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Neurobiology of Disease

Neonatal Stroke and TLR1/2 Ligand Recruit Myeloid Cells
through the Choroid Plexus in a CX3CR1-CCR2- and
Context-Specific Manner

Aditya Rayasam, Joel Faustino, Matthieu Lecuyer, and Zinaida S. Vexler
Department of Neurology, University of California San Francisco, San Francisco, California 94158

Neonatal stroke is as frequent as stroke in the elderly, but many pathophysiological injury aspects are distinct in neonates,
including immune signaling. While myeloid cells can traffic into the brain via multiple routes, the choroid plexus (CP) has been
identified as a uniquely educated gate for immune cell traffic during health and disease. To understand the mechanisms of myeloid
cell trafficking via the CP and their influence on neonatal stroke, we characterized the phenotypes of CP-infiltrating myeloid cells
after transient middle cerebral artery occlusion (tMCAO) in neonatal mice of both sexes in relation to blood-brain barrier perme-
ability, injury, microglial activation, and CX3CR1-CCR2 signaling, focusing on the dynamics early after reperfusion. We demon-
strate rapid recruitment of multiple myeloid phenotypes in the CP ipsilateral to the injury, including inflammatory
CD451CD11b1Ly6chighCD861, beneficial CD451CD11b1Ly6clowCD2061, and CD451CD11b1Ly6clowLy6ghigh cells, but only minor
leukocyte infiltration into acutely ischemic-reperfused cortex and negligible vascular albumin leakage. We report that CX3CR1-
CCR2-mediated myeloid cell recruitment contributes to stroke injury. Considering the complexity of inflammatory cascades trig-
gered by stroke and a role for TLR2 in injury, we also used direct TLR2 stimulation as an independent injury model. TLR2 agonist
rapidly recruited myeloid cells to the CP, increased leukocytosis in the CSF and blood, but infiltration into the cortex remained
low over time. While the magnitude and the phenotypes of myeloid cells diverged between tMCAO and TLR2 stimulation, in both
models, disruption of CX3CR1-CCR2 signaling attenuated both monocyte and neutrophil trafficking to the CP and cortex.
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Significance Statement

Stroke during the neonatal period leads to long-term disabilities. The mechanisms of ischemic injury and inflammatory
response differ greatly between the immature and adult brain. We examined leukocyte trafficking via the choroid plexus (CP)
following neonatal stroke in relation to blood-brain barrier integrity, injury, microglial activation, and signaling via CX3CR1
and CCR2 receptors, or following direct TLR2 stimulation. Ischemia-reperfusion triggered marked unilateral CX3CR1-CCR2
dependent accumulation of diverse leukocyte subpopulations in the CP without inducing extravascular albumin leakage or
major leukocyte infiltration into the brain. Disrupted CX3CR1-CCR2 signaling was neuroprotective in part by attenuating
monocyte and neutrophil trafficking. Understanding the migratory patterns of CP-infiltrating myeloid cells with intact and
disrupted CX3CR1-CCR2 signaling could identify novel therapeutic targets to protect the neonatal brain.

Introduction
Ischemic brain damage during the neonatal period can result in
severe long-term cognitive deficits, including cerebral palsy, cog-
nitive decline, and epilepsy (Nelson and Lynch 2004; Nelson,
2007; Raju et al., 2007; Ferriero et al., 2019). While the incidence
of stroke is similar in neonates and adults, there is now ample
evidence that the mechanisms of ischemic injury differ greatly
between neonatal and adult brain, including blood-brain barrier
(BBB) and neuroimmune responses (Fernandez-Lopez et al.,
2014; Hagberg et al., 2015). For example, albumin leakage is pro-
found after acute transient middle cerebral artery occlusion
(tMCAO) in adult rodents, whereas leakage is low after tMCAO
in neonatal rodents (Fernandez-Lopez et al., 2012). The ischemic
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brain environment can activate local microglial cells and induce
infiltration of peripheral leukocytes into the brain in both adult
and neonatal stroke, with immune cells playing an array of bene-
ficial and injurious roles (Iadecola and Anrather 2011; Fumagalli
et al., 2015; Hagberg et al., 2015; Garcia-Bonilla et al., 2016;
Mallard et al., 2018, 2019; Cserép et al., 2020). Nonetheless, tran-
scriptomics have highlighted the phenotypic changes in myeloid
cells and microglia from development to adulthood, suggesting
that their role in stroke pathology may be age-dependent
(Butovsky et al., 2014; Grassivaro et al., 2020).

Under physiological conditions, peripheral immune cells are
essentially prevented from CNS entry by the presence of the sur-
rounding barrier systems: the BBB, the meningeal barrier and
the choroid plexus (CP); the latter that forms the barrier between
blood and CSF (Prinz and Priller 2017). Recently, the CP has
been identified as a major gate for leukocyte trafficking, orches-
trating immune responses under physiological and neurodege-
nerative conditions (Saunders et al., 2018). The CP can sense
signals within the CSF to alert circulating immune cells to
respond via cytokine receptors (Engelhardt and Sorokin 2009;
Kunis et al., 2013; Schwartz and Baruch 2014). Furthermore, the
CP exerts important barrier and homeostatic functions by
mediating CSF turnover/flow and influx/efflux transporters
(Engelhardt and Sorokin 2009; Schwartz and Baruch 2014), with
CP macrophages providing surveillance of CSF production
under steady-state conditions (Prinz and Priller 2017). Changes
of the cytokine milieu within the CP can recruit anti-inflamma-
tory myeloid cells into damaged brain areas to resolve inflamma-
tion as well, as demonstrated after traumatic brain injury
(Szmydynger-Chodobska et al., 2012) and spinal cord injury
(Shechter et al., 2013).

It has become clear that unsynchronized development of indi-
vidual CNS barriers affects vulnerability of the immature brain
to ischemic, excitotoxic, and oxidative damage (Mallard et al.,
2018). The CP undergoes major changes during development
and by adulthood (Saunders et al., 2018, 2000), resulting in brain
maturation-specific and trigger-specific patterns of leukocyte
infiltration into the injured brain (Ek et al., 2010; Liddelow et al.,
2012; Kunis et al., 2013). In neonates, distinct Toll-like receptor
(TLR) type-dependent inflammatory cytokine “signatures” and
leukocyte phenotypes were recently demonstrated by markedly
higher monocyte and neutrophil transmigration via the CP after
Pam3CSK4 (PAM)-induced TLR2 stimulation than after LPS-
induced TLR4 stimulation (Mottahedin et al., 2017, 2019). The
role for TLR2 was demonstrated in neonatal stroke (Lalancette-
Hebert et al., 2017).

Considering that the CP may serve as a potential therapeutic
target, we examined leukocyte trafficking via the CP and into the
neonatal brain following tMCAO in relation to BBB integrity,
injury, microglial activation, and CX3CR1-CCR2 signaling. We
describe rapid marked unilateral accumulation of both beneficial
and inflammatory leukocyte phenotypes in the CP, effects that
are not associated with extravascular albumin leakage or major
leukocyte infiltration into the brain, and demonstrate that the
magnitude of myeloid cell accumulation in the CP and injury af-
ter tMCAO depend on CX3CR1-CCR2 signaling. Utilization of a
second, and a more simple model, direct TLR2 stimulation, to
further elucidate the dynamics and phenotypic characteristics of
immune cell passage via the CP, revealed distinct immune phe-
notypes in the CP early and further divergence over time, yet leu-
kocyte trafficking via CP and microglial activation depend on
CX3CR1-CCR2 signaling in both models.

