incorrect entries than WTM-
CAO mice. Stroke-induced locomotor activity decreased
in both WTMCAO and CD13KO mice compared to the
sham at day 7 post-MCAO.

On day 28 post-MCAO (Fig. 3B), no difference in per-
centage alteration or escape latency was seen between
the two MCAO groups however, CDI3KOMCAOQO mice
made more incorrect entries on the Barnes maze than
the wild-type MCAO mice suggesting a memory defi-
cit. Additionally, the nest-building score was signifi-
cantly lower (p<0.05) in the WTMCAO mice compared
to sham. Similarly, the CD13KOMCAO mice had lower
nest-building scores than the shams reflecting to mem-
ory impairment [37]. The CD13 KO mice moved more

distance on an open field than the WTMCAO animals.
No difference in ipsilateral CBF between CD13KO
(275.13+22.41 AU) and WT mice (271 +22.94 AU) was
observed at day 30 post-MCAO. These results showed
that the loss of CD13 results in greater cognitive deficit
in the subacute and chronic stroke phase, suggesting a
beneficial role of CD13 in the functional recovery from
stroke.

CD13 KO mice had increased tissue loss, inflammation,

and white matter injury 30 days after the stroke

CD13KO mice had significantly (p <0.05) enlarged ven-
tricles (Fig. 4A) and increased tissue loss (Fig. 4B) com-
pared to WT animals after stroke. MCAO resulted
in lower NeuN*cells in the peri-infarct region in the
WT and CD13KO mice compared to the sham group
(Fig. 4C). Lower NeuN™ cells were seen in the peri-
infarct region (Fig. 4C) in CD13KO animals at day 30
post-MCAO compared to WT mice. Furthermore,
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MCAQO led to markers of inflammation in the peri-infarct
region including Iba-1 and GFAP™ cells in the peri-infarct
area compared to sham (Fig. 4D and E). Iba-1 and GFAP*
cells were significantly higher in CD13KOMCAOQO mice
versus WTMCAOQ animals (Fig. 4D and E). White matter
injury (WMI) has been reported after stroke in both clin-
ical and preclinical studies. MBP is a marker for demyeli-
nation and is reduced after stroke. A significant (p <0.05)
decline in the MBP intensity was observed in the WTM-
CAO and CD13KOMCAO mice compared to the sham
group. A significant (p <0.05) reduction in MBP intensity
in the CC and striatum (Fig. 4F and G) of CD13KO as
compared to WT mice after stroke, reflecting increased
demyelination in the absence of CD13. Increased Iba-1
and GFAP" cells in the CC of CD13KO mice suggested
inflammation to be partly responsible for WMI in the CC
(Fig. 4H and I).

CD13 is involved in post-stroke angiogenesis

Angiogenesis and neurogenesis are integral to post-
stroke recovery. We used Lycopersicon esculentum
(tomato) lectin, DyLight 649 to stain vessels [49].
The percentage lectin®™ area in the peri-infarct region
was significantly reduced in both WT and CD13KO
MCAO mice compared to sham (Fig. 5A). PDGFR-
pericyte coverage was significantly reduced in the
WTMCAO mice as compared to sham. No difference

in PDGFR-f pericyte coverage was observed between
CD13KO MCAO and the sham group. Morphomet-
ric measurements of the microvasculature were per-
formed with angio Tool. A reduced average vessel
length was observed in both WT and CD13KO MCAO
mice as compared to sham (Fig. 5B). An increased
total number of endpoints were seen in the CD13KO
MCAO compared to sham mice (Fig. 5B). CD13KOM-
CAO mice had an increased total number of end-
points than the WTMCAO mice (Fig. 5B). In addition,
higher BrdU*lectin™ cells were seen in WTMCAO and
CD13KOMCAO mice compared to sham (Fig. 5C).
CD13KO MCAO mice had significantly lower
(p<0.05) BrdU"lectin™ cells compared to WTM-
CAO animals suggesting a reduction in angiogenesis
(Fig. 5C). To determine the contribution of neuro-
genesis in post-stroke recovery we examined DCX, a
marker for immature neurons in the sub-ventricular
zone (SVZ; Additional file 4: Fig. S4A). There was no
difference in SVZ DCX™* cells between the wild-type
and CD13KO MCAO animals (Additional file 4: Fig.
S4A). Hippocampal inflammation has been linked
to cognitive impairment after stroke [50]. Increased
GFAP™" and Iba-1" cells were seen in the hippocampus
of CD13KO mice (Additional file 4: Fig. S4B) indicative
of increased inflammation. These findings implicate
CD13 in angiogenesis and hippocampal inflammation.
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Loss of CD13 leads to upregulation of CXCL12 after stroke

CXCL12 is a chemokine involved in inflammation and
is secreted by multiple cells after stroke including astro-
cytes, microglia, endothelial cells, pericytes, and neurons
[51]. CXCL12 can play both detrimental and protec-
tive roles in stroke [52, 53]. Brain sections from human
AIS and age-matched control patients showed that AIS
patients had a higher % CXCL12-positive area than age-
matched controls at the subacute time point (Fig. 6A). In
the mice, we observed no difference in the median fluo-
rescence intensity (MFI) of CXCL12 (Fig. 6C) between
the two MCAO groups. However, the percentage of

CXCL12* cells significantly increased in CD13KO com-
pared to wild-type animals on day 7 after stroke. This
suggests that multiple cell types might be contributing to
the stroke-induced increase in CXCL12 (Fig. 6D).

