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NEUROSCIENCE

Astrocyte-derived CCL5-mediated CCR5™ neutrophil
infiltration drives depression pathogenesis

Hang Yao't, Si-Yuan Jiang't, Ying-Ying Jiao', Zhi-Yong Zhou', Zhu Zhu', Cong Wang’,
Ke-Zhong Zhang?, Teng- Fei Ma®, Gang Hu', Ren-Hong Du'*, Ming Lu'**

Cross-talk between the nervous and immune systems is involved in neurological diseases. However, their poten-
tial interplay in depression has yet to be elucidated. Here, using single-cell RNA and neutrophil SMART RNA se-
quencing, we showed that CCR5' neutrophils were significantly increased in patients with depression and
preferentially migrated to the hippocampus in a mouse model of depression. Infiltrated neutrophils engulf neuro-
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nal spines and subsequently promote depressive symptoms in male mice. Furthermore, by genetic or pharmaco-
logic disruption, we identified a chemotactic effect of the astrocyte-derived chemokine CCL5 on mediating the
infiltration of CCR5" neutrophils and behavioral disorders in male depressed mice. Our findings therefore high-
light the critical role of neutrophils in depression pathogenesis and astrocytes in mediating the dysregulation of
innate immune responses and suggest that inhibition of CCL5/CCR5-mediated neutrophil infiltration represents a
potential therapeutic strategy for noninfectious brain diseases such as depression.

INTRODUCTION

Depression is a major cause of disability that affects more than
300 million people worldwide (I). It is characterized by glial activa-
tion, synaptic deficits, and immune dysfunction (2-4). Currently,
the mechanism underlying depression is still largely unknown.
Growing evidence has suggested a critical role for innate immunity
in neurological diseases (5), including the influence of peripheral
neutrophils, which have been shown to play detrimental or protec-
tive roles in ischemia (6), Alzheimer’s disease (7), viral encephalitis
(8), and traumatic brain injury (9). However, a comprehensive un-
derstanding of the interplay between the central nervous system
(CNS) and innate immunity in noninfectious brain diseases such as
depression is still lacking.

Inflammation has been reported to be a common feature in pa-
tients with depression (10, 11). Psychosocial stressors have been
shown to increase peripheral cytokine production, which may con-
tribute to the development of depression (12-14). Systemic inflam-
mation may lead to an increase in peripheral immune infiltration
into the CNS, where these cells can directly interact with CNS-
resident cells such as astrocytes, microglia, and neurons (15, 16). In
particular, CNS-resident astrocytes have been identified as key pro-
ducers of important chemokines that induce the migration of pe-
ripheral immune cells, including neutrophils (17, 18). Notably, the
number of neutrophils is significantly greater in the blood of pa-
tients with major depressive disorder (MDD) than in that of healthy
controls (HCs) (19, 20), suggesting that innate immunity also
participates in the development of depression. Recently, it is reported
that circulating myeloid-derived matrix metalloproteinase 8 (MMP8)
plays important roles in depression (21). However, the interactions
between the peripheral immune system and CNS-resident cells
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under stress conditions are largely unknown. For example, what
are the main types of immune cells that migrate into the brain dur-
ing depression? What is the impact of immune cell brain infiltra-
tion on depression? What are the signals that drive immune cell
migration to the brain in depression? This study seeks to address
these questions.

Here, we performed an unbiased analysis of single-cell RNA and
neutrophil SMART RNA sequencing (SMART-seq) data from pa-
tients with depression and found that the CCR5* neutrophil
population was significantly increased in patients with depression
and that CCR5" neutrophils migrated preferentially to the hippo-
campus in a mouse model of depression. In addition, we revealed a
previously unidentified chemotactic interaction between astrocyte-
derived CCL5 and peripheral CCR5-expressing neutrophils that
contributes to the progression of depression. By directly targeting
the CCL5-CCR5 chemotactic axis and neutrophil infiltration, our
results provide a potential therapeutic approach for treating de-
pression and shed light on the pathological roles of innate immunity
in depression.