Materials and Methods
Animals
All research conducted on animals was approved by the University of
California San Francisco Institutional Animal Care and Use Committee
and in accordance to the Guide for the care and use of laboratory animals
(U.S. Department of Health and Human Services). Animals were given
ad libitum access to food and water, housed with nesting material and
shelters, and kept in rooms with temperature control and light/dark
cycles. The data are in compliance with the ARRIVE guidelines (Animal
Research: Reporting in Vivo Experiments). Block litter design and ran-
domization within individual litters were used. Blinded data analysis was
used where possible.

tMCAO was performed on postnatal day 9 (P9)-P10 C57BL/6 WT
(purchased from Charles River) mice of both sexes, as we previously
described (Woo et al., 2012). Briefly, a midline cervical incision was
made under isoflurane anesthesia, the common carotid artery and inter-
nal carotid artery exposed, single threads from a 7-0 silk suture used to
temporary tie a knot below the origin of the internal carotid artery to
prevent retrograde bleeding from the arteriotomy. A coated 8-0 nylon
suture was advanced 4-5 mm and removed 3 h later. In sham-operated
pups, suture was inserted but not advanced. Mice from the same litters
were randomized to receive tMCAO or sham surgery. Temperature was
maintained with temperature-controlled blanket and overhead lamp.
tMCAO was performed on CX3CR1GFP/1/CCR2RFP/1 mice (referred in
the text as GFP/1/RFP/1), CX3CR1GFP/GFP/CCR2RFP/RFP mice (referred
in the text as GFP/GFP/RFP/RFP) and WT mice, all on C57Bl/6 background.
The GFP/GFP/RFP/RFP mouse line was established at Charo’s laboratory at
the Gladstone Institute at the University of California San Francisco
(Saederup et al., 2010); founders for the colony were provided to us by
Dr. Katerina Akassoglou at the Gladstone Institutes at the University of
California San Francisco. Based on our historic diffusion-weighted MRI
data in the model and the presence of recirculation on suture removal,
as evident using intrajugular injection of FITC-isolectin B4 (Woo et al.,
2012; Fernandez-Lopez et al., 2016; Chip et al., 2017), the incidence of
injury is .70% and no bleeding associated with reperfusion. The appa-
rent presence of cleaved caspase-3 in brain lysates and gross injury start-
ing at 3 h after reperfusion served as inclusion/exclusion criteria,
described in detail previously (Wendland et al., 2008; Woo et al., 2012).
Data for male and female pups were combined based on our published
data on similar injury in male and female pups at 72 h (Chip et al., 2017)
and unpublished data for outcomes at 1-4weeks of reperfusion in several
mouse lines on C57BL/6 background.
Pam3CSK4 (PAM). 5mg/kg Pam3CSK4 (5ml/g body weight; Invivogen)
was administered intraperitoneally to P9-P10 C57BL/6 WT mice of both
sexes.
Histology and immunofluorescence. Animals were perfused and post-

fixed with 4% PFA. Postfixed, cryoprotected, and flash-frozen brains
were sectioned on a cryostat (12-mm-thick serial sections, 360 mm apart)
and injury determined in six coronal Nissl-stained sections in blinded
manner by 3 study participants (J.F., J.S., and A.J.). Double immunofluo-
rescence was performed on adjacent sections blocked in 10% NGS/PBST
and incubated overnight in 2% NGS/PBST with rabbit anti-mouse
GLUT-1 (1:500, Abcam), rabbit anti-mouse TMEM119 (ED1; 1:500,
Abcam), rat anti-mouse 4D4 (1:3000, Butovsky Laboratory), and rabbit
anti-mouse P2RY12 (1:1000 Butovsky Laboratory) followed by an
appropriate secondary antibodies purchased from Invitrogen and DAPI.
P2RY12 and 4D4 antibodies were provided by Oleg Butovsky (Harvard
Medical School). z stacks of 14-18 images were captured at 1.0 mm inter-
vals (25�/100� oil objectives, Carl Zeiss Axiovert 100 equipped with
Volocity Software, Improvision/PerkinElmer) and analysis performed in
4-5 FOVs per hemisphere/region in the ischemic-reperfused cortex and
matching contralateral tissue using automated protocols for signal inten-
sity threshold (.2SD background in each channel) in a 1� 106 mm3

voxel.
Myeloid cell isolation. Mice deeply anesthetized with isoflurane were

transcardially perfused with cold PBS, red blood cells were lysed using
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ACK lysis buffer, and cells were washed with RPMI. Brain and CP tissue
were minced with razor blades and pushed through 70mm nylon cell
strainers, incubated in 1mg/ml collagenase for 45min at 37°C inverted
frequently. Cells were washed, resuspended in 70% Percoll, and overlaid
with 30% Percoll. The cells were centrifuged at 2400 rpm for 30min at
4°C without brake and washed before plating.
Flow cytometry. Single-cell myelin-free suspensions from contralateral

and injured regions were plated (5� 105/96 well), centrifuged, pellet
resuspended in 100 ml blocking buffer containing CD16/32 (1:70,
Biolegend), and incubated in 150 ml FACS staining buffer containing 2%

FBS. For intracellular cytokine staining, cells
were fixed (Fixation and Permeabilization
kit, BD Bioscience), incubated with antibody
mixture on ice for 20min, washed, centri-
fuged, resuspended in staining buffer, and
evaluated on BD LSRII flow cytometer (BD
Biosciences). Fluorescence Minus One sam-
ples, a commonly used strategy to prevent
false-positive results through overlap of flu-
orophores (Aghaeepour et al., 2013), was
applied. The following combinations of
antibodies diluted 1:200 in FACS staining
buffer were used: anti-CD45-Pacific Blue
(Biolegend), anti-CD11b-APC-Cy7 (Biolegend),
Ly6g (IA8)-AF700 (Biolegend), Ly6c (Hk1.4)-
APC (Biolegend), CD206-FITC (Biolegend),
IL-10-PE-Cy7 (Biolegend), CD86-FITC (Bio-
legend), IL-1b -PE (Biolegend), TLR2-PE-
Vio615 (Miltenyi Biotec). CXCR2-PE-Cy7
(Biolegend), and CCR2-PE (Biolegend). Com-
pensation beads (BD CompBeads) were
incubated in Fixation and Permeabilization
solution (100 ml, 4°C, 20min), incubated
with antibody mixture (4°C, 30min), and
resuspended in staining buffer. Gating and
data analysis were performed using FlowJo
software (Tree Star).
Multiplex cytokine assay. Protein concen-

