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Abstract: Monocytes are circulating macrophage precursors generated from bone marrow hematopoi-
etic stem cells. In adults, monocytes continuously replenish cerebral border-associated macrophages
under physiological conditions. Monocytes also rapidly infiltrate the brain in pathological settings.
The mechanisms of recruiting monocyte-derived macrophages into the brain under pathological
conditions have been extensively studied. However, it remains unclear how monocytes enter the
brain to renew border-associated macrophages under physiological conditions. Using both in vitro
and in vivo approaches, this study reveals that a combination of two hematopoietic growth fac-
tors, stem cell factor (SCF) and granulocyte colony-stimulating factor (G-CSF), complementarily
and synergistically enhances the adhesion of monocytes to cerebral endothelial cells in a dose-
dependent manner. Cysteine-cysteine chemokine receptor 5 (CCR5) in brain endothelial cells, but not
the cell adhesion molecules mediating neuroinflammation-related infiltration of monocyte-derived
macrophages, modulates SCF+G-CSF-enhanced monocyte-endothelial cell adhesion. Blocking CCR5
or genetically deleting CCR5 reduces monocyte-endothelial cell adhesion induced by SCF+G-CSF.
The SCF+G-CSF-enhanced recruitment of bone marrow-derived monocytes/macrophages into the
cerebral perivascular space is also reduced in adult CCR5 knockout mice. This study demonstrates
the role of SCF and G-CSF in regulating the entry of monocytes into the adult brain to replenish
perivascular macrophages.

Keywords: endothelial cells; monocytes; macrophages; hematopoietic growth factors; adhesion; stem
cell factor; granulocyte colony-stimulating factor; chemokine receptor 5

1. Introduction

The vascular endothelium, a monolayer of endothelial cells, forms the inner cellu-
lar wall of blood vessels and mediates many diverse biological processes including the
maintenance of an anti-thrombotic surface between the circulating blood and tissue [1],
the regulation of vascular tone through the release of vasodilator and vasoconstrictive
agents [2,3], and the selective separation of vascular luminal contents from tissues through
barrier formation [4]. The blood-brain barrier, formed by endothelial cells, plays a vital role
in maintaining the homeostasis of the brain microenvironment [5].

Macrophages in the brain consist of microglia in the parenchyma, border-associated
macrophages, and monocyte-derived macrophages that enter the brain under pathologi-
cal conditions [6]. Both microglia and border-associated macrophages in the meningeal-
choroid plexus-perivascular space are of embryonic origin, while the border-associated
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macrophages are renewed through monocyte recruitment under physiological conditions
in the adult brain [6]. The mechanisms underlying the recruitment of monocyte-derived
macrophages into the brain under pathological conditions have been extensively stud-
ied [5,6]. However, it remains poorly understood how monocytes enter the adult brain to
renew the border-associated macrophages under physiological conditions.

Stem cell factor (SCF, also termed master cell growth factor, kit ligand, and steel
factor) and granulocyte colony-stimulating factor (G-CSF) are produced mainly by bone
marrow stromal cells [7,8]. SCF and G-CSF are essential hematopoietic growth factors.
SCF, in combination with, G-CSF shows synergistic effects in enhancing the proliferation,
differentiation, survival, and mobilization of hematopoietic stem cells [9–11]. SCF binds to
its specific receptor, Ckit, to regulate various biological functions such as hematopoiesis,
gametogenesis, and melanogenesis [12–16]. G-CSF interacts with its receptor, GCSFR, to
control the proliferation, differentiation, and maturation of the precursor cells of gran-
ulocytes [17–19]. However, increasing evidence has revealed that SCF and G-CSF also
have biological functions in the central nervous system. It has been shown that combined
treatment with SCF and G-CSF enhances neurogenesis and cerebral angiogenesis [20–23]
and synergistically increases neurite outgrowth [24]. The expression of SCF and G-CSF
receptors has been found on cerebral endothelial cells [25]. However, the exact biological
function of SCF and G-CSF on cerebral endothelial cells has not been fully understood.

Monocytes, expressing specific markers such as ionized calcium-binding adaptor
molecule 1 (Iba-1), CD115, and CD11b [26,27], are a type of white blood cell that plays
multiple roles in the immune system, including replenishing resident macrophages and
dendritic cells under normal or pathological conditions [28,29]. It is thought that monocyte
recruitment into tissue may follow the general processes of adhesion and trafficking, which
include rolling, adhesion, and transmigration across vascular endothelial cells [30,31].
The adhesion molecules expressed on vascular endothelial cells are crucially involved
in leukocyte infiltration during neuroinflammation in various disease conditions [5,32].
However, it remains unclearwhether SCF and G-CSF could promote the expression of
adhesion molecules or other molecules on cerebral vascular endothelial cells to recruit
circulating monocytes into the brain and replace the border-associated macrophages under
physiological conditions. Using both in vitro and in vivo approaches, the purpose of
this study is to determine the effects and mechanisms of SCF and G-CSF in regulating
monocyte-endothelial cell adhesion and the entry of monocytes into the adult brain under
physiological conditions.

2. Results
2.1. Receptors for SCF and G-CSF Are Expressed on Brain Endothelial Cells

To determine and validate the expression of receptors for SCF and G-CSF on brain en-
dothelial cells, we performed immunofluorescence staining and flow cytometric analysis on
adult mouse brain tissue and mouse brain-derived endothelial cells. Immunofluorescence
staining of brain sections revealed that the SCF receptor (Ckit) and G-CSF receptor (GCSFR)
were co-localized with CD31+ endothelial cells in the cortex (Figure 1A,B). Flow cytom-
etry analysis showed the mean fluorescence intensity (MFI) of Ckit as 49.2 and GCSFR
as 107 on CD45−CD31+ gated primary endothelial cells isolated from the adult mouse
brain (Figure 1C,D). In addition, we found that both Ckit and GCSFR were expressed on
bEnd.3 cells (an endothelial cell line derived from the mouse brain), which was confirmed
by both immunofluorescence staining (Figure 1E,F) and flow cytometry (Figure 1G,H).
These validated data demonstrate that the receptors for SCF and G-CSF are constitutively
expressed on endothelial cells, suggesting that SCF and G-CSF might have important
biological functions in these cells.
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Figure 1. Receptors for SCF and G-CSF are expressed on brain endothelial cells. (A,B) Representa-
tive 3-dimensional (3D) confocal images. Capillaries (CD31+, red) in the cortex of the adult mouse 
brain show co-expression with the receptors for SCF (A) (Ckit, green) and G-CSF (B) (GCSFR, 
green). Scale bar, 10 µm. (C,D) Representative flow cytometry data. The expressions of Ckit (C) and 
GCSFR (D) on cerebral endothelial cells are detected by flow cytometry analysis of CD45−CD31+ 
gated endothelial cells isolated from adult mouse brain. Mean fluorescence intensity (MFI) of Ckit 
(C) and GCSFR (D) expressing on cerebral endothelial cells is presented in flow cytometry histo-
grams. Isotype: isotype control antibody. Repeated experiments, n = 4. (E,F) Representative confocal 
images of immunofluorescence staining. The expression of Ckit (E) (red) and GCSFR (F) (red) are 
seen on bEnd.3 endothelial cells (CD31+, green). Scale bar, 50 µm. Repeated experiments, n = 3. (G,H) 
Representative flow cytometry histograms showing the expression of Ckit (G) and GCSFR (H) on 
bEnd.3 endothelial cells. MFI: Mean fluorescence intensity. Isotype: isotype control antibody. Re-
peated experiments, n = 5. 
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G-CSF on the regulation of monocyte adhesion to endothelial cells.  

Initially, we examined whether SCF alone promotes the adhesion of monocytes to 
endothelial cells. For this purpose, we conducted adhesion experiments using bEnd.3 cells 
and monocytes. Brain-derived endothelial cells (bEnd.3 cells) were pre-treated with SCF 
at different dosages for 16–18 h, after which bone marrow-derived monocytes were loaded 
onto the pre-treated bEnd.3 cells. The bone marrow-derived monocytes (Iba-1+ cells) were 
isolated from the bone marrow of transgenic mice carrying Iba1-enhanced green fluores-
cent protein (GFP) (Iba1-GFP mice). After a 20-min incubation, an adhesion assay was 
performed. We observed that significantly greater amounts of monocytes adhered to the 
endothelial cells pre-stimulated with SCF at 50 ng/mL (p < 0.05) and 100 ng/mL (p < 0.01) 
compared to endothelial cells pre-treated with medium alone or a lower concentration of 
SCF (Figure 2A,D). These findings reveal that SCF enhances monocyte adhesion to endo-
thelial cells. 

Figure 1. Receptors for SCF and G-CSF are expressed on brain endothelial cells. (A,B) Representative
3-dimensional (3D) confocal images. Capillaries (CD31+, red) in the cortex of the adult mouse brain
show co-expression with the receptors for SCF (A) (Ckit, green) and G-CSF (B) (GCSFR, green). Scale
bar, 10 µm. (C,D) Representative flow cytometry data. The expressions of Ckit (C) and GCSFR
(D) on cerebral endothelial cells are detected by flow cytometry analysis of CD45−CD31+ gated
endothelial cells isolated from adult mouse brain. Mean fluorescence intensity (MFI) of Ckit (C) and
GCSFR (D) expressing on cerebral endothelial cells is presented in flow cytometry histograms.
Isotype: isotype control antibody. Repeated experiments, n = 4. (E,F) Representative confocal
images of immunofluorescence staining. The expression of Ckit (E) (red) and GCSFR (F) (red) are
seen on bEnd.3 endothelial cells (CD31+, green). Scale bar, 50 µm. Repeated experiments, n = 3.
(G,H) Representative flow cytometry histograms showing the expression of Ckit (G) and GCSFR
(H) on bEnd.3 endothelial cells. MFI: Mean fluorescence intensity. Isotype: isotype control antibody.
Repeated experiments, n = 5.

2.2. SCF in Combination with G-CSF Enhances Monocyte Adhesion to Endothelial Cells In Vitro

As stated earlier, under physiological conditions, monocytes contribute to the genera-
tion of macrophages in the adult brain [6,33,34]. However, it is not known how monocytes
enter the adult brain. To address this question, we determined the effects of SCF and G-CSF
on the regulation of monocyte adhesion to endothelial cells.