To investigate the role of endothelial cell (EC)
CXCL12/CXCR4 pathway after stroke, we then gated
on brain ECs as described (Additional file 5: Fig. S5).
CD146 is expressed throughout the vasculature and
plays a role in cell-cell adhesion, leukocyte trans-migra-
tion, and angiogenesis [39, 54, 55]. ECs were gated as
CD45°CD11b~CD1467CD31" cells. Stroke induced a
greater increase in the % of CD1467CD31% ECs seen in
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the ipsilateral hemisphere of wild-type mice compared
to the contralateral hemisphere (Fig. 6E). No difference
in % of CD1467CD31% ECs was seen in the CD13KO
ipsilateral versus the contralateral hemisphere. The per-
centage of CD1467CD31" ECs was significantly lower
in the CD13KO mice compared to wild-type animals
after stroke (Fig. 6E). CXCL12 signals through CXCR4
and plays a critical role in angiogenesis in experimental
intracerebral hemorrhage [56]. In the ipsilateral hemi-
sphere, the percentage of CXCR4" ECs (Fig. 6F) was
lower in the CD13KO mice compared to the wild-type
after stroke. CXCR4 MFI was increased in the ipsilateral
versus the contralateral hemisphere in wild-type MCAO
mice (Fig. 6G). A trend toward reduced (p=0.142) ipsi-
lateral CXCR4 MFI was seen in the CD13KO versus
wild-type MCAO mice (Fig. 6G). These findings sug-
gested that increased CXCL12 and reduced endothelial

cell CXCR4 could be partly responsible for reduced angi-
ogenesis observed in CD13KO mice after stroke.

Discussion

This work demonstrates several novel findings which
support our hypothesis that CD13 contributes towards
both acute injury and repair after stroke. Although the
loss of CD13 reduced myeloid infiltration and infarct
size acutely, later after the stroke, the loss of CD13 was
detrimental to recovery. Our findings suggest a bipha-
sic role of CD13 in ischemic stroke pathophysiology. We
observed an increase in cortical CD13 expression at day 3
which was consistent with an increase in CD13" mono-
cytes and neutrophils (Additional file 1: Fig. S1) that cor-
roborated with the trans-migratory role of CD13 in the
injury [23]. Besides its involvement in cell trafficking,
CD13 is also expressed by angiogenic blood vessels and
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brain pericytes (PCs) [30, 57]. CD13 is used as a sorting
marker for pericytes in the mouse brain [58]. CD13 co-
localized with PDGFR-B™ cells and lectin® cells in the
mouse brain and CD13*lectin* cell counts were higher at
day 15 post-MCAO (Additional file 1: Fig. S1, Additional
file 2: Fig. S2). Thus caution should be taken when FACS
sorting brain pericytes based on CD13 expression.

After a stroke in both animals and humans, brain PCs
and ECs rapidly die [59]. We observed a decrease in brain
CD13" cells at both 24 and 72 h after MCAO that could
be partially attributed to the loss of PCs and ECs. CD13
is increased in angiogenic blood vessels after ischemic
injury in skeletal muscle and cardiac tissue [23, 32]. An
augmentation in CD13"lectin® cells at 15 days post-
MCAO in mice and the increase in CD13* area in stroke
patients (Fig. 1) is suggestive of angiogenesis [4, 22].

In healthy mice, CD13 did not influence histological or
behavioral outcomes (Additional file 3: Fig. S3), and with-
out injury, CD13 KO mice were indistinguishable from
wild-type animals. There was no difference in the anat-
omy of the vasculature of the circle of Willis, histological
markers, or behavior between the two groups, suggest-
ing that CD13 does not contribute to tissue infiltration
or functional outcomes in uninjured animals [23, 26, 42].
Furthermore, loss of CD13 did not promote white matter
injury [60]. No difference in PDGFR-P pericyte coverage
between CD13KO and WT mice was observed. Inci-
dentally, CD13 knockdown did not affect the PDGFR-f
counts confirming that CD13 is not exclusive to brain
pericytes [58, 61]. After MCAO, a smaller infarct volume,
a higher number of surviving microglia, and reduced
brain neutrophil infiltration in the CD13KO mice vali-
dated the contribution of CD13 in trans-migration dur-
ing the acute phase of stroke. Interestingly, we did not
find a difference in brain monocyte infiltration between
the CD13KO MCAO and wild-type MCAO animals sug-
gesting a differential CD13 contribution in monocyte
and neutrophil motility. CD13 on activated endothelium
interacts with infiltrated monocytes/macrophages and
promotes post-stroke angiogenesis and recovery [23, 62].
However, as no difference in the infiltrated monocytes
was observed within the two groups, we suspect mono-
cyte/macrophage contribution towards angiogenesis
would be similar in the two groups after stroke. Neutro-
phil CD13 homotypic interactions promote no-reflow
[63] and could be in part responsible for increased brain
damage in acute ischemic stroke. These observations sup-
ported the detrimental role of CD13 in the acute phase of
ischemic stroke and that targeting CD13 early could be a
viable therapy.