trations of IL-1a, IL-1b , IL-4, IL-6, IL-10,
KC, MCP-1, and MIP-1a were measured in
whole-brain homogenates from injured and
matching contralateral regions (Millipore), as
we previously reported (Woo et al., 2012).
Measurements were performed using Bio-
Plex System (Bio-Rad) and StatLIA software
(Brendan Scientific) with a 5-parameter
logistic curve fitting. The data were normal-
ized to protein concentration in the same
brain homogenate sample.
Experimental design and statistical analy-

sis. Block litter design was used to avoid litter
to litter variability, randomization for
tMCAO/sham was used where possible, data
for all figures were obtained on unsexed neo-
natal mice, and injury analysis was per-
formed in a blinded manner. Sampling for
tissue sections for each mouse was performed
in 4-5 FOV per hemisphere on multiple cor-
onal sections for Figures 1–3, 5, 6, and 9.
Each dot on all graphs represents an individ-
ual mouse. Two-way ANOVA with post hoc
Tukey’s Multiple Comparison test was per-
formed for comparing groups with multiple
variables, as described in legends to individ-
ual figures. Student’s t test with Mann–
Whitney U test was performed to compare
two groups, as described in legends to indi-
vidual figures. GraphPad Prism 8 software
was used to generate statistical data. Dif-
ferences were considered significant at p ,
0.05. Results are shown as mean6 SEM.

Results
tMCAO in neonatal mice triggers rapid CX3CR1-CCR2-
dependent accumulation of myeloid cells in the CP
ipsilateral to the occlusion
In several animal models of neurodegenerative diseases, includ-
ing models of multiple sclerosis and stroke, recruitment of

Figure 1. A robust CX3CR1-CCR2-dependent accumulation of myeloid cells in the ipsilateral CP of neonatal mice subjected
to tMCAO followed by 3 h of reperfusion. A, Representative images of GLUT-1-immunostained CPs ipsilateral and contralateral
to tMCAO in GFP/1/RFP/1 and GFP/GFP/RFP/RFP mice. Scale bar, 50 mm. Dashed white lines indicate areas where cells were
counted. Black box on histologic section represents where images were taken. B, C, Quantification of the number of GFP1 cells
(B) and RFP1 cells (C) in ipsilateral and contralateral CPs from GFP/1/RFP/1 and GFP/GFP/RFP/RFP mice subjected to tMCAO or
sham surgery. D-H, Characterization of myeloid cells from dissociated CPs by flow cytometry. Gating strategy to identify
CD451CD11b1 cells (D) and CD45111b1Ly6g1 and CD45111b1Ly6c1 cells (E) from ipsilateral and contralateral CPs of
GFP/1/RFP/1 mice (top row) and GFP/GFP/RFP/GFP mice (bottom row). E, Data originate from CD451CD11b1 gate in D. F-H.
Quantification of CD451CD11b1 cells (F), CD451CD11b1Ly6g1 cells (G), and CD451CD11b1Ly6c1 cells (H). B, C, F-H,
*p, 0.05; **p, 0.01; ***p, 0.001; ****p, 0.0001; two-way ANOVA with Tukey’s Multiple Comparison post hoc test.
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myeloid cells via the CP in adult mice
has been shown to modify injury
(Baruch and Schwartz 2013; Herz et
al., 2017). To evaluate whether neona-
tal stroke induces accumulation of
myeloid cells in the CP, we first per-
formed immunohistochemistry and
quantified the number of CX3CR11

and CCR21 cells in the ipsilateral and
contralateral CPs at 3 h after reperfu-
sion in mice with functional CX3CR1
and CCR2 receptors (GFP/1/RFP/1

mice). We focused on an early time
point based on data that leukocytes
can rapidly accumulate in the neonatal
CP after induction of inflammation
(Mottahedin et al., 2019). In the CP
demarcated by GLUT1 (Fig. 1A), the
number of GFP1 cells (Fig. 1B) and
RFP1 cells (Fig. 1C) was significantly
increased ipsilateral to the occlusion
compared with that in the contralateral
CP and in CPs of sham-operated pups.
In mice with disrupted CX3CR1-CCR2
signaling (GFP/GFP/RFP/RFP mice), accu-
mulation of both CX3CR1GFP/GFP cells
and CCR2RFP/RFP cells was significantly
attenuated (Fig. 1B,C). These data dem-
onstrate that accumulation of myeloid
cells in the ipsilateral CP early after neo-
natal tMCAO depends on CX3CR1-
CCR2 signaling.

We then used flow cytometry to
characterize the number and pheno-
types of CD451CD11b1 myeloid cells
in isolated CPs at 3 h after reperfusion
(Fig. 1D). In preliminary experiments,
we determined that the patterns of
CD451CD11b1 expression are similar
in WT mice and GFP/1/RFP/1 mice;
thus, we combined the data from WT
and GFP/1/RFP/1 mice (Fig. 1D-H).
Compared with the contralateral CP,
the percentage of CD451CD11b1 cells
in the ipsilateral CP was significantly
increased (Fig. 1F). Neutrophils
(CD45highCD11b1Ly6g1; Fig. 1G) and
inflammatory monocytes (CD45high

CD11b1Ly6c1; Fig. 1H) comprised
;1% of the myeloid cell population in
contralateral CP, whereas tMCAO led
to a small but significant increase in
the percentage of neutrophils (Fig. 1G)
and CD45highCD11b1Ly6c1 mono-
cytes (Fig. 1H). These data suggest
that, while the lateral CPs within the
ventricles are anatomically connected,
myeloid cells rapidly mobilize toward
the ipsilateral CP following evolving ischemic damage in the neo-
natal brain.

Consistent with immunofluorescence data (Fig. 1A-C), flow
cytometry showed that percentage of CD451CD11b1 was signifi-
cantly lower in mice with dysfunctional CX3CR1-CCR2 signaling

compared with mice with functional CX3CR1-CCR2 signaling
(Fig. 1F), whereas the relative changes for CD451CD11b1Ly6g1

and CD451CD11b1 Ly6c1 cells were similar in GFP/GFP/RFP/RFP

mice (Fig. 1G,H). Cumulatively, these data demonstrate uni-
lateral CX3CR1-CCR2-dependent increase in the percentage
of CD451CD11b1 myeloid cells in the CP ipsilateral to the

Figure 2. Gradual CX3CR1-CCR2-dependent morphologic transformation of CX3CR11 cells and small but significant accumula-
tion of myeloid cells in the ipsilateral cortex 3 h after reperfusion. A, Representative images of GLUT-1-immunostained sections of
CX3CR11 and CCR21 cells in ipsilateral and contralateral cortex in GFP/1/RFP/1 and GFP/GFP/RFP/RFP mice. Images are taken in the
same coronal sections shown in Figure 1. Scale bar, 50 mm. Black box on histologic section represents where images were taken.
B, C, Quantification of the number of GFP1 (B) and RFP1 (C) cells in the ipsilateral and contralateral cortex from GFP/1/RFP/1

and GFP/GFP/RFP/RFP mice subjected to tMCAO or sham surgery. D-I, Characterization of myeloid cells from dissociated cortical
regions by flow cytometry. D, Gating strategy to identify CD45intCD11b1 and CD45highCD11b1 cells. E, Gating strategy for
CD45111b1Ly6g1 and CD45111b1Ly6c1 cells. Data originate from D. F-I, Quantification of CD45intCD11b1 cells (F),
CD45highCD11b1 cells (G), CD45highCD11b1Ly6g1 cells (H), and CD45highCD11b1Ly6c1 cells (I) in the ipsilateral and contralat-
eral cortices. Data are mean 6 SEM. B, C, F-I, *p, 0.05; **p, 0.01; ***p, 0.001; ****p, 0.0001; two-way ANOVA with
Tukey’s Multiple Comparison post hoc test.
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occlusion, including accumulation of both neutrophils and
monocytes.