RESULTS

Single-cell RNA sequencing reveals an increase in the
number of neutrophils in depressive patients

To investigate the pathological changes in different immune cell
types in depression, we applied single-cell RNA sequencing (scRNA-
seq) to blood collected from three patients with MDD and HC. After
Louvain clustering of 49,250 cells, canonical markers were used to
identify seven major cell types [neutrophils, T and natural killer
(NK) cells, B cells, monocytes, plasma cells, basophils, megakaryo-
cytes, and eosinophils] based on uniform manifold approximation
and projection (UMAP), which showed high integration quality re-
flected by the cellular distribution on dimension reduction graphs
(Fig. 1, A to C, and fig. S1). We detected an increase in neutrophils
in patients with MDD relative to HC (Fig. 1D). To examine the
signature profile of neutrophils in MDD patients, we performed
Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses of biological processes,
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Fig. 1. Single-cell RNA sequencing reveals an increase in the number of neutrophils in depressive patients. (A) UMAP embedding plot from three patients with
MDD and three HCs showing seven major clusters. (B) UMAP embedding plot showing cell distribution of patients (n = 24,641) and HC (n = 24,609). (C) Dot plot showing
the scaled expression of selected signature genes for each cluster, colored by the average expression of each gene in each cluster scaled across all clusters. (D) Proportions
of the eight clusters in six samples. (E) GO analysis for marker gene of neutrophil clusters. (F) KEGG analysis for marker gene of neutrophil clusters. (G) GO analysis for DEG
of neutrophil clusters between MDD and HC. (H) Flow cytometry analysis of neutrophils in blood from patients with MDD and HC (n = 10). The data shown are the

mean + SEM. Student’s t test was used. *#*P < 0.001.

which revealed enrichment of genes associated with neutrophil che-
motaxis, migration, degranulation, and innate immune response
(Fig. 1, E to G), suggesting that MDD-associated neutrophils are in
a state of activation and infiltration. We confirmed a significant in-
crease in neutrophils in patients with MDD compared with HC de-
tected by flow cytometry analysis (Fig. 1H).

To gain insight into the neutrophil characteristics displayed by
patients with MDD, we first adopted a chronic social defeat stress
(CSDS)-induced murine model of depression (fig. S2, A to D). In
line with our findings from patients, flow cytometry analysis re-
vealed increased counts of neutrophils in the blood and spleen of
defeated male mice (Fig. 2A and fig. S2E). We further confirmed the
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enrichment of neutrophils in a chronic unpredictable mild stress
(CUMS)-induced murine model of depression. As expected, the
number of neutrophils in the blood and spleen of male mice signifi-
cantly increased after the CUMS procedure (Fig. 2B and fig. S2F).
We then performed a principal components analysis (PCA) incor-
porating SI ratio and the number of neutrophils in blood. The re-
sults revealed a obvious separation between control and depressed
mice, reinforcing the association between depression and neutro-
phil dynamics (Fig. 2C). We detected increased numbers of neutro-
phils, but not T cells or NK cells, in the brain of male mice in
both CSDS-induced and CUMS-induced murine models of depres-
sion (Fig. 2, D and E, and fig. S3). We also observed distinct patterns
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Fig. 2. Neutrophils migrate into the brain in a mouse model of depression. (A and B) Flow cytometry analysis of neutrophils in blood from mice following CSDS pro-
cedure [(A), n =5 animals] and CUMS procedure [(B), n = 6 to 8 animals]. (C) PCA plot of circulated neutrophil and social interaction ratio (SIR) in control, susceptible mice,
and resilient mice. (D and E) Flow cytometry analysis of neutrophils in brain from mice following CSDS procedure [(D), n = 5 animals] and CUMS procedure [(E), n = 4 ani-
mals]. (F) PCA plot of brain neutrophil and SIR in control, susceptible, mice and resilient mice. (G) Schematic diagram depicts the tracing of neutrophils. Flow cytometry
plots show CD45.1-expressing neutrophils in brain following CSDS procedure. (H) Flow cytometry analysis of neutrophils in the cerebral cortex, hippocampus, thalamus/
hypothalamus, midbrain, or cerebellum (n = 4 to 5 animals mixed). (I) Immunofluorescence staining showed the infiltration of neutrophils in hippocampus (n = 5 to 7
animals). Con, nonstressed mice; Sus, susceptible mice; Res, resilient mice. The data shown are the mean + SEM. One-way analysis of variance (ANOVA) with Tukey’s post
hoc tests was used [(A), (D), (H), and (1)]. Student’s t test was used [(B) and (E)]. *P < 0.05, **P < 0.01, ***P < 0.001.

in the relationship between SI ratio and neutrophil in the brain
among control, susceptible mice, and resilient mice (Fig. 2F). These
results suggest that circulated neutrophils may infiltrate the brain
during depression.