Initially, we examined whether SCF alone promotes the adhesion of monocytes to
endothelial cells. For this purpose, we conducted adhesion experiments using bEnd.3
cells and monocytes. Brain-derived endothelial cells (bEnd.3 cells) were pre-treated with
SCF at different dosages for 16–18 h, after which bone marrow-derived monocytes were
loaded onto the pre-treated bEnd.3 cells. The bone marrow-derived monocytes (Iba-1+

cells) were isolated from the bone marrow of transgenic mice carrying Iba1-enhanced
green fluorescent protein (GFP) (Iba1-GFP mice). After a 20-min incubation, an adhesion
assay was performed. We observed that significantly greater amounts of monocytes
adhered to the endothelial cells pre-stimulated with SCF at 50 ng/mL (p < 0.05) and
100 ng/mL (p < 0.01) compared to endothelial cells pre-treated with medium alone or
a lower concentration of SCF (Figure 2A,D). These findings reveal that SCF enhances
monocyte adhesion to endothelial cells.
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Figure 2. SCF in combination with G-CSF enhances Iba-1+ monocyte adhesion to endothelial cells. 
(A–C) Monocyte-endothelial cell adhesion data showing Iba-1+ monocytes adhering to bEnd.3 en-
dothelial cells pre-treated with different doses of SCF alone (A), G-CSF alone (B), or SCF+G-CSF (C) 
for 16–18 h. Inflammatory mediators TNF-α and LPS serve as positive controls. Repeated by three 
independent experiments. Each experiment includes three samples (cell culture wells). Mean ± SEM. 
* p < 0.05, ** p < 0.01, *** p < 0.001, vs. medium controls. One-way ANOVA followed by post hoc 
Tukey’s test. (D) Representative bright-field images showing the adhesion of Iba-1+ monocytes on 
bEnd.3 endothelial cells pre-treated with medium (control), SCF (100 ng/mL), G-CSF (100 ng/mL), 
SCF+G-CSF (20 ng/mL), TNF-α (100 ng/mL), and LPS (1 µg/mL). Arrows indicate reference points 
illustrating spindle-shaped endothelial cells. Triangles denote round Iba-1+ monocytes. Scale bar, 
300 µm. 

Next, we determined whether G-CSF alone has similar effects on enhancing endothe-
lial cell/monocyte adhesion. Surprisingly, G-CSF alone did not show significant changes 
in the adhesion of Iba-1+ monocytes to endothelial cells at any tested dosage (Figure 2B,D). 
In contrast, in the positive controls, significantly increased numbers of monocytes adher-
ing to bEnd.3 cells were observed following a 16-h pre-treatment with 100 ng/mL TNF-α 
(p < 0.001) or 1 µg/mL LPS (p < 0.001) compared to the medium controls (Figure 2). These 
experiments were repeated four times with similar results. 

Furthermore, we evaluated the efficacy of a combination of SCF and G-CSF (SCF+G-
CSF) on endothelial cell/monocyte adhesion. Remarkably, SCF+G-CSF strongly enhanced 
Iba-1+ monocyte adhesion to bEnd.3 endothelial monolayers compared to medium con-
trols (Figure 2C,D). The binding of monocytes to bEnd.3 endothelial cells peaked at a dose 
of 20 ng/mL SCF and 20 ng/mL G-CSF (p < 0.001). Although significant increases in mon-
ocyte/endothelial cell adhesion were still observed at SCF and G-CSF doses of 50 ng/mL 
(p < 0.001) and 100 ng/mL (p < 0.01), the levels of adhesion slightly decreased as the SCF+G-
CSF dose increased (Figure 2C). These findings indicate that SCF+G-CSF enhances mono-
cyte adhesion to endothelial cells in a dose-dependent manner. Notably, SCF or G-CSF 
alone at a dose of 20 ng/mL did not increase the adhesion of Iba-1+ monocytes to endothe-
lial cells (Figure 2A,B). To validate these findings, we used flow cytometry to examine the 
differences between the adhesion of Iba-1-GFP+ monocytes to untreated/unstimulated 
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cantly increased compared to untreated/unstimulated bEnd.3 cells (p < 0.01). Iba-1-GFP+ 
cells showed significantly higher adhesion ratios to TNF-α or LPS pre-stimulated bEnd.3 

Figure 2. SCF in combination with G-CSF enhances Iba-1+ monocyte adhesion to endothelial cells.
(A–C) Monocyte-endothelial cell adhesion data showing Iba-1+ monocytes adhering to bEnd.3
endothelial cells pre-treated with different doses of SCF alone (A), G-CSF alone (B), or SCF+G-CSF
(C) for 16–18 h. Inflammatory mediators TNF-α and LPS serve as positive controls. Repeated by three
independent experiments. Each experiment includes three samples (cell culture wells). Mean ± SEM.
* p < 0.05, ** p < 0.01, *** p < 0.001, vs. medium controls. One-way ANOVA followed by post hoc
Tukey’s test. (D) Representative bright-field images showing the adhesion of Iba-1+ monocytes on
bEnd.3 endothelial cells pre-treated with medium (control), SCF (100 ng/mL), G-CSF (100 ng/mL),
SCF+G-CSF (20 ng/mL), TNF-α (100 ng/mL), and LPS (1 µg/mL). Arrows indicate reference points
illustrating spindle-shaped endothelial cells. Triangles denote round Iba-1+ monocytes. Scale bar,
300 µm.

Next, we determined whether G-CSF alone has similar effects on enhancing endothelial
cell/monocyte adhesion. Surprisingly, G-CSF alone did not show significant changes in the
adhesion of Iba-1+ monocytes to endothelial cells at any tested dosage (Figure 2B,D). In
contrast, in the positive controls, significantly increased numbers of monocytes adhering
to bEnd.3 cells were observed following a 16-h pre-treatment with 100 ng/mL TNF-α
(p < 0.001) or 1 µg/mL LPS (p < 0.001) compared to the medium controls (Figure 2). These
experiments were repeated four times with similar results.

Furthermore, we evaluated the efficacy of a combination of SCF and G-CSF (SCF+G-
CSF) on endothelial cell/monocyte adhesion. Remarkably, SCF+G-CSF strongly enhanced
Iba-1+ monocyte adhesion to bEnd.3 endothelial monolayers compared to medium controls
(Figure 2C,D). The binding of monocytes to bEnd.3 endothelial cells peaked at a dose of
20 ng/mL SCF and 20 ng/mL G-CSF (p < 0.001). Although significant increases in mono-
cyte/endothelial cell adhesion were still observed at SCF and G-CSF doses of 50 ng/mL
(p < 0.001) and 100 ng/mL (p < 0.01), the levels of adhesion slightly decreased as the
SCF+G-CSF dose increased (Figure 2C). These findings indicate that SCF+G-CSF enhances
monocyte adhesion to endothelial cells in a dose-dependent manner. Notably, SCF or G-CSF
alone at a dose of 20 ng/mL did not increase the adhesion of Iba-1+ monocytes to endothelial
cells (Figure 2A,B). To validate these findings, we used flow cytometry to examine the dif-
ferences between the adhesion of Iba-1-GFP+ monocytes to untreated/unstimulated bEnd.3
cells (control) and bEnd.3 cells pre-treated/pre-stimulated with SCF+G-CSF (20 ng/mL),
TNF-α (100 ng/mL), or LPS (1 µg/mL). As shown in Supplementary Figure S1, Iba-1-GFP+

cells binding to SCF+G-CSF-pre-treated/pre-stimulated bEnd.3 cells were significantly
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increased compared to untreated/unstimulated bEnd.3 cells (p < 0.01). Iba-1-GFP+ cells
showed significantly higher adhesion ratios to TNF-α or LPS pre-stimulated bEnd.3 cells
than to untreated/unstimulated bEnd.3 cells (p < 0.001). These data strongly suggest that
SCF in combination with G-CSF has a synergistic effect in promoting the adhesion function
of endothelial cells.

2.3. SCF+G-CSF Upregulates the Expression of CCR5 but Not Adhesion Molecules in
Endothelial Cells

Under inflammatory conditions, many adhesion molecules are expressed in endothe-
lial cells; these adhesion molecules play a critical role in the rolling, adhesion, and migration
of leukocytes across the vascular endothelial barrier [32,35]. Here, we used real-time qPCR
and flow cytometry to determine whether SCF+G-CSF increases the expression of adhesion
molecules in endothelial cells. We observed that the gene expression levels of vascular
cell adhesion molecule-1 (VCAM-1, CD106), intracellular adhesion molecule-1 (ICAM-1,
CD54), P-selectin, and E-selectin were markedly upregulated in bEnd.3 cells after 3 h
treatment with the inflammatory mediators TNF-α and LPS (p < 0.001) (Figure 3). However,
SCF+G-CSF treatment did not significantly change the gene expression levels of ICAM-1,
VCAM-1, P-selectin, and E-selectin in bEnd.3 cells (Figure 3). Flow cytometric analysis
of ICAM-1 and VCAM-1 expression on bEnd.3 cells was consistent with the results from
real-time qPCR (Figure 3B,D). These findings suggest that the SCF+G-CSF-enhanced ad-
hesion function of vascular endothelial cells is mediated through a pathway distinct from
inflammatory signaling.
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Figure 3. Expression of adhesion molecules in bEnd.3 endothelial cells. (A,C,E,F) Quantitative
real-time PCR data showing the mRNA expression of ICAM-1 (A), VCAM-1 (C), P-selectin (E),
and E-selectin (F) in bEnd.3 endothelial cells cultured for different periods (30 min to 6 h) in the
presence of medium alone (con: control), SCF+G-CSF (20 ng/mL), TNF-α (100 ng/mL), and LPS
(1 µg/mL). Repeated by three independent experiments. Mean ± SEM. *** p < 0.001 vs. medium
control. One-way ANOVA followed by post hoc Tukey’s test. (B,D) Representative flow cytometry
histograms showing membrane expression levels of ICAM-1 (B) and VCAM-1 (D) on bEnd.3 cells
with different treatments. MFI: Mean fluorescence intensity. Repeated experiments, n = 5. Dashed
lines indicate isotype IgG controls. Filled gray lines represent specific staining for the indicated
adhesion molecules.
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Chemokines and chemokine receptors are structurally related proteins that regu-
late leukocyte adhesion and trans-endothelial migration both in vitro and in vivo [36,37].
To further investigate the possible mechanisms underlying SCF+G-CSF-enhanced mono-
cyte/endothelial cell adhesion, we examined the alterations in chemokine receptors on
bEnd.3 cells following SCF+G-CSF treatment using real-time qPCR. Our data showed that
the mRNA levels of chemokine receptors CCR1, CCR2, CCR3, CCR4, CCR8, and CXCR4
were very low in bEnd.3 cells, and 20 ng/mL SCF+G-CSF treatment did not increase the
mRNA expression of these chemokine receptors (Supplementary Figure S2), with the ex-
ception of CCR5. When bEnd.3 cells were treated with 20 ng/mL SCF+G-CSF, the mRNA
expression of CCR5 was significantly increased compared to medium controls (p < 0.001)
(Figure 4A). This finding was further validated by flow cytometry. SCF+G-CSF treatment
increased CCR5 expression on bEnd.3 cells (Figure 4B). Interestingly, the inflammatory
mediators TNF-α and LPS significantly reduced CCR5 mRNA expression in bEnd.3 cells
compared to medium controls (p < 0.001) (Figure 4A).
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specific staining for CCR5. (C) PCR-electrophoresis showing mRNA expression of CCL1 (133 bp),
CCL3 (202 bp), CCL4 (229 bp), CCL5 (237 bp), and CX3CL1 (71 bp) in Iba-1+ monocytes.