Acute ischemia-reperfusion induces gradual CX3CR1-CCR2-
dependent morphologic transformation of CX3CR11 cells
and small but significant accumulation of myeloid cells in
the ipsilateral cortex
To understand the relationship between accumulation of mye-
loid cells in the CP and effects in the cortex, we next examined
the patterns of microglial activation and transmigration of pe-
ripheral myeloid cells into the cortex of the samemice with intact

or disrupted CX3CR1-CCR2 signaling.
Quantitative analysis revealed signifi-
cantly increased number of CX3CR11

cells in GFP/1/RFP/1 mice in ischemic-
reperfused cortex compared with
contralateral cortex or cortex of sham-
operated pups (Fig. 2A,B) and signs of
morphologic changes in CX3CR11

microglia, which displayed thicker and
more retracted processes at this early
time point (Fig. 2A). Disrupted
CX3CR1-CCR2 signaling significantly
reduced the number of CX3CR11 cells
in both the contralateral and ipsilat-
eral cortex (Fig. 2B). A small but sig-
nificant increase in the number of
CCR21 cells (Fig. 2C) was seen in ip-
silateral compared with contralateral
cortex and cortex of sham-operated
GFP/1/RFP/1 mice (Fig. 2C), whereas
the number of CCR21 cells was sig-
nificantly lower ipsilateral to tMCAO
of GFP/GFP/RFP/RFP mice (Fig. 2C).

Flow cytometry showed a signifi-
cantly decreased percentage of CD45int

CD11b1 cells and a parallel increase in
percentage of CD45highCD11b1 cells
in the ipsilateral cortex, independently
demonstrating gradual morphologic
transformation of microglia cells in
both mouse types (Fig. 2D,F,G).
Compared with the contralateral cor-
tex, a small but significant CX3CR1-
CCR2-dependent increase of CD45high

CD11b1Ly6g1 (Fig. 2E,H) and a four-
fold increase in CD45highCD11b1

Ly6c1 cells (Fig. 2E,I) were observed
in the ipsilateral cortex. Accumulation
of CD45highCD11b1Ly6c1 cells in the
ipsilateral cortex was significantly
lower in GFP/GFP/RFP/RFP mice.

Identification of the origin of
CX3CR11 cells in acutely injured
neonatal brain with microglia-
specific markers
It has been challenging to distinguish
microglia from infiltrating peripheral
myeloid cells due to the overlap of sur-
face markers, limitations of fate map-
ping techniques, and the propensity of
the cells to change their antigen
expression depending on their activa-

tion (Jordao et al., 2019; Li et al., 2019; Van Hove et al., 2019).
CX3CR1 expression is high in microglial cells, but surveillance
monocytes also exhibit high CX3CR1 expression levels (Shechter
et al., 2013). To identify the origin of CX3CR11 cells in the cor-
tex, we used several microglia-specific markers, including 4D4,
TMEM119, and P2RY12 (Butovsky et al., 2014; Bennett et al.,
2016; Faustino et al., 2019). Figure 3A-D demonstrates that the
vast majority of CX3CR11 cells are 4D41, TMEM1191, and
P2RY121, confirming that CX3CR11 cells are indeed predomi-
nantly microglia. A small number of CX3CR11 cells that were

Figure 3. Identification of the origin of CX3CR11 cells 3 h after reperfusion and effects of CX3CR1-CCR2 dysfunction on BBB in-
tegrity and subchronic injury. A, B, Representative images of CX3CR11, CCR21, 4D41, and merged CX3CR11/CCR21/4D41/
GLUT-11 in the ipsilateral (A) and contralateral (B) cortex in sections adjacent to those shown in Figure 2. White boxes represent
higher-magnification images from areas shown in respective bottom rows. C, D, Representative images of ipsilateral (C) and con-
tralateral (D) cortical regions immunolabeled with microglia-specific markers TMEM119 and P2RY12. Blue represents GLUT-11

vasculature. Scale bar, 30 mm. Note similar branched patterns of CX3CR11 in A and C. E, Occasional 4D41CX3CR11 colabeled
cells are observed in the CP from GFP/1/RFP/1 mice. Scale bar, 50 mm. F, Quantification of CX3CR11/4D41 cells in the ipsilateral
and contralateral cortex and CPs in GFP/1/RFP/1 mice. G, H, Representative images of intravascular appearance of Alexa647-albu-
min in both ipsilateral and contralateral cortex of GFP/1/RFP/1 mice 3 h after reperfusion. G, Inset, High-magnification images.
Scale bar, 30 mm. H, Quantification of percent of GLUT-11 vessels perfused with Alexa647-albumin in ipsilateral cortex in
GFP/1/RFP/1 mice. I, J, Representative images of cresyl violet-stained sections (I) and quantification of injury volume (J) in WT
and GFP/GFP/RFP/RFP mice 72 h after reperfusion. F, J, *p, 0.05; **p, 0.01; Student’s t test with Mann–Whitney U post hoc test.
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negative for microglial markers and were not associated with
GLUT-11 vessels likely originate from the CP, perivascular
spaces, or meninges. Higher-magnification images of the micro-
glia (Fig. 3A-D, bottom panels) show that microglia in the ipsilat-
eral cortex have thicker yet more retracted processes compared
with the contralateral cortex. CCR21 cells, in turn, were negative
for all three microglial markers, consistent with expectations
(Fig. 3A-D).

Interestingly, while the majority of cells in the CP are
CX3CR114D4–, we also observed a subpopulation of CX3CR11

4D41 cells contralateral and an additional small but significant
increase in the number of CX3CR114D41 cells in the ipsilateral
CP (Fig. 3E,F). None of the CCR21 cells was positive for 4D4 in
either the CP or the cortex (Fig. 3A-E).

BBB leakage remains low early after reperfusion
In adult stroke models, the BBB is distorted early after injury and
leukocytes migrate and infiltrate injured regions (Iadecola and
Anrather 2011), whereas in neonatal stroke we reported the BBB
to be considerably less permeable within 24 h after reperfusion
(Fernandez-Lopez et al., 2012). To assess completeness of reper-
fusion and functional status to the BBB early after suture re-
moval, we administered Alexa647-albumin intravenously at 2 h
after reperfusion, 1 h before sacrifice, and examined vessel perfu-
sion and the extent of albumin leakage into the brain paren-
chyma (representative images shown in Fig. 3G). Consistent with
our observations in a neonatal rat tMCAO model (Dzietko et al.,
2011), within 3 h after suture removal, vessels remained suffi-
ciently perfused in the regions that were to become infarcted, as
evident from Alexa647-albumin circulation through GLUT-11

vessels (Fig. 3G,H). Occasional vessels looked swollen, but no al-
bumin leakage was observed outside of GLUT-1 vessels (Fig.
3G), demonstrating the lack of major disruption of BBB integrity
early after reperfusion and suggesting that the BBB is unlikely to
be the predominant route of peripheral cells to extravagate.