To track the migration of neutrophils to the brain in depression,
we performed a bone marrow cotransplantation assay. The recipient
CD45.2 mice were irradiated and injected via the tail vein with bone
marrow cells from CD45.1 donor mice (fig. S4). After 10 weeks, we
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assessed the number of cells in the brain. Flow cytometric analysis
revealed a significant increase in the number of CD45.1* neutro-
phils in the brain after the CSDS procedure (Fig. 2G). Next, we
examined specific neutrophil-infiltrated brain regions by flow cy-
tometry analysis and found that the number of neutrophils was
significantly increased in the hippocampus in male mice, but not in
the cerebral cortex, midbrain, thalamus/hypothalamus, or cerebel-
lum (Fig. 2H). Immunostaining and quantification further revealed
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that the number of Ly6G" neutrophils was markedly increased in
the hippocampus after the CSDS procedure (Fig. 2I). Blood-brain
barrier (BBB) permeability is associated with the infiltration of pe-
ripheral immune cells into brain parenchyma after the CSDS proce-
dure (22). We therefore tested BBB integrity and found increased
BBB permeability and MMPS8 levels and reduced claudin-5 expres-
sion in the hippocampus of depressed mice (fig. S5). These results
indicate that increased numbers of neutrophils migrate into the
brain in male mice during depression.

Neutrophil depletion improves CSDS-induced
depressive-like behaviors and reduces the engulfment of
neuronal synapses

To clarify whether neutrophil infiltration into the brain parenchyma
was merely a phenomenon accompanying brain stress or pathologi-
cal activity during depression, we first started to use a Ly6G neutral-
izing antibody to deplete peripheral neutrophils in male mice during
the CSDS procedure; these mice showed no behavioral deficits
(Fig. 3A and fig. S6, A to C). Mice treated with anti-Ly6G showed a
99% reduction in the number of neutrophils in the blood and brain,
with no reduction in the number of monocytes or macrophages (Fig.
3B and fig. S7A). Compared with the immunoglobulin G (IgG) iso-
type control, the Ly6G neutralizing antibody substantially improved
depressive-like behaviors in male mice, as indicated by increases in
the social interaction (SI) ratio and sucrose preference and decreases
in the duration of immobility in the forced swim test (FST) and tail
suspension test (TST) (Fig. 3, C to F). To directly further examine the
pathological roles of neutrophils in depression, we also used a Ly6G
neutralizing antibody to deplete peripheral neutrophils in male mice
after the CSDS procedure; these mice already exhibited behavioral
deficits (Fig. 3G and fig. S6, D to F). As expected, flow cytometry
analysis revealed that the Ly6G neutralizing antibody significantly re-
duced the number of neutrophils in the blood and brain (Fig. 3H and
fig. S7B). A significant increase in the SI time and sucrose preference
and a substantial reduction in the duration of immobility in the FST
and TST were also observed by Ly6G neutralizing antibody-mediated
neutrophil depletion after the CSDS procedure (Fig. 3,1to L).

To further test the role of infiltrated neutrophils in depression,
we depleted neutrophils via stereotaxic injection of Ly6G neutraliz-
ing antibody into hippocampus or medial prefrontal cortex (mPFC)
after the CSDS procedure (Fig. 3M and fig. S8A). We found that
deletion of neutrophils in the hippocampus, but not in mPFC, sig-
nificantly improved depressive-like behaviors in male mice includ-
ing an increase in the SI ratio and sucrose preference and social
preference in social conditioned place preference (sCPP) and pref-
erence scores in novel (NV) object recognition test (NORT), and a
decrease in the duration of immobility in the FST and TST and la-
tency to feed in the novelty-suppressed feeding test (NSFT) com-
pared with IgG isotype control (Fig. 3, N to T, and fig. S8, B to H).
These data demonstrate that infiltrating neutrophils may exert dam-
aging effects on depression.