2.4. SCF+G-CSF Enhances Monocyte Adhesion to Endothelial Cells through CCR5 In Vitro

CCR5 binds to several chemokine ligands, including CCL3, CCL4, and CCL5 [38–40].
In studying cell-cell adhesion, it is important to detect whether Iba-1+ monocytes express
the ligands of CCR5 when CCR5 receptors are increased on endothelial cells by SCF+G-CSF.
Our data revealed that Iba-1+ monocytes constitutively express CCL3, CCL4, and CCL5
(Figure 4C). These data suggest that the CCR5-related chemokine-receptor pathway could
be an important mechanism underlying the adhesion of monocytes to SCF+G-CSF-treated
endothelial cells.

We then sought to determine the role of endothelial CCR5 in SCF+G-CSF-enhanced
monocyte-endothelial adhesion. To block CCR5, after pre-treatment of bEnd.3 monolayers
with SCF+G-CSF (20 µg/mL), anti-CCR5 antibody (50 µg/mL) or its isotype IgG2a control
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(50 µg/mL) was added to the washed bEnd.3 cells. After washing out the antibodies
with pre-warmed medium, FACS-sorted Iba-1-GFP+ monocytes were added to the bEnd.3
monolayers. Remarkably, the SCF+G-CSF-increased monocyte/endothelial cell adhesion
was completely blocked by anti-CCR5. The control antibody against IgG2a did not affect
the adhesion of monocytes to SCF+G-CSF-treated bEnd.3 cells (Figure 5). The anti-CCR5
antibody did not block the adhesion of Iba-1+ monocytes to the inflammatory cytokine
TNF-α-stimulated bEnd.3 cells. These data strongly suggest that endothelial CCR5 controls
the adhesion of monocytes to SCF+G-CSF-pre-treated endothelial cells, which is entirely
different from an inflammatory signaling-mediated pathway for monocyte-endothelial
cell adhesion.
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Figure 5. Anti-CCR5 antibody blocks SCF+G-CSF-enhanced monocyte adhesion to endothelial cells.
Monolayers of mouse brain-derived endothelial cells (i.e., bEnd.3 cells) were incubated in the presence
of medium alone (control), SCF+G-CSF (20 ng/mL), and TNF-α (100 ng/mL) for 16–18 h. After
washing, the bEnd.3 cells were pre-treated with anti-CCR5 antibody or isotype IgG control antibody
before adding Iba-1+ monocytes to the bEnd.3 cell monolayers. Mean ± SEM. N = 7. * p < 0.001 vs.
medium control, # p < 0.001 vs. medium control with isotype control, † p < 0.001 vs. medium control
with anti-CCR5, and • p < 0.001 vs. S+G with anti-CCR5. One-way ANOVA followed by post hoc
Tukey’s test.

2.5. SCF+G-CSF Enhances Bone Marrow-Derived Cells Adhering to Cerebral Endothelial Cells
through CCR5 In Vivo

To verify that SCF+G-CSF treatment increases blood cell adhesion to endothelial cells
under physiological conditions in vivo, we created UBC-GFP+ bone marrow chimeric
CCR5−/− and wild-type (WT) mice (i.e., UBC-GFP-CCR5−/− mice and UBC-GFP-WT
mice). In these mice, we examined the adhesion of bone marrow-derived cells (GFP-
positive) to cerebral endothelial cells (CD31-positive) after SCF+G-CSF treatment (exper-
imental flow chart, Figure 6A). We observed that SCF+G-CSF treatment increased bone
marrow-derived GFP+ cell adhesion to CD31+ endothelial cells in the cerebral cortex of
both UBC-GFP-WT mice and UBC-GFP-CCR5−/− mice compared to the vehicle control
groups (p < 0.001). However, the number of GFP+ cells adhering to endothelial cells was
significantly lower in SCF+G-CSF-treated UBC-GFP-CCR5−/− mice than in SCF+G-CSF
treated UBC-GFP-WT mice (p < 0.001) (Figure 6). These findings suggest that SCF+G-CSF-
enhanced adhesion of bone marrow-derived blood cells to brain endothelial cells is, at least
partially, mediated through CCR5.
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Figure 6. SCF+G-CSF increases adhesion of bone marrow-derived cells to cerebral endothelial
cells partially through CCR5 in adult mice. (A) Experimental flowchart. BMT: bone marrow trans-
plantation. Bone marrow donor: UBC-GFP mice. (B) Representative confocal images showing
immunofluorescence staining of GFP-positive bone marrow-derived cells (green) and CD31-positive
endothelial cells (red) in the cortex of UBC-GFP bone marrow-transplanted vehicle-control WT mice,
vehicle-control CCR5−/− mice, SCF+G-CSF-treated WT mice, and SCF+G-CSF-treated CCR5−/−

mice. Z-stack images of 15 layers with 1 µm intervals. DAPI (blue): nuclear counterstaining. Upper
4 images: Projection views of z-stack images (Scale bar, 30 µm). Lower 4 images: Orthogonal views
of z-stack images showing 3D visualizations of the colocalization of bone marrow-derived cells (GFP,
green) with endothelial cells (CD31, red). Scale bar, 20 µm. (C) A diagram showing the selected
regions in the cortex for confocal imaging. (D) Quantification data showing the number of GFP+

cells adhering to CD31+ endothelial cells per mm2 in the experimental groups. Mean ± SEM. N = 5,
*** p < 0.001. One-way ANOVA followed by post hoc Tukey’s test.

2.6. CCR5 Mediates Bone Marrow-Derived Monocyte Transmigration into the Brain Surrounding
Blood Vessels

To identify whether CCR5 modulates bone marrow-derived monocyte transmigration
into the brain via SCF+G-CSF treatment, we quantified the number of GFP+/Iba1+ cells
surrounding the CD31+ endothelial cells in the cortex (surrounding: within 10 µm from
vessels). In the vehicle control mice, the number of GFP+/Iba1+ cells surrounding the blood
vessels in the cerebral cortex was significantly reduced in CCR5 knockout mice compared
to WT mice (p < 0.05) (Figure 7). Similarly, in the SCF+G-CSF-treated mice, the number of
GFP+/Iba1+ cells surrounding the blood vessels in the cortex was significantly decreased
in CCR5 knockout mice compared to WT mice (p < 0.05) (Figure 7). These data suggest
that CCR5 is involved in the transmigration of Iba1+ bone marrow-derived monocytes into
the brain and that CCR5 is required for SCF+G-CSF-enhanced transmigration of blood
monocytes into the brain. Interestingly, GFP+/Iba1+ cells were found only around, but not
inside, the lumen of CD31+ brain vessels, indicating that monocytes may differentiate into
Iba1+ macrophages immediately after transmigrating from the blood vessels into the brain.
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Figure 7. CCR5 mediates bone marrow-derived monocyte transmigration into the adult brain.
(A) Representative projection views of z-stack confocal images showing the location of bone marrow-
derived monocytes (GFP+/Iba1+ cells) next to the blood vessels (CD31+) in the cerebral cortex of
adult mice that received UBC-GFP bone marrow transplantation in the groups of vehicle-control
WT mice, vehicle-control CCR5−/− mice, SCF+G-CSF-treated WT mice, and SCF+G-CSF-treated
CCR5−/− mice. DAPI (blue): nuclear counterstaining. Scale bar, 30 µm. Z-stack images of 15 layers
with 1 µm intervals. (B) A diagram showing the selected regions in the cortex for confocal imaging.
(C) Quantification data. The number of GFP+/Iba1+ bone marrow-derived monocytes/macrophages
surrounding CD31+ blood vessels (within 10 µm from the blood vessels) in the cerebral cortex is re-
duced in both vehicle-control CCR5−/− mice and SCF+G-CSF-treated CCR5−/− mice. Mean ± SEM.
N = 5. * p < 0.05, Unpaired t-test.

To further determine whether CCR5 and/or SCF+G-CSF treatment affects the prolif-
eration of infiltrated bone marrow-derived monocytes/macrophages (GFP+/Iba1+ cells),
we performed triple immunofluorescence staining to detect Ki67/Iba1/GFP-positive cells.
Our findings showed that neither CCR5 nor SCF+G-CSF treatment changes the number of
Ki67/Iba1/GFP-positive cells (Supplementary Figure S3).

3. Discussion

In the present study, we have, for the first time, identified that the combination of
two hematopoietic growth factors, SCF and G-CSF (i.e., SCF+G-CSF), can enhance the
replenishment of perivascular macrophages in the adult mouse brain via CCR5 under
physiological conditions. The findings of our in vitro experiments reveal that SCF+G-CSF
complementarily and synergistically promotes the adhesion function of brain endothelial
cells to bind with bone marrow-derived monocytes. The SCF+G-CSF-enhanced adhesion
function of brain endothelial cells is mediated through CCR5, not through cell adhesion
molecules. Our findings demonstrate that SCF+G-CSF-enhanced and CCR5-mediated
monocyte-endothelial cell adhesion is distinct from the monocyte-endothelial cell adhe-
sion stimulated by an inflammatory signaling-triggered cell adhesion molecule-dependent
pathway. The findings of our in vivo experiments further confirm the role of CCR5 in
modulating SCF+G-CSF-enhanced renewal of perivascular macrophages in the adult brain
by bone marrow-derived monocytes under physiological conditions.

SCF and G-CSF act on their target cells through specific membrane receptors to
regulate many cell functions, including promoting neurite outgrowth [24,41] and inhibiting
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apoptosis [42]. In the present study, we found that the receptors for SCF and G-CSF are
expressed in endothelial cells of the adult mouse brain and in the brain-derived endothelial
cell line. This observation is consistent with a previous report showing that the SCF receptor,
Ckit, and the G-CSF receptor, GCSFR, are expressed in cerebral endothelial cells [25]. These
findings implicate the ability of SCF and G-CSF to modulate endothelial cell functions.