Disruption of CX3CR1-CCR2 signaling protects neonatal
brain from stroke
To evaluate whether disruption of CX3CR1-CCR2 signaling
influences ischemic brain damage, we sacrificed mice 72 h after
tMCAO and evaluated the volume of brain damage in cresyl vio-
let-stained sections. Both mice with functional and disrupted
CX3CR1-CCR2 signaling developed injury following tMCAO
(Fig. 3I,J). Nonetheless, the volume of injury was significantly
smaller in GFP/GFP/RFP/RFP mice compared with WT mice (Fig.
3H-J). These data suggest that reduced myeloid cell infiltration
to the CP in mice deficient of CX3CR1 and CCR2 could contrib-
ute to protection from tMCAO-mediated brain damage in neo-
natal mice.

Ischemia-reperfusion rapidly alters the phenotypes of
myeloid cells in the ipsilateral CP and triggers cytokine
increase in injured brain cortex
To further characterize the phenotypes of myeloid cells within
the CPs, we examined expression of CD86, a marker of classically
activated myeloid cells; CD206, a marker for alternatively acti-
vated myeloid cells; and TLR2, a receptor known to contribute to
stroke, on CD451CD11b1 cells isolated from the CPs of WT
mice 3 h after reperfusion. A significantly higher number of
CD451CD11b1 myeloid cells in the ipsilateral CP expressed
CD206 (Fig. 4B,E). At the same time, the number of CD86-
expressing cells was also significantly increased (Fig. 4C,F). We
previously demonstrated that TLR2 expression in the CPs is

high during physiological neonatal development between P8
and P12 and gradually declines by P18 (Lalancette-Hebert et
al., 2017). Here we show an increased number of TLR2-
expressing CD451CD11b1 cells in the ipsilateral CP (Fig. 4A,
D). Cumulatively, these data show significant accumulation of
both inflammatory and alternatively activated myeloid cells in
the CP ipsilateral to tMCAO.

Cytokine multiplex assay revealed a significant increase in
numerous inflammatory cytokines and chemokines in the ipsi-
lateral cortex 3 h after reperfusion, including major neutrophil
and monocyte chemoattractant proteins, a neutrophil chemokine
KC that signals via CXCR1/2 and monocyte chemokine MCP-1,
cognate chemokine for CCR2 (Fig. 4G-N). Consistent with the
presence of an array of myeloid phenotypes, a rapid increase of
both inflammatory (IL-1a, IL-6) and anti-inflammatory (IL-4,
IL-10) cytokines was observed (Fig. 4G–N). The levels of IL-1b
were not affected (Fig. 4H). Together, these data demonstrate the

Figure 4. Expression of TLR2, CD206, and CD86 on myeloid cells is increased in the ipsilat-
eral CP 3 h after reperfusion. A-C, Representative flow cytometry histograms for TLR2 (A),
CD206 (B), and CD86 (C) in Fluorescence Minus One controls (left), ipsilateral CP (middle),
and contralateral CP (right) in WT mice. Gate: CD451CD11b1 cells. D-F, Quantification of
data in A-C. Compared with contralateral CPs, the number of TLR21 (D), CD2061 (E), and
CD861 (F) cells is significantly increased in the ipsilateral CP in WT mice. G-N, Multiplex
cytokine assay to measure IL-1a (G), IL-1b (H), IL-4 (I), IL-6 (J), IL-10 (K), KC (L), MCP-1
(M), and MIP-1a (N) in ipsilateral and contralateral WT cortex. D-N, *p, 0.05; Student’s t
test with Mann–Whitney U post hoc test.
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presence of neuroinflammation despite minimal infiltration of
immune cells into the cortex early after reperfusion, effects that
may in part occur via initiated recruitment of immune cells via
the CP.

TLR1/2 ligand administration
induces rapid CX3CR1-CCR2-
dependent accumulation of myeloid
cells in the CP and gradual
microglial morphologic
transformation and monocyte
infiltration in the cortex
Considering the complexity of myeloid
populations in the CP and TLR2 up-
regulation in the ipsilateral CP early af-
ter reperfusion (Fig. 4), we used a
second and simpler neonatal brain
injury model (i.e., administration of
TLR2 agonist PAM) to examine the
TLR2-mediated accumulation and
phenotypes of myeloid cells in the CPs
(Fig. 5) and in the cortex (Fig. 6).
Again, we focused on an early point, 6
h after injection to compare effects
with those induced by 3 h MCAO fol-
lowed by 3 h of reperfusion.

PAM administration significantly
increased the number of GFP1 (Fig. 5B)
and RFP1 (Fig. 5C) cells in the CPs
(demarcated by GLUT1; Fig. 5A) in
mice with intact CX3CR1-CCR2 signal-
ing, but accumulation of both GFP1

cells and RFP1 cells was significantly
attenuated in mice with deficient
CX3CR1-CCR2 signaling (Fig. 5B,C).
The significantly increased CD451

CD11b1 accumulation in the CP (Fig.
5D) included CD45highCD11b1Ly6g1

neutrophils (Fig. 5G) and CD45high

CD11b1Ly6c1 monocytes (Fig. 5H).
Compared with PBS-treated mice, the
percentage of CD451CD11b1 cells in
the CP of PAM-treated mice was
increased by;40% (Fig. 5F). An overall
PAM-induced accumulation of CD451

CD11b1 cells was lower than observed
after tMCAO (Fig. 5D,F), while the pres-
ence of GFP1 and RFP1 cells was
similar inPBS-treatedpupsandincontra-
lateralCPfollowing tMCAO(Fig.5B,C).

Consistent with immunofluorescence
data (Fig. 5A-C), following PAM admin-
istration, the percentage of CD451

CD11b1 cells was significantly lower in
mice with dysfunctional CX3CR1-CCR2
signaling in both models (Fig. 5F,G),
echoing that accumulation of CD45high

CD11b1Ly6g1 and CD45highCD11b1

Ly6c1 cells was attenuated in mice with
dysfunctional CX3CR1-CCR2 signaling
(Fig. 5G,H). In the cortex, compared
with PBS, PAM significantly increased
the number of CX3CR11 cells (Fig. 6A,
B) and induced a small but significant

increase in the number of CCR21 cells (Fig. 6C). Disrupted
CX3CR1-CCR2 signaling significantly reduced the number of
CX3CR11 and CCR21 cells regardless of treatment (Fig. 6B).