Spontaneous post-stroke functional recovery is seen in
young animals after stroke [35, 64]. How CD13 influences
long-term functional recovery is unknown. We evaluated
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motor and cognitive function on day 7 (subacute) and
day 28 post (chronic) after the stroke. Both at subacute
and chronic time points after stroke, CD13KO animals
had worse memory deficits on the Barnes maze suggest-
ing blunted hippocampal-dependent cognitive recovery
[65, 66]. Similarly, on day 28 post-MCAO, CD13KO mice
were hyperactive in the open field, reflecting persistent
habitual impairment [67, 68], or non-associated memory
loss [69]. However, no difference in percentage alteration
on the Y-maze was observed between the two groups at
day 7 or day 28 post-stroke, suggesting that short-term
spatial memory [36] was not affected. These observations
support the contribution of CD13 in cognitive recovery
after stroke.

Both in preclinical and clinical settings, gliosis is a fre-
quent finding that regulates neuroinflammation after
stroke [70, 71]. Although CD13 deletion in sham mice
did not enhance gliosis, however after stroke CD13KO
mice had increased proliferation of Iba-17 microglia
and GFAP* astrocytes in the peri-infarct area. Inflam-
mation after stroke causes axonal demyelination result-
ing in white matter injury, which is associated with
long-term cognitive impairment. Increased Iba-1"
microglia and GFAP* astrocytes were seen in CD13KO
mice after stroke. Increased white matter gliosis may be
partly responsible for the reduced corpus callosum and
striatum MBP intensity thus culminating in worse cogni-
tive outcomes. Hippocampus inflammation is observed
after experimental stroke and is associated with cogni-
tive impairment [50, 72, 73]. The increased hippocam-
pus Iba-17 and GFAP' cells in the CD13KO MCAO
mice reflected gliosis and could be partly responsible
for dampened cognitive recovery. Overall, these results
supported the beneficial role of CD13 in reducing neu-
roinflammation and ameliorating post-stroke cognitive
deficits.

Neurogenesis and angiogenesis promote post-stroke
recovery. We did not find a difference in DCX* cells
between the wild type and CD13KO MCAO animals
suggesting that CD13 is dispensable for post-stroke neu-
rogenesis. PDGFR-J is expressed in neural stem/progeni-
tor cells, and vascular pericytes and is upregulated after
cerebral ischemia in both humans and animal models
[74, 75]. Additionally, PDGFR-p is shown to be involved
in pathological neurogenesis after stroke [76]. No differ-
ence in PDGFR-f counts was seen between the wild type
and CD13KO MCAO animals thus further supporting
that CD13 is unessential in neurogenesis. A decline in
the percentage of lectin® area suggested vascular defects
in CD13KO MCAO mice supporting the vascular role of
CD13. A reduced vessel length and a deficiency in post-
stroke angiogenesis in the CD13KO MCAO animals
validated the contribution of CD13 in angiogenesis [30,
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77]. A reduced lectin™ area and BrdU"lectin™ cells were
a consequence of impaired angiogenesis in our study.
On the contrary, in the mouse model of myocardial
infarction, an increase in CD31" luminal structures in
CD13KO mice were seen without improvement in ves-
sel perfusion [23]. Although the authors did not explore
the pericyte involvement in their study, they attributed
increased angiogenesis to impaired pericyte coverage
resulting in uncontrolled endothelial cell proliferation.

Angiogenesis is one of the critical mechanisms for
post-stroke recovery. Endothelial migration is essen-
tial for angiogenesis. CXCL12 is a chemokine that has
been shown to mediate the recruitment and homing of
endothelial progenitor cells and promote angiogenesis in
an experimental model of myocardial infarction and hind
limb ischemia [78-81]. CXCL12 is expressed by multi-
ple cell types including astrocytes, microglia, endothe-
lial cells, and infiltrating immune cells [53, 82, 83], and
its expression is elevated in the brain after stroke [84].
Inhibition of CXCL12 reduced peripheral T cell infil-
tration and improved neurological deficits post-stroke
[53]. CXCL12 signals through CXCR4 and CXCR4 are
expressed by lymphocytes, endothelial cells, epithe-
lial cells, and stromal cells [51]. BBB-derived CXCL12/
CXCR4 signaling promoted NK cell migration and
improved functional outcomes after ischemic stroke
in mice [52]. In the subacute phase, stroke patients had
an increase in CXCL12-positive area compared to con-
trols, reflecting a stroke-induced increase in CXCLI12.
In experimental stroke, a higher percentage of cells
were positive for CXCL12 in the CD13KO MCAO ani-
mals. An increased number of activated astrocytes and
microglia could be partly responsible for the increased
% of CXCL12" cells in the CD13KO MCAO. A decrease
in CXCR4* ECs and MFI of CXCR4 suggested impair-
ment in the endothelial CXCL12/CXCR4 pathway which
could be partially accountable for reduced angiogenesis
in CD13KO MCAO mice. These results support a critical
role for CD13 in post-stroke angiogenesis and cognitive
recovery.

This is the first study exploring the biphasic contribu-
tion of CD13 in stroke. Our study has certain limitations,
including the use of a global CD13KO model. Further
studies using deletion of myeloid versus endothelial
CD13 in inducible models are needed. Stroke is a disease
that primarily affects older populations, and we did not
assess aged animals. However, our studies validating the
involvement of CD13 and CXCL12/CXCR4 in human
stroke patients, that were older and both sexes (mean age
— 61-92 years) suggests that this is also relevant to clini-
cal stroke. Future studies will require cell-specific studies,
pharmacological interventions, and examination of the
role of CD13 in both males and females.
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In conclusion, CD13 modulates both injury and
repair mechanisms. At acute stroke time points, CD13
promotes myeloid cell trans-migration and brain pen-
etration. During the chronic phase, CD13 facilitates angi-
ogenesis and post-stroke recovery.