Using a well-established cell adhesion model in vitro, our novel finding reveals that
SCF+G-CSF exhibits a synergistic effect on monocyte-endothelial cell adhesion greater than
either of them alone. The optimal dose for increasing monocyte-endothelial cell adhesion
peaked at 20 ng/mL of SCF+G-CSF in vitro, and the number of adherent monocytes was
not further increased by increasing the dose. Notably, SCF in combination with G-CSF
also shows synergistic effects in enhancing the proliferation, differentiation, survival, and
mobilization of hematopoietic stem cells [9–11] and in promoting neurite outgrowth [24].
The mechanism underlying the synergistic effects of SCF+G-CSF in the regulation of cell
functions is not clear. One possibility is that the proper doses of SCF+G-CSF that increase
monocyte-endothelial cell binding may robustly activate their receptor-mediated cell sig-
naling because either SCF-Ckit or G-CSF-GCSFR interaction leads to multiple signaling
cascades, including the RAS/ERK, PI3-K/AKT, Src Kinase, JAK/STAT, and MEK/ERK
pathways [24,43–45]. Both SCF and G-CSF share some similar signaling pathways but each
of them could have relatively independent signaling pathways. Our data show that G-CSF
alone does not affect the adhesion of monocytes to endothelial cells when the endothe-
lial cells lack the necessary signaling triggered by SCF. The precise mechanism by which
this occurs remains unclear. It has been shown that SCF+G-CSF synergistically increases
myeloid cell proliferation through complementary signaling pathways [9]. G-CSF, but
not SCF, induces the tyrosine phosphorylation of STAT1 and STAT3 signaling. However,
SCF induces the phosphorylation of STAT3 on serlne727, which is required for maximal
and complete STAT3 transcriptional activity when SCF is combined with G-CSF [9]. The
underlying molecular mechanisms of the SCF+G-CSF-induced synergistic effects in en-
hancing endothelial cell adhesion function when binding with monocytes, however, need
further investigation.

It is widely known that inflammatory signals initiate the expression of adhesion
molecules on the endothelial cell surface (such as ICAMs, VCAMs, P-selectin and E-
selectin) [32,36,46]. These adhesion molecules are responsible for leukocyte-endothelial
cell crosstalk and mediate the entry of leukocytes into tissues under pathological condi-
tions [47–51]. While the initial phase of leukocyte-endothelial cell adhesion is not entirely
clear, leukocyte recruitment is undoubtedly of fundamental importance and remains a
predominant feature during inflammation [52]. Remarkably, our study demonstrates that
SCF+G-CSF fails to induce changes in inflammation-related cell adhesion molecules, such
as ICAM, VCAM, P-selectin, or E-selectin, despite leading to robust increases in monocyte-
endothelial cell adhesion. These findings suggest that the molecules mediating the adhesion
of monocytes to endothelial cells via SCF+G-CSF are entirely different from those involved
in inflammation-induced cell adhesion. Our in vivo experiment confirms that SCF+G-CSF
treatment increases cerebral endothelial cell adhesion to bone marrow-derived cells in
healthy adult wild-type mice, supporting the role of SCF+G-CSF in enhancing monocyte-
endothelial cell adhesion under physiological conditions.

It has been demonstrated that chemokines and chemokine receptors regulate leukocyte
adhesion and trans-endothelium migration both in vitro and in vivo [53–55]. Activation
signals from chemokines and chemokine receptors initiate the firm adhesion of leuko-
cytes to endothelial cells by rapidly upregulating integrin affinity [56,57]. In the present
study, we screened chemokine receptors expressed by endothelial cells under SCF+G-CSF
stimulation. Our data show that CCR5 is pivotal in controlling the monocyte-endothelial
cell adhesion induced by SCF+G-CSF. It has been shown that CCR5 is expressed in dif-
ferent types of cells, including endothelial cells [58]. The natural chemokine ligands that
interact with CCR5 include CCL5 (also known as RANTES), macrophage inflammatory
protein (MIP)-1α, MIP-1β (also known as CCL3 and CCL4), and CCL3L1 [38–40,59]. In
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the present study, these CCR5 chemokine ligands are detectable on bone marrow-derived
Iba-1+ monocytes, suggesting the possibility of monocyte-endothelial cell interaction via
CCR5-related ligand-receptor binding. Our data also reveal that the expression of CCR5
on endothelial cells is upregulated by SCF+G-CSF treatment in vitro. Blocking CCR5 on
endothelial cells eliminates the SCF+G-CSF-induced binding of monocytes to endothelial
cells, demonstrating that CCR5 plays an important role in SCF+G-CSF-enhanced adhesion
of monocytes to endothelial cells. These findings are further validated by our in vivo study.
CCR5 knockout mice that received bone marrow transplantation from UBC-GFP mice ex-
hibited decreased adhesion of bone marrow-derived GFP+ cells to endothelial cells induced
by SCF+G-CSF treatment compared to WT mice. However, CCR5 knockout only partially
blocks the SCF+G-CSF-induced adhesion of bone marrow-derived cells to endothelial cells.
There might be other underlying mechanisms by which SCF+G-CSF treatment enhances
the adhesion of bone marrow-derived blood cells to cerebral endothelial cells. In addition
to the interaction of CCR5 and its ligands, other ligand-receptor interactions, such as the
EphrinB2/EphA4, may also participate in SCF+G-CSF-enhanced monocyte adhesion to
endothelial cells [60]. It is worth noting that in our in vitro experiments, blocking CCR5
fails to reduce monocyte-endothelial cell adhesion triggered by TNF-α or LPS (inflamma-
tory mediators), indicating that inflammation-related monocyte-endothelial cell adhesion
does not require CCR5, which differs from SCF+G-CSF-enhanced monocyte-endothelial
cell adhesion.

Interestingly, in our in vivo study, bone marrow-derived Iba1+ cells were observed
surrounding, but not within, the lumen of brain blood vessels, indicating that bone marrow-
derived monocytes express Iba1 or differentiate into macrophages only after transmigrating
from the blood vessels into the brain.

A limitation of our in vivo study is the inability to specifically delete CCR5 in endothe-
lial cells due to the lack of CCR5-floxed mice. It has been shown that CCR5 is expressed
in bone marrow-derived cells, neurons, glial cells, endothelial cells, and vascular smooth
muscle cells [61]. Although bone marrow transplantation can rule out the effects of CCR5 in
bone marrow-derived cells, CCR5 knockout mice may not only delete CCR5 in endothelial
cells but also remove CCR5 from neurons, glial cells, and vascular smooth muscle cells.
Therefore, we cannot draw a definitive conclusion in our in vivo study that our findings
are specifically related to the knockout of CCR5 in endothelial cells.

The mechanisms by which monocytes adhere to cerebral endothelial cells and transmi-
grate into the perivascular space could be under the coordinated control of a wide range of
signaling pathways, many of which are only just beginning to be understood. The findings
presented here demonstrate that SCF+G-CSF plays a pivotal role in monocyte-endothelium
adhesion and transmigration and further substantiate that CCR5 is involved in mediat-
ing SCF+G-CSF-enhanced monocyte-endothelium adhesion and transmigration. These
findings shed new light on the biological function of SCF+G-CSF in endothelial cells and
suggest a regulatory role of SCF+G-CSF in replenishing perivascular macrophages from
monocytes in the adult brain under physiological conditions.

4. Materials and Methods
4.1. Animals

All experiments were carried out in accordance with protocols approved by the
Institutional Animal Care and Use Committee and in keeping with the National Institute
of Health’s Guide for the Care and Use of Laboratory Animals.

For the in vitro study, Iba1-GFP transgenic mice with a C57BL/6 background, origi-
nally developed by Dr. Kohsaka [62], were used. The original breeding pairs were kindly
provided by Dr. Kohsaka. C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME, USA)
served as WT controls. Male mice aged 8–10 weeks were used for experiments.

For the in vivo study, transgenic mice ubiquitously expressing enhanced GFP under
the control of the human ubiquitin C promoter (UBC-GFP) with a C57BL/6 background,
CCR5 knockout (CCR5−/−) mice (C57BL/6 genetic background), and C57BL/6 mice
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were purchased from Jackson Laboratory (Bar Harbor, ME, USA). Male mice were used
for experiments.

Mice were housed under a 12-h light/dark cycle with ad libitum access to food and water.

4.2. Culture of bEnd.3 Endothelial Cells

The murine brain endothelial cell line bEnd.3 (ATCC, CRL-2299) was cultured in
DMEM medium (ATCC, Manassas, VA, USA) with 10% fetal bovine serum (FBS; Atlanta
Biologicals, Atlanta, GA, USA), 100 U/mL penicillin (Invitrogen, Carlsbad, CA, USA), and
100 µg/mL streptomycin (Invitrogen) at 37 ◦C under a humidified atmosphere of 5% CO2.
Confluent monolayers were passaged by adding 0.25% trypsin-EDTA (Cellgro, Manassas,
VA, USA) into 24 well cell culture plates.

The bEnd.3 cells at passages 20 to 30 were used for adhesion assays or mRNA analysis
when they formed confluent endothelial cell monolayers.

4.3. Isolation and Culture of Brain Endothelial Cells

C57BL/6 mice were deeply anesthetized and transcardially perfused with 30 mL of
phosphate-buffered saline (PBS) to remove blood cells. The forebrain was removed and
suspended in RPMI-1640 medium (ThermoFisher Scientific, Liverpool, NY, USA). The
suspension was digested with type I collagenase (1 mg/mL, Worthington, NJ, USA) and
DNase I (50 µg/mL, Roche Diagnostics, Indianapolis, IN, USA) at 37 ◦C for 45 min in
a shaker set at 180 revolutions per minute. Brain endothelial cells were isolated using a
37–70% Percoll (GE Healthcare, Chicago, IL, USA) density gradient centrifugation method
as described previously [63]. The endothelial cells were obtained from the interface, washed
twice with DMEM medium, and resuspended in DMEM medium containing 10% FBS
for phenotyping.

4.4. Isolation of Iba-1 Positive Monocytes from Bone Marrow Cells

Iba1+ monocytes were obtained from the bone marrow of Iba1-GFP mice. Iba1-GFP
mice were used for the isolation of Iba1+ monocytes in this study because Iba1 is expressed
in blood monocytes [64,65]. The Iba1-GFP mice were anesthetized and euthanized by
cervical dislocation. The femur and tibia bones were removed, cleaned of all connective
tissue, and placed on ice in complete bone marrow medium (CBMM). CBMM consisted of
DMEM medium supplemented with 10% horse serum (HS; Hyclone Laboratories, Logan,
UT, USA). The ends of each femur and tibia bone were clipped to expose the marrow.
Syringes with 21-gauge needles were used to flush out the bone marrow cells from one
end of the bone until it turned completely white. The cells were suspended in CBMM and
centrifuged at 1500 rpm for 5 min at 4 ◦C. The cells were then resuspended in red cell lysis
buffer (eBioscience, San Diego, CA, USA) and incubated at room temperature for 5 min.
The cells were filtered through a 70 µm nylon mesh strainer (BD, Franklin Lakes, NJ, USA)
and then washed three times with CBMM. The Iba-1+ monocytes were further sorted by
Fluorescence Activated Cell Sorting (FACS, BD FACSVantage/Diva, Franklin Lakes, NJ,
USA). Post-sorting reanalysis showed >95% purity of the Iba-1-GFP+ population.