Figure 5. TLR1/2 ligand PAM induces robust CX3CR1-CCR2-dependent accumulation of myeloid cells in the CP within 6 h.
A, Representative images of CX3CR11 and CCR21 cells in GLUT-1-immunostained CPs of PAM- and PBS-treated GFP/1/RFP/1

and GFP/GFP/RFP/RFP mice. Scale bar, 50 mm. Black box on histologic section represents areas where images were taken.
Dashed white lines indicate areas where cells were counted. B, C, Quantification of the number of CX3CR11 (B) and
CCR21 (C) cells in PAM- and PBS-treated CPs from GFP/1/RFP/1 mice and GFP/GFP/RFP/RFP mice. D-H, Characterization of myeloid
cells from dissociated CPs by flow cytometry. Gating strategy to identify CD451CD11b1 cells (D) and CD45111b1Ly6g1 and
CD45111b1Ly6c1 cells (E) from PAM- and PBS-treated CX3CR1GFP/1CCR2RFP/1 mice (top row) and CX3CR1GFP/GFPCCR2RFP/GFP mice
(bottom row). E, Data originate from CD451CD11b1 gate in D. F-H. Quantification of CD451CD11b1 (F), CD451CD11b1Ly6g1

(G), and CD451CD11b1Ly6c1 (H) cells. B, C, F-H, *p, 0.05; **p, 0.01; ***p, 0.001; ****p, 0.0001; two-way ANOVA
with Tukey’s Multiple Comparison post hoc test.
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Flow cytometry showed signifi-
cant PAM-induced increase in
CD45highCD11b1 cells in the cortex
of GFP/1/RFP/1 mice, but not in
GFP/GFP/RFP/RFP mice (Fig. 6D-I).
PAM also significantly increased
infiltration of neutrophils and mono-
cytes in PAM-treated GFP/1/RFP/1

mice (Fig. 6G-I). Together, these data
show that PAM/TLR2 activation rap-
idly enhances myeloid cell trafficking,
with magnitude of accumulation in
the CPs and in the cortex distinct
compared with tMCAO, at least at
early time points. PAM produces a
larger effect on neutrophil accumula-
tion, whereas tMCAO is preferen-
tially associated with recruitment of
inflammatory monocytes.

CX3CR1-CCR2 deficiency
attenuates PAM-triggered
accumulation of CXCR21

neutrophils
Considering that in both models
neutrophil infiltration into the cor-
tex was modestly yet significantly
increased, and that accumulation
was attenuated in the cortex of
GFP/GFP/RFP/RFP mice after tMCAO
(Fig. 2) and PAM administration
(Fig. 6), we explored how CX3CR1-
CCR2-mediated monocyte signaling
affects neutrophil behavior in the
PAM model. While neutrophils
express several chemokine receptors,
CXCR2 is the primary receptor that
facilitates their recruitment into
inflammatory sites (McColl and
Clark-Lewis 1999). In a neonatal rat
tMCAO model, concentration of its
ligand CINC-1 (KC in mouse) in
the blood and ischemic-reperfused
regions increased robustly (Denker
et al., 2007), but neutrophil infiltra-
tion remained low (Fernandez-
Lopez et al., 2012).

PAM administration recruited
a greater number of CD45high

CD11b1 cells, CD45highCD11b1

Ly6g1 cells, CD45highCD11b1Ly6g1

CXCR21 cells, and CD45high

CD11b1Ly6c1 cells into the CSF of
WTmice compared with PBS-treated
mice (Fig. 7B-E). While the percent
increase of CD45highCD11b1 and
CD45highCD11b1Ly6g1 cells in the
blood of PAM-treated mice was similarly increased in WT and
GFP/GFP/RFP/RFP mice, the percentage of cells expressing CXCR2
was significantly lower in PAM-treated compared with PBS-
treated GFP/GFP/RFP/RFP mice (Fig. 7H). Last, the number of
CD45highCD11b1Ly6g1CXCR21 cells was significantly higher
in the CP of PAM-treatedWTmice compared with PAM-treated

GFP/GFP/RFP/RFP mice (Fig. 7J). Together, these data suggest that,
while neutrophil infiltration into the brain is minor following
acute TLR2 stimulation, neutrophils can mediate neuroinflam-
mation from the blood, CP, and CSF in part by CXCR1-CCR2
signaling. Disrupted CXCR1-CCR2 function, which attenuates
CXCR2 expression on peripheral cells, limits neutrophil infiltra-
tion, potentially contributing to neuroprotection.

Figure 6. PAM induces gradual CX3CR1-CCR2-dependent microglial activation and small increase in myeloid cell number in the
cortex at 6 h. A, Representative images of CX3CR11 and CCR21 cells in the cortex in PAM- or PBS-treated GFP/1/RFP/1 and GFP/

GFP/RFP/RFP mice. Scale bar, 50 mm. Black box on histologic section represents where images were taken. Dashed white lines indicate
areas where cells were counted. B, C, Quantification of the number of CX3CR11 (B) and CCR21 (C) cells in the cortex of PAM- and
PBS-treated GFP/1/RFP/1 mice and GFP/GFP/RFP/RFP mice. D-I, Characterization of microglial cells and myeloid cells by flow cytometry in
PAM- and PBS-treated GFP/1/RFP/1 mice (top row) and GFP/GFP/RFP/GFP mice (bottom row). D, Gating strategy to identify CD45intCD11b1

and CD45highCD11b1 cells. E, Gating strategy for CD451CD 11b1Ly6g1 and CD451CD 11b1Ly6c1 cells. F, G, Quantification
of gradual CD45 acquisition from CD45intCD11b1 (F) to CD45highCD11b1 (G). H, I, Quantification of CD451CD11b1Ly6g1

(H) and CD451CD11b1Ly6c1 (I) cells in the cortex. B, C, F-I, *p, 0.05; **p, 0.01; ***p, 0.001; ****p, 0.0001;
two-way ANOVA with Tukey’s Multiple Comparison post hoc test.
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PAM and tMCAO trigger trafficking of distinct
subpopulations of pro- and anti-inflammatory leukocytes in
the CP and cortex
Based on our findings of the presence of both toxic and beneficial
myeloid phenotypes early after tMCAO, we asked whether the
cytokine-based phenotypic signature of myeloid cells within the
CP is distinct in the PAM and tMCAO models. To that end, we
compared myeloid cell phenotypes from the CP 6 h after PAM/
PBS administration and at 3 h after reperfusion. PAM promoted
accumulation of CD451CD11b1CD2061IL-101 cells in the CPs
compared with both PBS-treated mice and tMCAO mice (Fig.
8A,C,D). PAM also triggered significant accumulation of CD451

CD11b1CD861IL-1b1 cells in the CP compared with PBS, but
the magnitude of accumulation was lower than in the CP ipsilat-
eral to the occlusion (Fig. 8B,E,F). These data suggest that, com-
pared with PAM, tMCAO induces a response skewed toward
more toxic phenotypes.