To elucidate the underlying mechanisms by which neutrophils
play a pathological role in depression, we applied high-throughput
SMART-seq to brain-infiltrated neutrophils and then performed
GO analysis of biological processes, which revealed enrichment of
neutrophil activation, phagocytosis, and chemotaxis (Fig. 3U). Acti-
vated neutrophils exhibit enhanced phagocytic activity, which is as-
sociated with multiple diseases (23, 24). We next studied whether
neutrophils engulf neuronal spines in depression. Three-dimensional
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reconstruction revealed that abundant immunoreactive puncta
(red) of PSD95, a marker of postsynaptic components, and Ly6G-
labeled neutrophils (green) colocalized in the hippocampus of de-
pressed male mice, indicating that infiltrated neutrophils may engulf
neuronal spines in depression (Fig. 3V). In addition, Western blot
(WB) analysis revealed that the expression of the postsynaptic pro-
tein PSD95 and presynaptic terminal protein synaptophysin (SYP)
was markedly reduced in isotype-treated depressed male mice, and
this decrease was reversed by Ly6G neutralizing antibody-mediated
neutrophil depletion (Fig. 3W). Additionally, increases in PSD95
and SYP expression were also observed after neutrophil depletion,
as measured by immunostaining (Fig. 3X). These results suggest
that increased engulfing of neuronal synapses by neutrophils con-
tributes to depressive-like behaviors in male mice.

The astrocytic CCL5-neutrophil CCR5 chemokine signal is
up-regulated in a mouse model of depression

To examine the signature profile of depression-associated neutrophils,
we performed secondary clustering on neutrophils using our scRNA-
seq data and identified four neutrophil clusters (mainly G5a, G5b,
G5c, and immature neutrophils) based on objective bioinformatics
criteria (Fig. 4, A to C), with notably greater fractions of G5a and G5b
neutrophil clusters but fewer G5¢ neutrophil clusters in the blood of
MDD patients (Fig. 4D). This disease-associated G5a/G5b neutrophil
cluster was characterized by elevated expression of chemokine-related
receptors, including CCR5, CXCR1, and CXCR2 (Fig. 4, E to G).
To identify necessary chemotactic signals needed to facilitate
neutrophil migration into the brain in depression, we also isolated
brain-infiltrating neutrophils and then performed high-throughput
SMART-seq. According to our analysis of the differentially expressed
chemotaxis-related genes, CCR5 was markedly up-regulated in
neutrophils from depressed male mice (Fig. 4H), which is consistent
with our scRNA-seq findings in MDD patients. Significant up-
regulation of CCR5 in neutrophils was confirmed by WB analysis in
both CSDS-induced and CUMS-induced mouse models of depres-
sion (Fig. 4, I and J, and fig. S9). Similarly, flow cytometry analysis re-
vealed the up-regulation of CCRS5 in neutrophils from depressed male
mice (Fig. 4, K and L). In addition, an increase in CCR5-expressing
neutrophils was also observed in the hippocampus of depressed male
mice, as measured by immunostaining (Fig. 4, M to O).