4.5. Analysis of Cells by Flow Cytometry

Anti-mouse antibodies used for flow cytometry included: rat anti-CD31 (MEC 13.3,
BD Pharmingen, San Diego, CA, USA), rat anti-CD45-APC (30F11, eBioscience, San Diego,
CA, USA), rabbit anti-mouse ckit (sc-168, Santa Cruz Biotechnology, Dallas, TX, USA),
rabbit anti-mouse GCSFR (sc-694, Santa Cruz Biotechnology, USA), rabbit IgG (sc-3888,
Santa Cruz Biotechnology, USA), anti-CCR5-PE (HM-CCR5 (7A4), eBioscience, USA), anti-
CD106-FITC (VCAM-1, 429, eBioscience, USA), and anti-CD54-FITC (ICAM-1, YN1/1.7.4,
eBioscience, USA). The brain single cell suspension was centrifuged, and the supernatant
was removed. The cell pellets were fixed in cold 4% paraformaldehyde (PFA) (Polysciences,
Inc., Warrington, PA, USA) at room temperature for 20 min and washed with staining
medium (PBS containing 0.1% NaN3 and 2% FCS). The cells were incubated with primary



Int. J. Mol. Sci. 2024, 25, 8898 13 of 19

antibodies (combinations of anti-CD31 and anti-ckit, anti-CD31 and anti-GCSFR, anti-CD31
and rabbit IgG) for 1 h and washed twice with staining medium. The cells were then
incubated with Cy2-anti-Rat (1:200, Jackson ImmunoResearch Laboratories, West Grove,
PA, USA) and Dylight-549-conjugated anti-Rabbit (diluted 1:400, Jackson ImmunoResearch
Laboratories) for 30 min. The cells were washed again and incubated with anti-CD45-
APC for an additional 30 min. An extra cell wash was performed before detection by
flow cytometry (FACSCalibur, BD science, Franklin Lakes, NJ, USA). For bEnd.3 cells, the
cultured cells were rinsed with 0.25% trypsin-EDTA to get a single cell suspension and
processed following the same staining procedures as stated above. Data were analyzed
using FlowJo software 9.3.2 (TreeStar, Ashland, OR, USA). Brain endothelial cells were gated
on the CD45−/CD31+ population and mean fluorescence intensity (MFI) was presented
relative to appropriate isotype controls. All information about antibodies used for flow
cytometry is provided in Table 1.

Table 1. Antibodies for flow cytometry.

Antibodies Clone Information Source Dilution

Rat anti-CD31 MEC 13.3 BD Pharmingen, San Diego, CA, USA 1:100

Rat anti-CD45 30F11 eBioscience, San Diego, CA, USA 1:1000

Rabbit anti-mouse ckit sc-168 Santa Cruz Biotechnology, Dallas, TX, USA 1:200

Rabbit anti-mouse GCSFR sc-694 Santa Cruz Biotechnology, USA 1:200

Rabbit IgG sc-3888 Santa Cruz Biotechnology, USA 1:200

Anti-mouse CCR5 (CD195) HM-CCR5 (7A4) eBioscience, USA 1:200

Hamster IgG Isotype Control eBio299Arm eBioscience, USA 1:200

Anti-mouse CD106 (VCAM-1) 429 eBioscience, USA 1:200

Anti-mouse CD54 (ICAM-1) YN1/1.7.4 eBioscience, USA 1:200

4.6. Adhesion Assay

The adhesion experiments were performed as previously described [66]. bEnd.3
monolayers were incubated with recombinant mouse SCF (PeproTech, Rocky Hill, NJ,
USA) and/or recombinant human G-CSF (Amgen, Thousand Oaks, LA, USA) for 16–18 h
at the indicated concentrations. TNF-α (100 ng/mL) (Life Technologies, Grand Island,
NY, USA) and LPS (1 µg/mL) (Sigma, St. Louis, MO, USA) served as positive controls.
The stimulated bEnd.3 cells were washed three times with pre-warmed 10% fetal calf
serum (FCS) in DMEM. Iba1+ monocytes (500,000 cells in a volume of 200 µL per well)
were then added on the top of bEnd.3 cells. In some experiments, stimulated bEnd.3 cells
were incubated with anti-mouse-CCR5 (10 µg/mL) (HM-CCR5 (7A4), eBioscience, USA)
or Armenian Hamster IgG isotype control antibody (eBio299Arm, eBioscience, USA) for
30 min at 37 ◦C and washed before the addition of Iba1+ monocytes to the bEnd.3 cells. The
cell culture plates were incubated at room temperature on a horizontal shaker (70 rpm) for
20 min. The plates were then washed twice to remove unbound or loosely bound cells and
fixed in 4% PFA in PBS for 20 min. Binding was determined by counting the adherent GFP+

cells in four randomly chosen microscope fields (X20) in each well using a Nikon Eclipse
(TE2000) inverted fluorescence microscope (ECLIPSE TE2000-s, Nikon, Tokyo, Japan). The
cells from four fields were averaged for data analysis. Data collection was blinded to the
experimental treatments.

4.7. Real-Time Quantitative Polymerase Chain Reaction

Total RNA was extracted from cultured cells using an RNeasy Plus Mini Kit (Qiagen,
Hilden, Germany). First strand complementary DNA (cDNA) was prepared from an RNA
template (1 µg) using the High-Capacity RNA-to-cDNA kit (Applied Biosystems, Waltham,
MA, USA). Reverse transcription was performed at 37 ◦C for 60 min, followed by 95 ◦C
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for 5 min, according to the manufacturer’s instructions. Using the SsoAdvanced SYBR
Green Supermix (Bio-Rad, Hercules, CA, USA), real-time quantitative polymerase chain
reaction (RT-qPCR) amplification was performed by enzyme activation at 95 ◦C for 30 s,
denaturation at 95 ◦C for 5 s, and annealing and extension at 58 ◦C for 1 min. Forty cycles of
this process were repeated, followed by melting curve analysis for each reaction to confirm
single amplified products between 65–95 ◦C in 0.2 ◦C increments on the Bio-Rad CFX96
system (Bio-Rad, USA). The relative quantification of mRNA of target genes across several
time points was determined by calculating the ratio of CT values divided by the CT values
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) from the corresponding time
points. All primers were ordered from Integrated DNA Technologies. Primer sequences
are listed in Table 2.

Table 2. Primers for PCR.

Target Gene Sequences Length
(bp)

GAPDH sense 5′-CCA TCA CCA TCT TCC AGG AG-3′

antisense 5′-GTG GTT CAC ACC CAT CAC AA-3′ 194

ICAM-1 sense 5′-GCC TCC GGA CTT TCG ATC TT-3′

antisense 5′-GTA GAC TGT TAA GGT CCT CTG CGT-3′ 304

E-selectin sense 5′-GAT TGG ACA CTC AAT GGA TC-3′

antisense 5′-CCT AGA CGT TGT AAG AAG GC-3′ 271

P-selectin sense 5′-CTA TAC CTG CTC CTG CTA CCC AGG C-3′

antisense 5′-TTC ACT CCA CTG ACC AGA GCC AGT G-3′ 403

VCAM-1 sense 5′-TGC CGA GCT AAA TTA CAC ATT G-3′

antisense, 5′-CCT TGT GGA GGG ATG TAC AGA 124

CCR5 sense 5′-CAA GAC AAT CCT GAT CGT GCA A-3′

antisense 5′-TCC TAC TCC CAA GCT GCA TAG AA-3′ 128

CCL1 sense 5′-CCG TGT GGA TAC AGG ATG TTG-3′

antisense 5′-TCAG GAC AGG AGG AGC CC-3′ 133

CCL3 sense 5′-ACC ACT GCC CTT GCT GTT C-3′

antisense 5′-TCT GCC GGT TTC TCT TAG TCA G-3′ 202

CCL4 sense 5′-CTC TCC TCT TGC TCG TGG C-3′

antisense 5′-GTA CTC AGT GAC CCA GGG CTC-3′ 229

CCL5 sense 5′-GCT GCC CTCA CCA TCA TCC-3′

anti-sense 5′-GTA TTC TTG AAC CCA CTT CTT CTC TG-3′ 237

CX3CL1 sense 5′-CCG CGT TCT TCC ATT TGT GT-3′

antisense 5′-GCA CAT GAT TTC GCA TTT CG-3′ 71

4.8. Experimental Design of In Vivo Study

Mice were divided into four experimental groups at 3 months of age: a WT-vehicle
control group (n = 5), a WT-SCF+G-CSF group (n = 5), a CCR5−/−-vehicle control group
(n = 5), and a CCR5−/−-SCF+G-CSF group (n = 5). As described in our earlier study [20],
after receiving a lethal dose of whole-body irradiation (9 gray), bone marrow transplanta-
tion (BMT) was performed within 24 h. One month after BMT, recombinant mouse SCF
(200 µg/kg/day, diluted in saline) (PeproTech, Rocky Hill, NJ, USA) and recombinant
human G-CSF (50 µg/kg/day, diluted in 5% dextrose) (Amgen, Thousand Oaks, CA, USA)
or an equal volume of vehicle solution (50% saline and 50% dextrose), were subcutaneously
injected for 5 consecutive days. Mice were sacrificed 6–8 h after the final injection.

4.9. Bone Marrow Transplantation

UBC-GFP mice were deeply anesthetized. The femur and tibia bones were removed,
cleaned of all connective tissue, and placed on ice in Hanks’ Balanced Salt Solution (HBSS).
As described earlier, the ends of each tibia and femur were clipped to expose the marrow.
The bone marrow was flushed out using ice-cold HBSS with a syringe and a 21-gauge
needle. The bone marrow cells were filtered through a 70 µm nylon mesh strainer (BD,
USA), centrifuged at 300× g for 10 min at 4 ◦C, and resuspended in ice-cold HBSS into



Int. J. Mol. Sci. 2024, 25, 8898 15 of 19

a single cell suspension. Cells were transplanted into irradiated CCR5−/− or WT mice
within 24 h after irradiation (9 gray) by tail vein injection (1 × 107 bone marrow cells in
0.7 mL HBSS per mouse).