We then asked whether the dynamics
of myeloid cell recruitment to the CP and
cortex differs between tMCAO and PAM
models. Following PAM treatment for 16
h, the number of CX3CR11 cells (Fig.
9A) was similar to that at 6 h in the CP
and cortex (Figs. 5, 6), whereas the num-
ber of CCR21 cells was further increased
(Fig. 9B) compared with the earlier time
point (Figs. 5, 6). Compared with 3 h after
reperfusion (Fig. 1), at 13 h, the number
of CX3CR11 cells was decreased in both
ipsilateral and contralateral CP (Fig. 9C),
whereas in the cortex, the number of
CX3CR11 cells increased. A significantly
increased number of CCR21 cells was
observed in the ipsilateral compared with
the contralateral cortex (Fig. 9D) at 13 h
reperfusion and the ipsilateral cortex
3 h after reperfusion as well (Fig. 2).
Following tMCAO, there is also an
increase in myeloid cells in the CP at 3 h
after reperfusion but a decrease at 13 h in
the CP and increase in the ipsilateral cor-
tex, suggesting that myeloid cells from
the CP could be entering the ischemic
hemisphere following tMCAO during
the 3 h reperfusion to 13 h reperfusion
time window. Flow cytometry in WT
mice further elaborated that most mye-
loid cells are retained in the CP at 16 h
after PAM administration compared
with PBS, whereas there is significantly
increased influx of myeloid cells to the
ipsilateral cortex at 13 h reperfusion fol-
lowing tMCAO, demonstrating context-
dependent early myeloid cell trafficking
via the CP.

Discussion
We report, for the first time, that neonatal
stroke triggers robust accumulation of
heterogeneous myeloid cell subpopula-
tions in the CP ipsilateral to the occlusion.
This includes inflammatory monocytes,
beneficial monocytes, and neutrophils,

which exert rapid marked neuroinflammatory responses. The
accumulation of peripheral immune cells in the ipsilateral cortex
remains limited and is not associated with extravascular albumin
leakage. We then show that the overall extent and the patterns of
leukocytes accumulated in the CP, microglial activation in the
brain parenchyma, and injury severity depend on CX3CR1-
CCR2 signaling, as evident from attenuated responses in mice
with dysfunctional CX3CR1 and CCR2 receptors. The effects are
not limited to attenuation of monocyte trafficking/signaling but
include reduced neutrophil signaling as well. Comparisons of
myeloid phenotypes between tMCAO and direct TLR2 stimula-
tion revealed distinct spatiotemporal profiles in the CP within
the proinflammatory versus anti-inflammatory continuum.

The CP has been identified as a gate for immune cell entry to
the parenchyma during health and disease as well as for modu-
lating cytokine composition in the CSF (Kunis et al., 2013;

Figure 7. Disruption of CX3CR1-CCR2 signaling attenuates PAM-induced accumulation of CXCR2 expression on neutrophils
in the blood and the CP within 6 h. A, Gating strategy in CSF and blood samples. B-E, Quantification for CD45highCD11b1

cells (B), CD45highCD11b1Ly6g1 cells (C), CD45highCD11b1Ly6g1CXCR21 cells (D), and CD45highCD11b1Ly6c1 cells (E) in
CSF of PAM- and PBS-treated WT mice. F-I, Quantification for CD45highCD11b1 cells (F), CD45highCD11b1Ly6g1 cells (G),
CD45highCD11b1Ly6g1CXCR21 cells (H), and CD45highCD11b1Ly6c1 cells (I) in blood of PAM- and PBS-treated WT and GFP/

GFP/RFP/RFP mice. J, Quantification of CD45highCD11b1Ly6g1CXCR21 cells in the CP of PAM- and PBS-treated WT and GFP/

GFP/RFP/RFP mice. *p, 0.05; **p, 0.01; ***p, 0.001; ****p, 0.0001; Student’s t test with Mann–Whitney U post hoc
test (B-E) and two-way ANOVA with Tukey’s Multiple Comparison post hoc test (F-J).
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Schwartz and Baruch 2014). More-
over, in adults, chemokines released
from the CP epithelium can facilitate
CP myeloid cell transmigration into
the brain parenchyma (Szmydynger-
Chodobska et al., 2009). Single-cell
RNA sequencing revealed a unique
CP-specific transcriptional profile, dis-
tinct from microglia or border-associ-
ated macrophages, thus pointing to
potential novel targets for modulating
CP regulation of immune cell traffic
(Van Hove et al., 2019).

While similar immunomodula-
tory mechanisms are involved in
neonatal and adult stroke, it has
become clear that maturation-spe-
cific “signature” patterns of leukocyte
infiltration and microglial activation
in neonates exist (Hagberg et al.,
2015; Mallard et al., 2018). Following
ischemia, dying CNS cells release
DAMPs to activate microglia as well
as recruit peripheral myeloid cells
and produce proinflammatory cyto-
kines (Kono and Rock 2008; Planas
et al., 2012; Shichita et al., 2017). At
the same time, infiltrating myeloid
cells can express anti-inflammatory–
related surface receptors, such as
triggering receptors expressed on
myeloid cells (TREM2) and CD206.
These cells can release beneficial
cytokines, such as IL-4, IL-10, and TGFb (Hu et al., 2013;
Matsumoto et al., 2015; Xia et al., 2015; Wu et al., 2017).

In our study in neonatal mice, flow cytometry demonstrated
rapid unilateral increase of a heterogeneous pool of myeloid cells
in the CP ipsilateral to the occlusion, including inflammatory IL-
1b -producing cells and anti-inflammatory IL-10-producing
cells. Ischemia-reperfusion triggered rapid neuroinflammatory
responses manifested by increased levels of cytokines and mono-
cytes and neutrophil chemoattactants (KC and MCP-1, respec-
tively) in regions of evolving injury, yet only few leukocytes
entered ischemic-reperfused cortex. As we show in the PAM
model, leukocytes rapidly accumulate in the CSF and can signal
from the CP, CSF, and peripheral blood. Thus, inflammation is
in part the consequence of leukocyte accumulation in the CP at
this early reperfusion time when neuronal death is still sparse but
signs of microglial morphologic transformation are apparent
with multiple cell types (microglia, CP macrophages, and incom-
ing peripheral myeloid cells), contributing to cytokine and che-
mokine production.

The use of bone marrow chimeric mice would have been the
preferred strategy to establish the relative role of peripheral and
local cells in injury, but this strategy is not feasible in neonates
due to lack of time for immune reconstitution. Therefore, we
used cell type-specific markers to distinguish microglia from
infiltrating monocytes. Immunophenotyping of CX3CR1GFP1

cells in the CP and ischemic-reperfused cortex with microglia-
specific markers 4D4, TMEM119, and P2RY12, together with
demarcation of CCR2RFP1 monocytes, showed that most of
CX3CR11 cells in the CP were negative for multiple microglia-
specific markers, thus representing phenotypic array of CX3CR1high

and CX3CR1low monocytes. Moreover, the number of local
CX3CR114D41 macrophages increased in the ipsilateral CP, likely
due to proliferating CP macrophages or macrophages that
mobilized from either the contralateral CP or the brain paren-
chyma following injury. In the parenchyma, the vast majority
of CX3CR11 cells were microglia and the number of CCR21

monocytes recruited to the ischemic-reperfused cortex was
small, likely contributing to well-preserved neurovascular
integrity.