Abbreviations

MCAO Middle cerebral artery occlusion

CcC Corpus callosum

DCX Doublecortin

MBP Myelin basic protein

BBB Blood-brain barrier

cv Cresyl violet

KO Knockout

WMI White matter injury

NDS Neurological deficit scores

IHC Immunohistochemistry

TTC 2,3,5-Triphenyltetrazolium chloride

AU Arbitrary units

WT Wild type

CXCL12 C-X-C motif chemokine 12

CXCR4 C-X-C chemokine receptor type 4

ECs Endothelial cells

MFI Median fluorescence intensity

PDGFR-B  Platelet-derived growth factor receptor beta
Iba-1 lonized calcium-binding adaptor molecule 1
GFAP Glial fibrillary acidic protein
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Additional file 1: Figure S1. Brain CD13 expression and infiltrated CD13%
monocytes and neutrophils increased at acute time-point after stroke.

A. Increase in cortical CD13 expression at 72 h after MCAQ. B. Increase in
infiltrated CD13*Ly6G™ neutrophils and Ly6C" monocytes after MCAO. C.
CD13 antibody staining in WT and CD13KO mouse brains. Data presented
as mean +SEM. n=3-5/group. Data were analyzed using the Unpaired
t-test with Welch's correction (*p < 0.05; **p <0.01).

Additional file 2: Figure S2. CD13 co-localizes with PDGFR-B*pericytes
and lectin blood vessels in the brain. A. CD13 does not co-localize

with Iba-1* microglia and GFAP* astrocytes. B. CD13 co-localizes with
PDGFR-B™pericytes and lectin® blood vessels in the naive mouse brain. C.
CD13KO mice lack CD13 signal but are positive for Iba-1* microglia and
GFAP* astrocytes and D. PDGFR-B*pericytes and lectin® blood vessels. E.
Negative control. Magnification 40X, scale bar 20 um.n=3.

Additional file 3: Figure $3. CD13 does not affect normal brain functions
in young mice. A. Blood flow in the ipsilateral brain hemisphere (n=8-10/
gp). B. distance moved on open filed (n=6/gp). C. Escape latency, D. num-
ber of incorrect entries on Barnes maze (n=7-9/gp). E. Intensity GFAP. F.
Intensity IbaT. G. Percentage pericyte coverage in the cortex (n=3/gp). H.
Intensity GFAP. I. Intensity IbaT and, J. Intensity MBP in CC (n=4-5/gp). K.
CD13KO mice lacked CD13™ positivity. Magnification 40X, scale bar 20 um.
Data presented as mean + SEM. Data were analyzed using the Unpaired
t-test with Welch's correction.

Additional file 4: Figure S4. No difference in SVZ doublecortin positive
cells but increase in hippocampus gliosis in CD13KO mice after stroke A.
Doublecortin counts in SVZ. B. GFAP and Iba-1* count in the hippocam-
pus at day 30 post-MCAOQ. Data presented as mean + SEM. Magnification
20X. Scale bar 50 pm. Data were analyzed using Ordinary one-way ANOVA
with Tukey’s multiple comparisons test. n=6/gp.

Additional file 5: Figure S5. Gating strategy for endothelial cells.

Additional file 6: Figure S6. Gating strategy for microglia and infiltrated
monocytes and neutrophils.



https://doi.org/10.1186/s12974-023-02918-3
https://doi.org/10.1186/s12974-023-02918-3

Nguyen et al. Journal of Neuroinflammation (2023) 20:232

Acknowledgements
The authors would like to thank Ms. Yan Xu for maintaining the animal colony.

Author contributions

AC designed, performed the surgeries, and oversaw the experiments. JNN,
ECM, and AC performed behavioral experiments, IHC, and flow cytometry and
drafted the manuscript. GP and TC performed the human IHC, JK provided the
human brain samples. SPM provided study guidance and editing of the manu-
script. LS provided the CD13 KO mice. All authors have read and approved the
manuscript.

Funding

This work was funded by the National Institute of Neurological Disorders
and Stroke R21 NS114836 to AC. and P30 AG066468 (Pittsburgh Alzheimer's
Disease Research Center, to JKK).

Availability of data and materials
All the data supporting the findings of this study are available on request from
the corresponding author.

Declarations

Ethics approval and consent to participate
Animal procedures were approved by the Animal Welfare Committee at the
University of Texas Health Science Center in Houston, TX, USA.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflicts of interest.

Author details

"University of Texas McGovern Medical School at Houston, Houston, TX, USA.
“Department of Neurology, University of Texas McGovern Medical School

at Houston, Houston, TX, USA. 3Baylor University, Waco, TX, USA. 4Departmem
of Pathology, University of Pittsburgh, Pittsburgh, PA, USA. *Center for Vascular
Biology, The University of Connecticut Health Center, Farmington, CT, USA.