4.10. Immunofluorescence Staining

Mice were deeply anesthetized and perfused through the left cardiac ventricle with
cold PBS, followed by 10% phosphate buffered formalin (Fisher scientific, Waltham, MA,
USA). Brains were removed and immersed in the same fixative overnight at 4 ◦C, then
cryoprotected with 30% sucrose in PBS at 4 ◦C for 2 days. Coronal brain sections, 30 µm
thick, were cut with a cryostat (Leica Biosystems, Wetzlar, Germany). A free-floating
technique was used for immunofluorescence staining. Briefly, brain sections (3–4 adja-
cent sections/brain) (1.10 mm posterior to bregma) were selected for immunofluorescence
staining. The sections were rinsed with PBS and incubated in a solution of PBS-diluted
10% normal goat serum or normal donkey serum (Jackson ImmunoResearch Laboratories,
West Grove, PA, USA), containing 1% bovine serum albumin (BSA) (Sigma-Aldrich, St.
Louis, MO, USA) and 0.3% Triton X-100 (Sigma-Aldrich, USA) for 1 h at room temper-
ature to block non-specific binding. The sections were then incubated with the primary
antibodies including rabbit anti-Ckit (1:100, Santa Cruz Biotechnology, Dallas, TX, USA),
rabbit anti-GCSFR (1:100, Santa Cruz Biotechnology, USA), rat anti-CD31 (1:200, MEC 13.3,
BD Pharmingen, San Diego, CA, USA), rabbit anti-CD31 (1:50, Abcam, Cambridge, UK),
rabbit anti-Iba1 (1:400, Wako, Osaka, Japan), and goat anti-GFP (FITC-conjugated) (1:300,
Abcam, UK), overnight at 4 ◦C. The primary antibodies were diluted in PBS solution with
1% BSA and 0.3% Triton X-100. In negative control brain sections, the primary antibodies
were omitted. The following day, the sections were washed with PBS and incubated with
the secondary antibodies diluted in PBS solution with 1% BSA and 0.3% Triton X-100
at room temperature for 2 h in the dark. The secondary antibodies used in this study
were Cy2-conjugated goat anti-rat (1:200, Jackson ImmunoResearch Laboratory, USA),
Dylight-549-conjugated goat anti-rabbit (1:400, Jackson ImmunoResearch Laboratory, USA),
Alexa-Fluor 594-conjugated donkey anti-rabbit (1:500, Life Technologies, Carlsbad, CA,
USA), and Alexa-Fluor 488-conjugated donkey anti-goat (1:500, Life Technologies, USA).
For triple immunofluorescence staining, the primary antibodies used were rat anti-Ki67
(1:100, Invitrogen, Carlsbad, CA, USA), rabbit anti-Iba1 (1:500, Wako, Osaka, Japan), and
goat anti-GFP (1:500, Novus Biologicals, Centennial, CO, USA), and the secondary anti-
bodies used were Alexa-Fluor 647-conjugated donkey anti-rat (1:400, Life Technologies,
Carlsbad, CA, USA), Alexa-Fluor 594-conjugated donkey anti-rabbit (1:400, Life Technolo-
gies, USA), and Alexa-Fluor 488-conjugated donkey anti-goat (1:400, Life Technologies,
USA). After incubation with the secondary antibodies, the sections were rinsed with PBS,
mounted on Superfrost Plus slides (ThermoFisher Scientific, Liverpool, NY, USA), and
coverslipped with Vectashield Antifade Mounting Medium (Vector Laboratories, Newark,
CA, USA). Z-stack images of 15 layers with an interval of 1.0 µm in the cortex were taken
with an LSM 780 confocal microscope (Zeiss, Oberkochen, Germany) or a Leica SP8 confocal
microscope (Leica Microsystems, Wetzlar, Germany) for the triple immunofluorescence
staining. Bone marrow-derived cells adhering to the endothelial cells were determined
by the co-localization of GFP+ cells and CD31+ cells under the orthogonal view using Im-
ageJ software 9.3.2. Monocytes/macrophages surrounding blood vessels were defined as
GFP+/Iba1+ monocytes/macrophages within 10 µm of CD31+ blood vessels. The number
of GFP+ cells adhering to the CD31+ endothelial cells, and the number of GFP+/Iba1+

monocytes/macrophages surrounding the blood vessels were quantified. GFP+/Iba1+

Ki67+ cells were also quantified using ImageJ software.
In the in vitro experiment, bEnd.3 cells were fixed in 4% cold PFA (Polysciences, Inc.,

PA, USA), and immunofluorescence staining was performed following the same procedures
as stated above.
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4.11. Statistical Analysis

Data analysis was performed in a blinded manner. Two-tailed t-tests were used to
determine significant differences between two groups. One-way or two-way ANOVA
followed by post hoc Tukey’s test was used for comparisons among three or more groups.
For all tests, probability values < 0.05 were considered statistically significant. Data are
presented as mean ± SEM.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms25168898/s1.

Author Contributions: Conceptualization, L.-R.Z. and X.S.R.; methodology, X.S.R., J.H. and L.-R.Z.;
formal analysis, X.S.R. and J.H.; investigation, X.S.R., J.H., S.L., H.H. and M.K.; resources, L.-R.Z. and
S.K.; data curation, X.S.R. and J.H.; writing—first draft preparation, X.S.R. and J.H.; writing—review
and editing, L.-R.Z.; validation, X.S.R., J.H. and S.L.; visualization, X.S.R., J.H. and S.L.; supervision,
L.-R.Z.; project administration and funding acquisition, L.-R.Z. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by the National Institute of Neurological Disorders and Stroke
(NINDS) (R01NS060911) and partially supported by the National Institute on Aging (R01AG051674)
and by the NINDS (R01NS118166) of the National Institutes of Health in the United States.

Institutional Review Board Statement: All experiments were carried out in this study in accordance
with protocols approved by Institutional Animal Care and Use Committees. The protocol (Approval
Code: P-09-024; Approval Date: 17 February 2009) was approved by Louisiana State University
Health Sciences Center Institutional Animal Care and Use Committee. The protocol (Approval Code:
369; Approval Date: 2 August 2016) was approved by the State University of New York Upstate
Medical University Institutional Animal Care and Use Committee.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated during the current study are available from the
corresponding author on reasonable request.

Acknowledgments: Authors would like to thank Karen Hughes for her assistance in proofreading
the final version of this manuscript.

Conflicts of Interest: The authors declare that they have no competing financial interests.

References
1. Sagripanti, A.; Carpi, A. Antithrombotic and prothrombotic activities of the vascular endothelium. Biomed. Pharmacother. Biomed.

Pharmacother. 2000, 54, 107–111. [CrossRef]
2. Sandoo, A.; van Zanten, J.J.; Metsios, G.S.; Carroll, D.; Kitas, G.D. The endothelium and its role in regulating vascular tone. Open

Cardiovasc. Med. J. 2010, 4, 302–312. [CrossRef] [PubMed]
3. Garland, C.J.; Plane, F.; Kemp, B.K.; Cocks, T.M. Endothelium-dependent hyperpolarization: A role in the control of vascular tone.

Trends Pharmacol. Sci. 1995, 16, 23–30. [CrossRef] [PubMed]
4. Minshall, R.D.; Tiruppathi, C.; Vogel, S.M.; Malik, A.B. Vesicle formation and trafficking in endothelial cells and regulation of

endothelial barrier function. Histochem. Cell Biol. 2002, 117, 105–112. [CrossRef] [PubMed]
5. Kadry, H.; Noorani, B.; Cucullo, L. A blood-brain barrier overview on structure, function, impairment, and biomarkers of integrity.

Fluids Barriers CNS 2020, 17, 69. [CrossRef] [PubMed]
6. Silvin, A.; Qian, J. Brain macrophage development, diversity and dysregulation in health and disease. Cell. Mol. Immunol. 2023,

20, 1277–1289. [CrossRef]
7. Kojima, S.; Matsuyama, T.; Kodera, Y. Plasma levels and production of soluble stem cell factor by marrow stromal cells in patients

with aplastic anaemia. Br. J. Haematol. 1997, 99, 440–446. [CrossRef]
8. Watari, K.; Ozawa, K.; Tajika, K.; Tojo, A.; Tani, K.; Kamachi, S.; Harigaya, K.; Takahashi, T.; Sekiguchi, S.; Nagata, S.; et al.

Production of human granulocyte colony stimulating factor by various kinds of stromal cells in vitro detected by enzyme
immunoassay and in situ hybridization. Stem Cells 1994, 12, 416–423. [CrossRef]

9. Duarte, R.F.; Frank, D.A. SCF and G-CSF lead to the synergistic induction of proliferation and gene expression through
complementary signaling pathways. Blood 2000, 96, 3422–3430. [CrossRef]

10. Duarte, R.F.; Frank, D.A. The synergy between stem cell factor (SCF) and granulocyte colony-stimulating factor (G-CSF): Molecular
basis and clinical relevance. Leuk. Lymphoma 2002, 43, 1179–1187. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms25168898/s1
https://www.mdpi.com/article/10.3390/ijms25168898/s1
https://doi.org/10.1016/S0753-3322(00)88861-7
https://doi.org/10.2174/1874192401004010302
https://www.ncbi.nlm.nih.gov/pubmed/21339899
https://doi.org/10.1016/S0165-6147(00)88969-5
https://www.ncbi.nlm.nih.gov/pubmed/7732600
https://doi.org/10.1007/s00418-001-0367-x
https://www.ncbi.nlm.nih.gov/pubmed/11935286
https://doi.org/10.1186/s12987-020-00230-3
https://www.ncbi.nlm.nih.gov/pubmed/33208141
https://doi.org/10.1038/s41423-023-01053-6
https://doi.org/10.1046/j.1365-2141.1997.4163223.x
https://doi.org/10.1002/stem.5530120409
https://doi.org/10.1182/blood.V96.10.3422
https://doi.org/10.1080/10428190290026231


Int. J. Mol. Sci. 2024, 25, 8898 17 of 19

11. Hess, D.A.; Levac, K.D.; Karanu, F.N.; Rosu-Myles, M.; White, M.J.; Gallacher, L.; Murdoch, B.; Keeney, M.; Ottowski, P.; Foley, R.;
et al. Functional analysis of human hematopoietic repopulating cells mobilized with granulocyte colony-stimulating factor alone
versus granulocyte colony-stimulating factor in combination with stem cell factor. Blood 2002, 100, 869–878. [CrossRef]

12. Galli, S.J.; Zsebo, K.M.; Geissler, E.N. The kit ligand, stem cell factor. Adv. Immunol. 1994, 55, 1–96.
13. Bialas, M.; Borczynska, A.; Rozwadowska, N.; Fiszer, D.; Kosicki, W.; Jedrzejczak, P.; Kurpisz, M. SCF and c-kit expression profiles

in male individuals with normal and impaired spermatogenesis. Andrologia 2010, 42, 83–91. [CrossRef]
14. Blume-Jensen, P.; Jiang, G.; Hyman, R.; Lee, K.F.; O’Gorman, S.; Hunter, T. Kit/stem cell factor receptor-induced activation of

phosphatidylinositol 3’-kinase is essential for male fertility. Nat. Genet. 2000, 24, 157–162. [CrossRef]
15. Hachiya, A.; Sriwiriyanont, P.; Kobayashi, T.; Nagasawa, A.; Yoshida, H.; Ohuchi, A.; Kitahara, T.; Visscher, M.O.; Takema, Y.;

Tsuboi, R.; et al. Stem cell factor-KIT signalling plays a pivotal role in regulating pigmentation in mammalian hair. J. Pathol. 2009,
218, 30–39. [CrossRef] [PubMed]

16. Kimura, Y.; Ding, B.; Imai, N.; Nolan, D.J.; Butler, J.M.; Rafii, S. c-Kit-mediated functional positioning of stem cells to their niches
is essential for maintenance and regeneration of adult hematopoiesis. PLoS ONE 2011, 6, e26918. [CrossRef] [PubMed]

17. Welte, K.; Dale, D. Pathophysiology and treatment of severe chronic neutropenia. Ann. Hematol. 1996, 72, 158–165. [CrossRef]
18. Hartung, T.; von Aulock, S.; Wendel, A. Role of granulocyte colony-stimulating factor in infection and inflammation. Med.