Dysfunction of CX3CR1 and CCR2 led to neuroprotection
during subchronic phase, suggesting the pathogenic role of sig-
naling via these receptors. Protection is associated with signifi-
cant attenuation of early monocyte trafficking via the CP in mice
lacking CX3CR1 and CCR2 signaling. Our data show that this
effect could be influenced by attenuation of monocytes and,
potentially, neutrophils. While we report rapid recruitment of
these cells to the CP, inhibiting CX3CR1 and CCR2 at different
time points after MCAO pharmacologically can give us clarity
on potential therapeutic windows.

Given the complexity of stroke pathophysiology, our findings
that TLR2 activation contributes to neonatal stroke (Lalancette-
Hebert et al., 2017) and that TLR2 activation is a major trigger
for leukocyte trafficking via the CP in neonates (Mottahedin et
al., 2017, 2019), we compared the myeloid phenotypes in the CP
following stroke and TLR2 activation in neonates. TLR2 effects
on ischemic injury are context-dependent and differ between
adult and neonatal stroke, as cells of the monocyte lineage exert
TLR2-dependent effects in both the mature and immature brain
(Lalancette-Hebert et al., 2009, 2017; Bohacek et al., 2012).
Excessive activation of TLR2 impairs gray and white matter
development in neonates (Du et al., 2011), and TLR2 deficiency

Figure 8. PAM and tMCAO trigger separate patterns of pro- and anti-inflammatory myeloid phenotypes in the CP. A–B, Gating
strategy for CD2061IL-101 (A) and CD861IL-1b1 (B) cells from CD451CD11b1 population. Cells were obtained 6 hours after
PAM/PBS and 3 hours after reperfusion in WT mice. C–D. Quantification of CD11b1CD451CD2061IL-101 cells (in (C) PAM Vs. PBS
WT CPs and (D) ipsilateral Vs. contralateral CPs of WT mice. E–F. (Quantification of CD11b1CD451CD861IL-1b1cells in (E) PAM
Vs. PBS WT CPs and (F) ipsilateral Vs. contralateral CPs of WT mice. Student's t Test with Mann-Whitney U post-hoc test was per-
formed for C–F (*p, 0.05, **p, 0.01, ***p, 0.001, ****p, 0.0001).
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protects from hypoxia-ischemia (Stridh et al., 2011).
Contrastingly, TLR2 stimulation in neonatal mice following sep-
sis is beneficial by inducing IL-10 production to quell effects of
proinflammatory neutrophils (Andrade et al., 2013). TLR2 stim-
ulation also exerts preconditioning effect in neonates (Lu et al.,
2011; Vexler et al., 2018).

Although accumulation of myeloid cells in the CP following
PAM was robust, the myeloid phenotypes accumulated in the
CP were distinct compared with those after tMCAO, including
marked impact on neutrophils and a skewed monocyte pheno-
type toward anti-inflammatory (CD451CD11b1CD2061IL-
101). As injury progresses, the leukocyte dynamics continues
to differ between direct TLR2 stimulation and tMCAO.

Immunofluorescence and flow cytometry consistently showed
that the number of myeloid cells remains stagnant in the CP
16 h after PAM injection, whereas there is a noticeable reduc-
tion in the presence of myeloid cells in the CP at 13 h reper-
fusion compared with 3 h reperfusion. In the cortex, the
number of CX3CR11 cells in the ischemic-reperfused regions
increases with time, suggesting that they may have migrated
from the CP into the injured parenchyma during that time
window or there was enhanced microglial proliferation at that
time point. The number of CCR21 cells was also much
greater in the cortex at the later time point following tMCAO
relative to PAM. Assessing the timing of how myeloid cells
from different regions enter the injured parenchyma is of
future interest and can provide novel insights about ischemic
brain pathology. While our data are in agreement with
recently published data that TLR2 mediates transmigration of
neutrophils and monocytes to the neonatal brain via the CP
(Mottahedin et al., 2019), the effects after tMCAO in neonates
do not mirror effects exerted by direct TLR2 stimulation, sug-
gesting that MCAO has both TLR2-dependent and -inde-
pendent effects.

The data on attenuated neutrophil recruitment to the CP in
pups with dysfunctional CCR2 and CX3CR1 receptors in both
models shed light on relationships between monocyte and neu-
trophil signaling. In WT mice, we show robust neutrophil accu-
mulation not only in the CP but in the CSF as well, yet only
minimal infiltration in injured brain regions. In adult, an array
of studies by the others have demonstrated that neutrophil
behavior is both injury context- and injury severity-dependent
(Enzmann et al., 2018), and that stepwise margination and infil-
tration largely depend on the status of endothelium activation.
Links between neutrophil signaling and CCR2-dependent
monocyte trafficking exist under various pathophysiological
conditions (Souto et al., 2011), including bidirectional signals to
each other to influence both activity and migration (Prame
Kumar et al., 2018; Lazzaretto and Fadeel, 2019). We discovered
that, while PAM administration similarly increases the number of
CD45high CD11b1 and CD45highCD11b1Ly6g1 cells in the blood
in mice with functional and dysfunctional CX3CR1-CCR2 signal-
ing, the percent of cells expressing CXCR2 is significantly lower
in PAM-treated pups, reducing CXCR2-mediated neutrophil
responses to elevated levels of its ligand. While the low rate of
neutrophil infiltration after tMCAO is not surprising given our
previous observation in a neonatal rat stroke model of low neu-
trophil infiltration into ischemic-reperfused brain (Fernandez-
Lopez et al., 2012) despite elevated brain levels of neutrophil che-
moattractant (Denker et al., 2007), this study identifies diminished
CXCR2 expression as a contributing factor to reduced neutrophil
trafficking into the injured brain.

In conclusion, we have identified the CP as an important
route for early myeloid cell trafficking following neonatal is-
chemia-reperfusion. These cells include both beneficial and
injurious phenotypes with CX3CR1-CCR2 signaling critically
influencing their accumulation and injury. These findings sug-
gest that modulating the CP myeloid cell pool could be a
potential therapeutic strategy for controlling neonatal stroke-
related neuroinflammation. Identifying the chemotactic signals
after tMCAO that recruit specific myeloid cell phenotypes to
the injured brain from the CP could be key. Furthermore, tar-
geting CP myeloid cells may provide a unique therapeutic
avenue for treating ischemic brain damage, particularly in
neonates.

Figure 9. tMCAO and PAM trigger distinct patterns of myeloid cells in the CP and cortex
at 16 h. A, B, Quantification of the number of CX3CR11 (A) and CCR21 (B) cells in the CPs
and the cortex 16 h after PAM/PBS treatment of GFP/1/RFP/1 mice. C, D, In the cortex, calcu-
lation is based on the number of cells/tissue volume. Quantification of the number of
CX3CR11 (C) and CCR21 (D) cells in ipsilateral and contralateral region 13 h after tMCAO in
GFP/1/RFP/1 mice. In the CPs, calculation is based on the number of cells/100 mm3/GLUT-1
volume. Quantification of CD45highCD11b1 cells 16 h after PAM or PBS in the CP and cortex
(E) and at 13 h reperfusion following tMCAO in the ipsilateral and contralateral CPs and corti-
ces of WT mice (F). Data are mean 6 SEM. A-D, *p, 0.05; ****p, 0.0001; Student’s t
test with Mann–Whitney U post hoc test.
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