Received: 21 March 2023 Accepted: 1 October 2023
Published online: 10 October 2023

References

1. Feigin VL, Brainin M, Norrving B, Martins S, Sacco RL, Hacke W, et al. World
Stroke Organization (WSO): Global Stroke Fact Sheet 2022. Int J Stroke.
2022;17(1):18-29.

2. MaY,Yang S, He Q Zhang D, Chang J. The role of immune cells in
post-stroke angiogenesis and neuronal remodeling: the known and the
unknown. Front Immunol. 2021;12: 784098.

3. Chauhan A, Al Mamun A, Spiegel G, Harris N, Zhu L, McCullough LD.
Splenectomy protects aged mice from injury after experimental stroke.
Neurobiol Aging. 2018;61:102-11.

4. Hatakeyama M, Ninomiya |, Kanazawa M. Angiogenesis and neuronal
remodeling after ischemic stroke. Neural Regen Res. 2020;15(1):16-9.

5. Ding G, Jiang Q Li L, Zhang L, Zhang ZG, Ledbetter KA, et al. Angiogen-
esis detected after embolic stroke in rat brain using magnetic resonance
T2*WI. Stroke. 2008;39(5):1563-8.

6. Krupinski J, Kumar P, Kumar S, Kaluza J. Increased expression of TGF-beta 1
in brain tissue after ischemic stroke in humans. Stroke. 1996;27(5):852-7.

7. Rust R. Insights into the dual role of angiogenesis following stroke. J
Cereb Blood Flow Metab. 2020;40(6):1167-71.

8. Krupinski J, Kaluza J, Kumar P, Kumar S, Wang JM. Role of angiogenesis in
patients with cerebral ischemic stroke. Stroke. 1994;25(9):1794-8.

9. Nih LR, Gojgini S, Carmichael ST, Segura T. Dual-function injectable angio-
genic biomaterial for the repair of brain tissue following stroke. Nat Mater.
2018;17(7):642-51.

20.

AR

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Page 150f 17

Rust R, Gronnert L, Gantner C, Enzler A, Mulders G, Weber RZ, et al. Nogo-
A targeted therapy promotes vascular repair and functional recovery
following stroke. Proc Natl Acad Sci U S A. 2019;116(28):14270-9.

. Arenillas JF, Sobrino T, Castillo J, Davalos A. The role of angiogenesis in

damage and recovery from ischemic stroke. Curr Treat Options Cardio-
vasc Med. 2007;9(3):205-12.

Stanimirovic DB, Wong J, Shapiro A, Durkin JP. Increase in surface expres-
sion of ICAM-1, VCAM-1 and E-selectin in human cerebromicrovascular
endothelial cells subjected to ischemia-like insults. Acta Neurochir Suppl.
1997;70:12-6.

Getts DR, Terry RL, Getts MT, Muller M, Rana S, Shrestha B, et al. Ly6c+
“inflammatory monocytes” are microglial precursors recruited in

a pathogenic manner in West Nile virus encephalitis. J Exp Med.
2008;205(10):2319-37.

Gliem M, Mausberg AK, Lee JI, Simiantonakis |, van Rooijen N, Hartung HP,
et al. Macrophages prevent hemorrhagic infarct transformation in murine
stroke models. Ann Neurol. 2012;71(6):743-52.

ladecola C, Buckwalter MS, Anrather J. Immune responses to stroke:
mechanisms, modulation, and therapeutic potential. J Clin Invest.
2020;130(6):2777-88.

Chauhan A, Al Mamun A, Spiegel G, Harris N, Zhu L, McCullough LD.
Splenectomy protects aged mice from injury after experimental stroke.
Neurobiol Aging. 2017;61:102-11.

Lai A, Ghaffari A, LiY, Ghahary A. Paracrine regulation of fibroblast amin-
opeptidase N/CD13 expression by keratinocyte-releasable stratifin. J Cell
Physiol. 2011,226(12):3114-20.

Amoscato AA, Sramkoski RM, Babcock GF, Alexander JW. Neutral surface
aminopeptidase activity of human tumor cell lines. Biochem Biophys
Acta. 1990;1041(3):317-9.

Calloni R, Cordero EA, Henriques JA, Bonatto D. Reviewing and

updating the major molecular markers for stem cells. Stem Cells Dev.
2013;22(9):1455-76.

Lai A, Ghaffari A, Ghahary A. Inhibitory effect of anti-aminopeptidase
N/CD13 antibodies on fibroblast migration. Mol Cell Biochem.
2010;343(1-2):191-9.

Alliot F, Rutin J, Leenen PJ, Pessac B. Pericytes and periendothelial cells of
brain parenchyma vessels co-express aminopeptidase N, aminopepti-
dase A, and nestin. J Neurosci Res. 1999;58(3):367-78.

Dondossola E, Rangel R, Guzman-Rojas L, Barbu EM, Hosoya H, St John
LS, et al. CD13-positive bone marrow-derived myeloid cells promote
angiogenesis, tumor growth, and metastasis. Proc Natl Acad Sci U S A.
2013;110(51):20717-22.

Pereira FE, Cronin C, Ghosh M, Zhou SY, Agosto M, Subramani J, et al.
CD13 is essential for inflammatory trafficking and infarct healing fol-
lowing permanent coronary artery occlusion in mice. Cardiovasc Res.
2013;100(1):74-83.