Microbiol. Immunol. 1998, 187, 61–69. [CrossRef]
19. Kirsch, F.; Kruger, C.; Schneider, A. The receptor for granulocyte-colony stimulating factor (G-CSF) is expressed in radial glia

during development of the nervous system. BMC Dev. Biol. 2008, 8, 32. [CrossRef]
20. Piao, C.S.; Gonzalez-Toledo, M.E.; Xue, Y.Q.; Duan, W.M.; Terao, S.; Granger, D.N.; Kelley, R.E.; Zhao, L.R. The role of stem cell

factor and granulocyte-colony stimulating factor in brain repair during chronic stroke. J. Cereb. Blood Flow Metab. Off. J. Int. Soc.
Cereb. Blood Flow Metab. 2009, 29, 759–770. [CrossRef]

21. Ping, S.; Qiu, X.; Kyle, M.; Hughes, K.; Longo, J.; Zhao, L.R. Stem cell factor and granulocyte colony-stimulating factor promote
brain repair and improve cognitive function through VEGF-A in a mouse model of CADASIL. Neurobiol. Dis. 2019, 132, 104561.
[CrossRef]

22. Piao, C.S.; Li, B.; Zhang, L.J.; Zhao, L.R. Stem cell factor and granulocyte colony-stimulating factor promote neuronal lineage
commitment of neural stem cells. Differ. Res. Biol. Divers. 2012, 83, 17–25. [CrossRef]

23. Toth, Z.E.; Leker, R.R.; Shahar, T.; Pastorino, S.; Szalayova, I.; Asemenew, B.; Key, S.; Parmelee, A.; Mayer, B.; Nemeth, K.;
et al. The combination of granulocyte colony-stimulating factor and stem cell factor significantly increases the number of bone
marrow-derived endothelial cells in brains of mice following cerebral ischemia. Blood 2008, 111, 5544–5552. [CrossRef]

24. Su, Y.; Cui, L.; Piao, C.; Li, B.; Zhao, L.R. The effects of hematopoietic growth factors on neurite outgrowth. PLoS ONE 2013,
8, e75562. [CrossRef]

25. Zhao, L.R.; Navalitloha, Y.; Singhal, S.; Mehta, J.; Piao, C.S.; Guo, W.P.; Kessler, J.A.; Groothuis, D.R. Hematopoietic growth factors
pass through the blood-brain barrier in intact rats. Exp. Neurol. 2007, 204, 569–573. [CrossRef] [PubMed]

26. Kettenmann, H.; Hanisch, U.K.; Noda, M.; Verkhratsky, A. Physiology of microglia. Physiol. Rev. 2011, 91, 461–553. [CrossRef]
27. Guillemin, G.J.; Brew, B.J. Microglia, macrophages, perivascular macrophages, and pericytes: A review of function and identifica-

tion. J. Leukoc. Biol. 2004, 75, 388–397. [CrossRef] [PubMed]
28. Ferrer, I.R.; West, H.C.; Henderson, S.; Ushakov, D.S.; Santos, E.S.P.; Strid, J.; Chakraverty, R.; Yates, A.J.; Bennett, C.L. A wave of

monocytes is recruited to replenish the long-term Langerhans cell network after immune injury. Sci. Immunol. 2019, 4, eaax8704.
[CrossRef]

29. Wacleche, V.S.; Cattin, A.; Goulet, J.P.; Gauchat, D.; Gosselin, A.; Cleret-Buhot, A.; Zhang, Y.; Tremblay, C.L.; Routy, J.P.; Ancuta, P.
CD16(+) monocytes give rise to CD103(+)RALDH2(+)TCF4(+) dendritic cells with unique transcriptional and immunological
features. Blood Adv. 2018, 2, 2862–2878. [CrossRef]

30. Gerhardt, T.; Ley, K. Monocyte trafficking across the vessel wall. Cardiovasc. Res. 2015, 107, 321–330. [CrossRef]
31. Kartikasari, A.E.; Visseren, F.L.; Marx, J.J.; van Mullekom, S.; Kats-Renaud, J.H.; Asbeck, B.S.; Ulfman, L.H.; Georgiou, N.A.

Intracellular labile iron promotes firm adhesion of human monocytes to endothelium under flow and transendothelial migration:
Iron and monocyte-endothelial cell interactions. Atherosclerosis 2009, 205, 369–375. [CrossRef]

32. Greenwood, J.; Heasman, S.J.; Alvarez, J.I.; Prat, A.; Lyck, R.; Engelhardt, B. Review: Leucocyte-endothelial cell crosstalk at the
blood-brain barrier: A prerequisite for successful immune cell entry to the brain. Neuropathol. Appl. Neurobiol. 2011, 37, 24–39.
[CrossRef]

33. Silvin, A.; Uderhardt, S.; Piot, C.; Da Mesquita, S.; Yang, K.; Geirsdottir, L.; Mulder, K.; Eyal, D.; Liu, Z.; Bridlance, C.; et al. Dual
ontogeny of disease-associated microglia and disease inflammatory macrophages in aging and neurodegeneration. Immunity
2022, 55, 1448–1465.e6. [CrossRef] [PubMed]

34. Summers, K.M.; Bush, S.J. Network analysis of transcriptomic diversity amongst resident tissue macrophages and dendritic cells
in the mouse mononuclear phagocyte system. PLoS Biol. 2020, 18, e3000859. [CrossRef] [PubMed]

35. Schurpf, T.; Springer, T.A. Regulation of integrin affinity on cell surfaces. EMBO J. 2011, 30, 4712–4727. [CrossRef]
36. Ley, K.; Laudanna, C.; Cybulsky, M.I.; Nourshargh, S. Getting to the site of inflammation: The leukocyte adhesion cascade

updated. Nat. Rev. Immunol. 2007, 7, 678–689. [CrossRef]

https://doi.org/10.1182/blood.V100.3.869
https://doi.org/10.1111/j.1439-0272.2009.00960.x
https://doi.org/10.1038/72814
https://doi.org/10.1002/path.2503
https://www.ncbi.nlm.nih.gov/pubmed/19214986
https://doi.org/10.1371/journal.pone.0026918
https://www.ncbi.nlm.nih.gov/pubmed/22046410
https://doi.org/10.1007/s002770050156
https://doi.org/10.1007/s004300050075
https://doi.org/10.1186/1471-213X-8-32
https://doi.org/10.1038/jcbfm.2008.168
https://doi.org/10.1016/j.nbd.2019.104561
https://doi.org/10.1016/j.diff.2011.08.006
https://doi.org/10.1182/blood-2007-10-119073
https://doi.org/10.1371/journal.pone.0075562
https://doi.org/10.1016/j.expneurol.2006.12.001
https://www.ncbi.nlm.nih.gov/pubmed/17307165
https://doi.org/10.1152/physrev.00011.2010
https://doi.org/10.1189/jlb.0303114
https://www.ncbi.nlm.nih.gov/pubmed/14612429
https://doi.org/10.1126/sciimmunol.aax8704
https://doi.org/10.1182/bloodadvances.2018020123
https://doi.org/10.1093/cvr/cvv147
https://doi.org/10.1016/j.atherosclerosis.2008.12.031
https://doi.org/10.1111/j.1365-2990.2010.01140.x
https://doi.org/10.1016/j.immuni.2022.07.004
https://www.ncbi.nlm.nih.gov/pubmed/35931085
https://doi.org/10.1371/journal.pbio.3000859
https://www.ncbi.nlm.nih.gov/pubmed/33031383
https://doi.org/10.1038/emboj.2011.333
https://doi.org/10.1038/nri2156


Int. J. Mol. Sci. 2024, 25, 8898 18 of 19

37. Schrage, A.; Wechsung, K.; Neumann, K.; Schumann, M.; Schulzke, J.D.; Engelhardt, B.; Zeitz, M.; Hamann, A.; Klugewitz, K. En-
hanced T cell transmigration across the murine liver sinusoidal endothelium is mediated by transcytosis and surface presentation
of chemokines. Hepatology 2008, 48, 1262–1272. [CrossRef]

38. Slimani, H.; Charnaux, N.; Mbemba, E.; Saffar, L.; Vassy, R.; Vita, C.; Gattegno, L. Interaction of RANTES with syndecan-1 and
syndecan-4 expressed by human primary macrophages. Biochim. Biophys. Acta 2003, 1617, 80–88. [CrossRef] [PubMed]

39. Struyf, S.; Menten, P.; Lenaerts, J.P.; Put, W.; D’Haese, A.; De Clercq, E.; Schols, D.; Proost, P.; Van Damme, J. Diverging binding
capacities of natural LD78beta isoforms of macrophage inflammatory protein-1alpha to the CC chemokine receptors 1, 3 and 5
affect their anti-HIV-1 activity and chemotactic potencies for neutrophils and eosinophils. Eur. J. Immunol. 2001, 31, 2170–2178.
[CrossRef]

40. Proudfoot, A.E.; Fritchley, S.; Borlat, F.; Shaw, J.P.; Vilbois, F.; Zwahlen, C.; Trkola, A.; Marchant, D.; Clapham, P.R.; Wells, T.N.
The BBXB motif of RANTES is the principal site for heparin binding and controls receptor selectivity. J. Biol. Chem. 2001,
276, 10620–10626. [CrossRef]

41. Pitzer, C.; Klussmann, S.; Kruger, C.; Letellier, E.; Plaas, C.; Dittgen, T.; Kirsch, F.; Stieltjes, B.; Weber, D.; Laage, R.; et al. The
hematopoietic factor granulocyte-colony stimulating factor improves outcome in experimental spinal cord injury. J. Neurochem.
2010, 113, 930–942. [CrossRef]

42. Solaroglu, I.; Tsubokawa, T.; Cahill, J.; Zhang, J.H. Anti-apoptotic effect of granulocyte-colony stimulating factor after focal
cerebral ischemia in the rat. Neuroscience 2006, 143, 965–974. [CrossRef]

43. Ronnstrand, L. Signal transduction via the stem cell factor receptor/c-Kit. Cell. Mol. Life Sci. CMLS 2004, 61, 2535–2548. [CrossRef]
44. Beekman, R.; Touw, I.P. G-CSF and its receptor in myeloid malignancy. Blood 2010, 115, 5131–5136. [CrossRef]
45. Gao, M.; Zhao, L.R. Turning Death to Growth: Hematopoietic Growth Factors Promote Neurite Outgrowth through

MEK/ERK/p53 Pathway. Mol. Neurobiol. 2018, 55, 5913–5925. [CrossRef]
46. Nourshargh, S.; Hordijk, P.L.; Sixt, M. Breaching multiple barriers: Leukocyte motility through venular walls and the interstitium.