We next examined the production of chemokines during depres-
sion to assess potential mediators that might promote the migration
of neutrophils. Quantitative polymerase chain reaction (qQPCR) anal-
ysis of 20 chemokine ligands revealed that the expression of the
CCRS5 ligand CCL5 was significantly increased in the hippocampus
of depressed male mice (Fig. 5, A and B). The up-regulation of CCL5
in the hippocampus was also confirmed by WB analysis (Fig. 5, C
and D). We next examined which cell populations were associated
with CCL5 production. Elevated CCL5 was mainly expressed by as-
trocytes but not microglia or neurons in lacunosum moleculare layer
(LMol) of depressed male mice, as indicated by coimmunostaining
of CCL5 with the astrocyte marker glial fibrillary acidic protein
(GFAP), the microglia marker IBA1, or the neuronal marker NeuN
(Fig. 5, E and F). Moreover, RNAscope in situ hybridization cola-
beled with GFAP or IBA1 also revealed elevated CCL5 expression in
astrocytes (fig. S10), which was further confirmed by flow cytometry
analysis (Fig. 5G). These results suggest that the migration of CCR5-
expressing neutrophils to the brain may be mediated by increased
expression of the site-specific CCR5 ligand CCL5 by astrocytes.
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Fig. 3. Neutrophil depletion improves CSDS-induced depressive-like behaviors and reduces the engulfment of neuronal synapses. (A) Schematic for Ly6G neu-
tralizing antibody treatment in mice during CSDS procedure. (B) Flow cytometry plots show neutrophils in the blood and brain (n = 5 animals). (C) Sl ratio (n = 8 to 10
animals). (D) Sucrose preference (n =9 to 11 animals). (E and F) Total immobility time in FST [(E), n = 10 to 11 animals] and in TST [(F), n = 12 to 16 animals]. (G) Schematic
for Ly6G neutralizing antibody treatment in mice after CSDS procedure. (H) Flow cytometry plots show neutrophils in the blood and brain (n = 5 animals). (I) Time spent
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(n = 10 animals). (U) GO analysis for DEG of brain-infiltrating neutrophil. (V) Representative images and three-dimensional (3D) surface rendering of Ly6G* neutrophils
(green) containing PSD95™ puncta (red) in the hippocampus after CSDS procedure. (W) WB analysis of PSD95 and SYP expression in the hippocampus (n = 4 to 5 animals).
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Astrocyte-expressing CCL5 mediates neutrophil brain
infiltration and stress susceptibility

To directly determine whether astrocytic CCL5 or microglial CCL5
chemokine signaling is required for neutro/phil infiltration and
stress susceptibility, we used Aldh111°°%; Ccl5"" mice and Cx3cr1“™;
Ccl5™" mice in which Ccl5 was conditionally knocked out in astrocytes
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or microglia but not in other cell types in the brain parenchyma
(Fig. 6A). Both Ccl5 conditional knockout mice and their littermate
controls (Ccl5ﬂ/ﬂ) were subjected to the CSDS procedure. We found
a obvious improvement in the depressive-like behaviors of the mice,
including an increase in the SI ratio and time spent in the interac-
tion zone and social preference in sCPP and preference scores in
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HC. (F) UMAP embedding plot showing the expression of chemokine receptors in neutrophil clusters. (G) Violin plots showing the expression of chemokine receptors in
neutrophil clusters between MDD and HC. (H) Heatmap of the chemokine receptor-related genes determined by SMART-seq of brain neutrophils following CSDS proce-
dure. (I and J) WB analysis of CCR5 and Ly6G expression in the hippocampus following CSDS and CUMS procedure. (K and L) Flow cytometry plots and bar graph showing
up-regulation of CCR5 in brain neutrophils (n = 4 animals). (M to O) Representative images and quantitative analyses of immunostaining for CCR5 (green), Ly6G (red), and
DAPI (blue) in the hippocampus (n =5 to 7 animals). The data shown are the mean + SEM. One-way ANOVA with Tukey'’s post hoc tests was used. **P < 0.01, ***P < 0.001.

NORT, and a decrease in the duration of immobility in the FST and
TST and latency to feed in the NSFT in the Aldh1l1°°E%; Ccl5™
male mice but not in the Cx3cr1 % Ccl5"" male mice (Fig. 6, B
to J). The infiltration of neutrophils in the brain was also markedly
inhibited in the Aldh111°°®%; Ccl5™" mice but not in the Cx3crl 9%
Ccl5"" mice (Fig. 6, K to M). These findings demonstrate that
astrocyte-expressed CCL5 mediates neutrophil brain infiltration
and stress susceptibility.

To further confirm the crucial role of hippocampal astrocytic
CCL5 in neutrophil infiltration and stress susceptibility, we stereo-
taxically injected adeno-associated virus (AAV) carrying GFAP-
promoter-sh(Ccl5)-EGFP (enhanced green fluorescent protein) into
mouse hippocampal regions to specifically down-regulate astrocytic
Ccl5 expression (Fig. 7A and fig. S11). We found that astrocytic Ccl5
deletion in hippocampus significantly reduced the infiltration of