Mina-Osorio P, Winnicka B, O'Conor C, Grant CL, Vogel LK, Rodriguez-Pinto
D, et al. CD13 is a novel mediator of monocytic/endothelial cell adhesion.
J Leukoc Biol. 2008;84(2):448-59.

Ghosh M, McAuliffe B, Subramani J, Basu S, Shapiro LH. CD13 regulates
dendritic cell cross-presentation and T cell responses by inhibiting
receptor-mediated antigen uptake. J Immunol. 2012;188(11):5489-99.
Winnicka B, O'Conor C, Schacke W, Vernier K, Grant CL, Fenteany FH, et al.
CD13 is dispensable for normal hematopoiesis and myeloid cell functions
in the mouse. J Leukoc Biol. 2010;88(2):347-59.

Fiddler CA, Parfrey H, Cowburn AS, Luo D, Nash GB, Murphy G, et al. The
aminopeptidase CD13 induces homotypic aggregation in neutrophils
and impairs collagen invasion. PLoS ONE. 2016;11(7): e0160108.
Amantea D, Nappi G, Bernardi G, Bagetta G, Corasaniti MT. Post-ischemic
brain damage: pathophysiology and role of inflammatory mediators.
FEBS J. 2009;276(1):13-26.

Kriz J. Inflammation in ischemic brain injury: timing is important. Crit Rev
Neurobiol. 2006;18(1-2):145-57.

Bhagwat SV, Lahdenranta J, Giordano R, Arap W, Pasqualini R, Shapiro LH.
CD13/APN is activated by angiogenic signals and is essential for capillary
tube formation. Blood. 2001;97(3):652-9.

Fukasawa K, Fujii H, Saitoh Y, Koizumi K, Aozuka Y, Sekine K, et al.
Aminopeptidase N (APN/CD13) is selectively expressed in vascular
endothelial cells and plays multiple roles in angiogenesis. Cancer Lett.
2006;243(1):135-43.



Nguyen et al. Journal of Neuroinflammation

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

(2023) 20:232

Rahman MM, Ghosh M, Subramani J, Fong GH, Carlson ME, Shapiro

LH. CD13 regulates anchorage and differentiation of the skeletal

muscle satellite stem cell population in ischemic injury. Stem cells.
2014,32(6):1564-77.

Verma R, Ritzel RM, Harris NM, Lee J, Kim T, Pandi G, et al. Inhibition of
miR-141-3p ameliorates the negative effects of poststroke social isolation
in aged MICE. Stroke. 2018;49(7):1701-7.

Liu F, Yuan R, Benashski SE, McCullough LD. Changes in experimen-

tal stroke outcome across the life span. J Cereb Blood Flow Metab.
2009;29(4):792-802.

Manwani B, Liu F, Xu Y, Persky R, Li J, McCullough LD. Functional

recovery in aging mice after experimental stroke. Brain Behav Immun.
2011;25(8):1689-700.

Kraeuter AK, Guest PC, Sarnyai Z. The Y-maze for assessment of

spatial working and reference memory in mice. Methods Mol Biol.
2019;1916:105-11.

Deacon RM. Assessing nest building in mice. Nat Protoc.
2006;1(3):1117-9.

Hudobenko J, Ganesh BP, Jiang J, Mohan EC, Lee S, Sheth S, et al. Growth
differentiation factor-11 supplementation improves survival and pro-
motes recovery after ischemic stroke in aged mice. Aging (Albany NY).
2020;12(9):8049-66.

Chen J, Luo Y, Hui H, Cai T, Huang H, Yang F, et al. CD146 coordinates brain
endothelial cell-pericyte communication for blood-brain barrier develop-
ment. Proc Natl Acad Sci U S A. 2017;114(36):E7622-31.

Labonte B, Engmann O, Purushothaman I, Menard C, Wang J, Tan C, et al.
Sex-specific transcriptional signatures in human depression. Nat Med.
2017,23(9):1102-11.

Arai K, Lok J, Guo S, Hayakawa K, Xing C, Lo EH. Cellular mechanisms

of neurovascular damage and repair after stroke. J Child Neurol.
2011;26(9):1193-8.

Resheq YJ, Menzner AK, Bosch J, Tickle J, Li KK, Wilhelm A, et al. Impaired
transmigration of myeloid-derived suppressor cells across human sinu-
soidal endothelium is associated with decreased expression of CD13. J
Immunol. 2017;199(5):1672-81.

Licona-Limon |, Garay-Canales CA, Munoz-Paleta O, Ortega E. CD13
mediates phagocytosis in human monocytic cells. J Leukoc Biol.
2015;98(1):85-98.

Perez-Figueroa E, Alvarez-Carrasco P, Ortega E. Crosslinking of membrane
CD13in human neutrophils mediates phagocytosis and production of
reactive oxygen species, neutrophil extracellular traps and proinflamma-
tory cytokines. Front Immunol. 2022;13: 994496.

Smyth LCD, Rustenhoven J, Scotter EL, Schweder P, Faull RLM, Park TIH,
et al. Markers for human brain pericytes and smooth muscle cells. J Chem
Neuroanat. 2018;92:48-60.

Kanazawa M, Kawamura K, Takahashi T, Miura M, Tanaka Y, Koyama M,

et al. Multiple therapeutic effects of progranulin on experimental acute
ischaemic stroke. Brain. 2015;138(Pt 7):1932-48.