Nat. Rev. Mol. Cell Biol. 2010, 11, 366–378. [CrossRef]
47. Ouedraogo, R.; Gong, Y.; Berzins, B.; Wu, X.; Mahadev, K.; Hough, K.; Chan, L.; Goldstein, B.J.; Scalia, R. Adiponectin deficiency

increases leukocyte-endothelium interactions via upregulation of endothelial cell adhesion molecules in vivo. J. Clin. Investig.
2007, 117, 1718–1726. [CrossRef]

48. Wang, H.; Hong, L.J.; Huang, J.Y.; Jiang, Q.; Tao, R.R.; Tan, C.; Lu, N.N.; Wang, C.K.; Ahmed, M.M.; Lu, Y.M.; et al. P2RX7 sensitizes
Mac-1/ICAM-1-dependent leukocyte-endothelial adhesion and promotes neurovascular injury during septic encephalopathy.
Cell Res. 2015, 25, 674–690. [CrossRef]

49. Gonzalez-Ramos, S.; Paz-Garcia, M.; Rius, C.; Del Monte-Monge, A.; Rodriguez, C.; Fernandez-Garcia, V.; Andres, V.;
Martinez-Gonzalez, J.; Lasuncion, M.A.; Martin-Sanz, P.; et al. Endothelial NOD1 directs myeloid cell recruitment in
atherosclerosis through VCAM-1. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2019, 33, 3912–3921. [CrossRef]

50. Woollard, K.J.; Suhartoyo, A.; Harris, E.E.; Eisenhardt, S.U.; Jackson, S.P.; Peter, K.; Dart, A.M.; Hickey, M.J.; Chin-Dusting, J.P.
Pathophysiological levels of soluble P-selectin mediate adhesion of leukocytes to the endothelium through Mac-1 activation. Circ.
Res. 2008, 103, 1128–1138. [CrossRef]

51. Jani, P.K.; Schwaner, E.; Kajdacsi, E.; Debreczeni, M.L.; Ungai-Salanki, R.; Dobo, J.; Doleschall, Z.; Rigo, J., Jr.; Geiszt, M.; Szabo, B.;
et al. Complement MASP-1 enhances adhesion between endothelial cells and neutrophils by up-regulating E-selectin expression.
Mol. Immunol. 2016, 75, 38–47. [CrossRef]

52. Rossi, B.; Angiari, S.; Zenaro, E.; Budui, S.L.; Constantin, G. Vascular inflammation in central nervous system diseases: Adhesion
receptors controlling leukocyte-endothelial interactions. J. Leukoc. Biol. 2011, 89, 539–556. [CrossRef]

53. Oldham, K.A.; Parsonage, G.; Bhatt, R.I.; Wallace, D.M.; Deshmukh, N.; Chaudhri, S.; Adams, D.H.; Lee, S.P. T lymphocyte
recruitment into renal cell carcinoma tissue: A role for chemokine receptors CXCR3, CXCR6, CCR5, and CCR6. Eur. Urol. 2012,
61, 385–394. [CrossRef]

54. Coelho, F.M.; Pinho, V.; Amaral, F.A.; Sachs, D.; Costa, V.V.; Rodrigues, D.H.; Vieira, A.T.; Silva, T.A.; Souza, D.G.; Bertini, R.;
et al. The chemokine receptors CXCR1/CXCR2 modulate antigen-induced arthritis by regulating adhesion of neutrophils to the
synovial microvasculature. Arthritis Rheum. 2008, 58, 2329–2337. [CrossRef]

55. Sawicki, C.M.; McKim, D.B.; Wohleb, E.S.; Jarrett, B.L.; Reader, B.F.; Norden, D.M.; Godbout, J.P.; Sheridan, J.F. Social defeat
promotes a reactive endothelium in a brain region-dependent manner with increased expression of key adhesion molecules,
selectins and chemokines associated with the recruitment of myeloid cells to the brain. Neuroscience 2015, 302, 151–164. [CrossRef]

56. Alon, R.; Feigelson, S. From rolling to arrest on blood vessels: Leukocyte tap dancing on endothelial integrin ligands and
chemokines at sub-second contacts. Semin. Immunol. 2002, 14, 93–104. [CrossRef]

57. Laudanna, C.; Kim, J.Y.; Constantin, G.; Butcher, E. Rapid leukocyte integrin activation by chemokines. Immunol. Rev. 2002,
186, 37–46. [CrossRef] [PubMed]

58. Ishida, Y.; Kimura, A.; Kuninaka, Y.; Inui, M.; Matsushima, K.; Mukaida, N.; Kondo, T. Pivotal role of the CCL5/CCR5 interaction
for recruitment of endothelial progenitor cells in mouse wound healing. J. Clin. Investig. 2012, 122, 711–721. [CrossRef] [PubMed]

59. Miyakawa, T.; Obaru, K.; Maeda, K.; Harada, S.; Mitsuya, H. Identification of amino acid residues critical for LD78beta, a variant
of human macrophage inflammatory protein-1alpha, binding to CCR5 and inhibition of R5 human immunodeficiency virus type
1 replication. J. Biol. Chem. 2002, 277, 4649–4655. [CrossRef]

https://doi.org/10.1002/hep.22443
https://doi.org/10.1016/j.bbamem.2003.09.006
https://www.ncbi.nlm.nih.gov/pubmed/14637022
https://doi.org/10.1002/1521-4141(200107)31:7%3C2170::AID-IMMU2170%3E3.0.CO;2-D
https://doi.org/10.1074/jbc.M010867200
https://doi.org/10.1111/j.1471-4159.2010.06659.x
https://doi.org/10.1016/j.neuroscience.2006.09.014
https://doi.org/10.1007/s00018-004-4189-6
https://doi.org/10.1182/blood-2010-01-234120
https://doi.org/10.1007/s12035-017-0814-x
https://doi.org/10.1038/nrm2889
https://doi.org/10.1172/JCI29623
https://doi.org/10.1038/cr.2015.61
https://doi.org/10.1096/fj.201801231RR
https://doi.org/10.1161/CIRCRESAHA.108.180273
https://doi.org/10.1016/j.molimm.2016.05.007
https://doi.org/10.1189/jlb.0710432
https://doi.org/10.1016/j.eururo.2011.10.035
https://doi.org/10.1002/art.23622
https://doi.org/10.1016/j.neuroscience.2014.10.004
https://doi.org/10.1006/smim.2001.0346
https://doi.org/10.1034/j.1600-065X.2002.18604.x
https://www.ncbi.nlm.nih.gov/pubmed/12234360
https://doi.org/10.1172/JCI43027
https://www.ncbi.nlm.nih.gov/pubmed/22214846
https://doi.org/10.1074/jbc.M109198200


Int. J. Mol. Sci. 2024, 25, 8898 19 of 19

60. Poitz, D.M.; Ende, G.; Stutz, B.; Augstein, A.; Friedrichs, J.; Brunssen, C.; Werner, C.; Strasser, R.H.; Jellinghaus, S.
EphrinB2/EphA4-mediated activation of endothelial cells increases monocyte adhesion. Mol. Immunol. 2015, 68, 648–656.
[CrossRef] [PubMed]

61. Rottman, J.B.; Ganley, K.P.; Williams, K.; Wu, L.; Mackay, C.R.; Ringler, D.J. Cellular localization of the chemokine receptor CCR5.
Correlation to cellular targets of HIV-1 infection. Am. J. Pathol. 1997, 151, 1341–1351. [PubMed]

62. Hirasawa, T.; Ohsawa, K.; Imai, Y.; Ondo, Y.; Akazawa, C.; Uchino, S.; Kohsaka, S. Visualization of microglia in living tissues
using Iba1-EGFP transgenic mice. J. Neurosci. Res. 2005, 81, 357–362. [CrossRef] [PubMed]

63. Campanella, M.; Sciorati, C.; Tarozzo, G.; Beltramo, M. Flow cytometric analysis of inflammatory cells in ischemic rat brain. Stroke
J. Cereb. Circ. 2002, 33, 586–592. [CrossRef] [PubMed]

64. Ji, K.A.; Yang, M.S.; Jeong, H.K.; Min, K.J.; Kang, S.H.; Jou, I.; Joe, E.H. Resident microglia die and infiltrated neutrophils and
monocytes become major inflammatory cells in lipopolysaccharide-injected brain. Glia 2007, 55, 1577–1588. [CrossRef] [PubMed]

65. Jeong, H.K.; Ji, K.; Min, K.; Joe, E.H. Brain inflammation and microglia: Facts and misconceptions. Exp. Neurobiol. 2013, 22, 59–67.
[CrossRef]

66. Sikorski, E.E.; Hallmann, R.; Berg, E.L.; Butcher, E.C. The Peyer’s patch high endothelial receptor for lymphocytes, the mucosal
vascular addressin, is induced on a murine endothelial cell line by tumor necrosis factor-alpha and IL-1. J. Immunol. 1993,
151, 5239–5250. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.molimm.2015.10.009
https://www.ncbi.nlm.nih.gov/pubmed/26552760
https://www.ncbi.nlm.nih.gov/pubmed/9358760
https://doi.org/10.1002/jnr.20480
https://www.ncbi.nlm.nih.gov/pubmed/15948177
https://doi.org/10.1161/hs0202.103399
https://www.ncbi.nlm.nih.gov/pubmed/11823674
https://doi.org/10.1002/glia.20571
https://www.ncbi.nlm.nih.gov/pubmed/17823975
https://doi.org/10.5607/en.2013.22.2.59
https://doi.org/10.4049/jimmunol.151.10.5239

	Introduction 
	Results 
	Receptors for SCF and G-CSF Are Expressed on Brain Endothelial Cells 
	SCF in Combination with G-CSF Enhances Monocyte Adhesion to Endothelial Cells In Vitro 
	SCF+G-CSF Upregulates the Expression of CCR5 but Not Adhesion Molecules in Endothelial Cells 
	SCF+G-CSF Enhances Monocyte Adhesion to Endothelial Cells through CCR5 In Vitro 
	SCF+G-CSF Enhances Bone Marrow-Derived Cells Adhering to Cerebral Endothelial Cells through CCR5 In Vivo 
	CCR5 Mediates Bone Marrow-Derived Monocyte Transmigration into the Brain Surrounding Blood Vessels 

	Discussion 
	Materials and Methods 
	Animals 
	Culture of bEnd.3 Endothelial Cells 
	Isolation and Culture of Brain Endothelial Cells 
	Isolation of Iba-1 Positive Monocytes from Bone Marrow Cells 
	Analysis of Cells by Flow Cytometry 
	Adhesion Assay 
	Real-Time Quantitative Polymerase Chain Reaction 
	Experimental Design of In Vivo Study 
	Bone Marrow Transplantation 
	Immunofluorescence Staining 
	Statistical Analysis 

	References