Williamson MR, Fuertes CJA, Dunn AK, Drew MR, Jones TA. Reactive
astrocytes facilitate vascular repair and remodeling after stroke. Cell Rep.
2021;35(4): 109048.

Chen D, Lee J, Gu X, Wei L, Yu SP. Intranasal delivery of apelin-13 is neuro-
protective and promotes angiogenesis after ischemic stroke in mice. ASN
Neuro. 2015;7(5).

Miyawaki T, Morikawa S, Susaki EA, Nakashima A, Takeuchi H, Yamaguchi
S, et al. Visualization and molecular characterization of whole-brain vas-
cular networks with capillary resolution. Nat Commun. 2020;11(1):1104.
Zhou HY, Huai YP, Jin X, Yan P, Tang XJ, Wang JY, et al. An enriched envi-
ronment reduces hippocampal inflammatory response and improves
cognitive function in a mouse model of stroke. Neural Regen Res.
2022;17(11):2497-503.

Guyon A. CXCL12 chemokine and its receptors as major players in the
interactions between immune and nervous systems. Front Cell Neurosci.
2014;8:65.

Wang S, de Fabritus L, Kumar PA, Werner Y, Ma M, Li D, et al. Brain
endothelial CXCL12 attracts protective natural killer cells during ischemic
stroke. J Neuroinflammation. 2023;20(1):8.

Ruscher K, Kuric E, Liu Y, Walter HL, Issazadeh-Navikas S, Englund E, et al.
Inhibition of CXCL12 signaling attenuates the postischemic immune
response and improves functional recovery after stroke. J Cereb Blood
Flow Metab. 2013;33(8):1225-34.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

Page 16 of 17

Bardin N, Blot-Chabaud M, Despoix N, Kebir A, Harhouri K, Arsanto JP,
et al. CD146 and its soluble form regulate monocyte transendothelial
migration. Arterioscler Thromb Vasc Biol. 2009;29(5):746-53.

Lehmann JM, Riethmuller G, Johnson JP. MUC18, a marker of tumor
progression in human melanoma, shows sequence similarity to the
neural cell adhesion molecules of the immunoglobulin superfamily.
Proc Natl Acad Sci U S A. 1989;86(24):9891-5.

Li B, Bai W, Sun P, Zhou B, Hu B, Ying J. The effect of CXCL12 on
endothelial progenitor cells: potential target for angiogenesis in intrac-
erebral hemorrhage. J Interferon Cytokine Res. 2015;35(1):23-31.
Pasqualini R, Koivunen E, Kain R, Lahdenranta J, Sakamoto M, Stryhn A,
et al. Aminopeptidase N is a receptor for tumor-homing peptides and
a target for inhibiting angiogenesis. Cancer Res. 2000;60(3):722-7.
Crouch EE, Doetsch F. FACS isolation of endothelial cells and pericytes
from mouse brain microregions. Nat Protoc. 2018;13(4):738-51.
Fernandez-Klett F, Potas JR, Hilpert D, Blazej K, Radke J, Huck J, et al.
Early loss of pericytes and perivascular stromal cell-induced scar forma-
tion after stroke. J Cereb Blood Flow Metab. 2013;33(3):428-39.
Montagne A, Nikolakopoulou AM, Zhao Z, Sagare AP, Si G, Lazic D, et al.
Pericyte degeneration causes white matter dysfunction in the mouse
central nervous system. Nat Med. 2018;24(3):326-37.

. Crouch EE, Liu C, Silva-Vargas V, Doetsch F. Regional and stage-specific

effects of prospectively purified vascular cells on the adult V-SVZ neu-
ral stem cell lineage. J Neurosci. 2015;35(11):4528-39.

Pedragosa J, Miro-Mur F, Otxoa-de-Amezaga A, Justicia C, Ruiz-Jaen F,
Ponsaerts P, et al. CCR2 deficiency in monocytes impairs angiogenesis
and functional recovery after ischemic stroke in mice. J Cereb Blood
Flow Metab. 2020;40(1_suppl):598-116.

El Amki M, Gluck C, Binder N, Middleham W, Wyss MT, Weiss T, et al.
Neutrophils obstructing brain capillaries are a major cause of no-reflow
in ischemic stroke. Cell Rep. 2020;33(2): 108260.

Mostajeran M, Edvinsson L, Ahnstedt H, Arkelius K, Ansar S. Repair-
related molecular changes during recovery phase of ischemic stroke in
female rats. BMC Neurosci. 2022;23(1):23.

Pitts MW. Barnes maze procedure for spatial learning and memory in
mice. Bio Protoc. 2018;8(5).

Bach ME, Hawkins RD, Osman M, Kandel ER, Mayford M. Impairment

of spatial but not contextual memory in CaMKIl mutant mice with a
selective loss of hippocampal LTP in the range of the theta frequency.
Cell. 1995;81(6):905-15.

Plamondon H, Khan S. Characterization of anxiety and habituation pro-
file following global ischemia in rats. Physiol Behav. 2005;84(4):543-52.
Milot MR, Plamondon H. Time-dependent effects of global cerebral
ischemia on anxiety, locomotion, and habituation in rats. Behav Brain
Res. 2009;200(1):173-80.

Colbourne F, Corbett D. Delayed postischemic hypothermia: a six
month survival study using behavioral and histological assessments of
neuroprotection. J Neurosci. 1995;15(11):7250-60.

Pekny M, Wilhelmsson U, Tatlisumak T, Pekna M. Astrocyte activa-

tion and reactive gliosis-a new target in stroke? Neurosci Lett.
2019;689:45-55.

. XuS, LuJ,Shao A, Zhang JH, Zhang J. Glial cells: role of the immune

response in ischemic stroke. Front Immunol. 2020;11:294.

Shah FA, Li T, Kury LTA, Zeb A, Khatoon S, Liu G, et al. Pathologi-

cal comparisons of the hippocampal changes in the transient and
permanent middle cerebral artery occlusion rat models. Front Neurol.
2019;10:1178.

Ward R, Valenzuela JP, Li W, Dong G, Fagan SC, Ergul A. Poststroke
cognitive impairment and hippocampal neurovascular remodeling:

the impact of diabetes and sex. Am J Physiol Heart Circ Physiol.
2018;315(5):H1402-13.

Renner O, Tsimpas A, Kostin S, Valable S, Petit E, Schaper W, et al.

Time- and cell type-specific induction of platelet-derived growth fac-
tor receptor-beta during cerebral ischemia. Brain Res Mol Brain Res.
2003;113(1-2):44-51.

Krupinski J, Issa R, Bujny T, Slevin M, Kumar P, Kumar S, et al. A putative
role for platelet-derived growth factor in angiogenesis and neuroprotec-
tion after ischemic stroke in humans. Stroke. 1997:28(3):564-73.

Sato H, Ishii Y, Yamamoto S, Azuma E, Takahashi Y, Hamashima T, et al.
PDGFR-beta plays a key role in the ectopic migration of neuroblasts in
cerebral stroke. Stem cells. 2016;34(3):685-98.



Nguyen et al. Journal of Neuroinflammation

77.

78.

79.

80.

81.

82.

83.

84.

(2023) 20:232

Petrovic N, Schacke W, Gahagan JR, O'Conor CA, Winnicka B, Conway RE,
et al. CD13/APN regulates endothelial invasion and filopodia formation.
Blood. 2007;110(1):142-50.

Ceradini DJ, Kulkarni AR, Callaghan MJ, Tepper OM, Bastidas N, Kleinman
ME, et al. Progenitor cell trafficking is requlated by hypoxic gradients
through HIF-1 induction of SDF-1. Nat Med. 2004;10(8):858-64.

Askari AT, Unzek S, Popovic ZB, Goldman CK, Forudi F, Kiedrowski

M, et al. Effect of stromal-cell-derived factor 1 on stem-cell hom-

ing and tissue regeneration in ischaemic cardiomyopathy. Lancet.
2003;362(9385):697-703.

Segers VF, Tokunou T, Higgins LJ, MacGillivray C, Gannon J, Lee RT.

Local delivery of protease-resistant stromal cell derived factor-1

for stem cell recruitment after myocardial infarction. Circulation.
2007;116(15):1683-92.

TanY, LiY, Xiao J, Shao H, Ding C, Arteel GE, et al. A novel CXCR4 antago-
nist derived from human SDF-1beta enhances angiogenesis in ischaemic
mice. Cardiovasc Res. 2009;82(3):513-21.

Luo X, Tai WL, Sun L, Pan Z, Xia Z, Chung SK, et al. Crosstalk between
astrocytic CXCL12 and microglial CXCR4 contributes to the development
of neuropathic pain. Mol Pain. 2016;12.

YuY, Xiao CH, Tan LD, Wang QS, Li XQ, Feng YM. Cancer-associated fibro-
blasts induce epithelial-mesenchymal transition of breast cancer cells
through paracrine TGF-beta signalling. Br J Cancer. 2014;110(3):724-32.
Hill WD, Hess DC, Martin-Studdard A, Carothers JJ, Zheng J, Hale D, et al.
SDF-1 (CXCL12) is upregulated in the ischemic penumbra following
stroke: association with bone marrow cell homing to injury. J Neuro-
pathol Exp Neurol. 2004;63(1):84-96.

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

Page 17 of 17

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	CD13 facilitates immune cell migration and aggravates acute injury but promotes chronic post-stroke recovery
	Abstract 
	Introduction 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Animals
	Middle cerebral artery occlusion (MCAO)
	Behavioral testing
	Neurological deficit scores
	Open field-testing
	Y-maze
	Barnes maze
	Nest building score
	Tissue harvesting
	TTC staining
	Cresyl violet (CV) staining
	Ventricle size area analysis
	Western blot
	Leukocyte infiltration
	Quantification of CD13+ endothelial or mural cells
	Immunohistochemistry (IHC)
	Quantification of angiogenesis
	Statistical analysis

	Results
	Brain CD13 expression and CD13+ monocytes and neutrophils infiltration increased at acute time points after stroke
	CD13+ endothelial or mural cells increase in both mouse and human brains after a stroke
	Loss of CD13 did not affect behavioral outcomes in uninjured mice
	CD13 led to larger infarcts and promoted neutrophil trans-migration
	CD13 plays a critical role in post-stroke cognitive recovery at chronic time points
	CD13 KO mice had increased tissue loss, inflammation, and white matter injury 30 days after the stroke
	CD13 is involved in post-stroke angiogenesis
	Loss of CD13 leads to upregulation of CXCL12 after stroke

	Discussion
	Anchor 37
	Acknowledgements
	References