Yao et al., Sci. Adv. 11, eadt6632 (2025) 21 May 2025

neutrophils in the brain (Fig. 7, B and C), which was accompanied
by improvements in depressive-like behaviors after the CSDS proce-
dure (Fig. 7, D to G). However, deletion of Ccl5 in mPFC or thala-
mus via stereotaxic injection of CCL5 neutralizing antibody into
mPFC or thalamus failed to inhibit the infiltration of neutrophils in
the brain and improve depressive-like behaviors in male mice after the
CSDS procedure (figs. S12 and S13). Moreover, three-dimensional
reconstruction revealed that abundant immunoreactive puncta
(red) of PSD95- and Ly6G-labeled neutrophils (green) colocalized
in the hippocampus of AAV-vector-injected male mice, and these
phenotypes were reversed upon injection of astrocytic AAV-sh(Ccl5)
(Fig. 7, H and I). Additionally, electron microscopy revealed abun-
dant neutrophils in close proximity to or even enwrapped to the
dendritic spines of neurons in the astrocytic AAV-vector-injected
male mice, whereas such phagocytic behavior was relatively rare in
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pus by gPCR analysis. (B) qPCR analysis showing the expression of CCL5 in the cerebral cortex, hippocampus, thalamus/hypothalamus, midbrain, or cerebellum (n = 4
animals). (C and D) WB analysis of CCL5 expression in the hippocampus (n = 3 animals). (E) Representative micrographs of CCL5 (red) costained with IBA1 (orange), GFAP
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of CCL5 in astrocytes following CSDS procedure (n = 3 to 4 animals). The data shown are the mean + SEM. One-way ANOVA with Tukey’s post hoc tests was used [(B), (D),

and (F)]. Student’s t test (G). **P < 0.01, ***P < 0.001.

the astrocytic sh(Ccl5)-injected mice after the CSDS procedure
(Fig. 7]). Moreover, the displacement of synapses by neutrophils
was associated with reduced spine density in control mice but not in
astrocytic Ccl5 deletion mice (Fig. 7, K to N). In addition, WB analy-
sis revealed that the expression of PSD95 and SYP was markedly
reduced in control mice after the CSDS procedure but not in astrocytic
Ccl5 deletion mice (Fig. 7, O to Q). To investigate the functional

Yao et al., Sci. Adv. 11, eadt6632 (2025) 21 May 2025

correlates of disturbed synaptic transmission, we performed whole-
cell recordings of pyramidal neurons in mouse slices. Individual re-
cordings of pyramidal neurons revealed a significant reduction in
the frequency and amplitude of miniature excitatory postsynaptic
currents (mEPSCs) in male mice after the CSDS procedure, but this
reduction was reversed by the deletion of astrocytic Ccl5 (Fig. 7, Rto T).
Compared to that in nonstressed mice, stress induced a significant
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decrease in intrinsic membrane excitability in AAV-control-injected
mice, while knockdown of astrocytic Ccl5 expression significantly
prevented this stress-induced decrease observed in pyramidal neu-
rons (Fig. 7, U and V). These results indicate that astrocyte-derived
CCLS5 drives the brain infiltration of neutrophils, which engulf neu-
ronal spines and impair synaptic transmission, leading to depressive-
like behavior in male mice.

Inhibition of neutrophil CCRS5 alleviates brain neutrophil
infiltration and depressive-like behavior in male mice

To evaluate the role of neutrophil CCR5 signaling in neutrophil mi-
gration to the brain and stress susceptibility, we used bone marrow
chimeric mice harboring Ccr5~'~ or Cer5™* bone marrow cells. Le-
thally irradiated wild-type recipients received bone marrow injec-
tions of either Ccr5~'~ or Cer5™* bone marrow cells and were then
subjected to the CSDS procedure (Fig. 8A). Flow cytometry analysis
revealed that the number of neutrophils in the brain was signifi-
cantly lower (by 70%) in male mice receiving donor Ccr5~'~ bone
marrow cells than in male mice receiving Ccr5*'+ bone marrow cells
(Fig. 8, B and C). As expected, mice receiving donor Ccr5~'~ bone
marrow cells displayed attenuated behavioral deficits, including an
increase in the SI ratio, time spent in the interaction zone, and su-
crose preference and a decrease in the duration of immobility in the
EST and TST, relative to those of recipient mice receiving donor
Cer5™'* bone marrow cells (Fig. 8, D to H). Furthermore, Golgi-Cox
staining of fixed brain tissues revealed that spine density was mark-
edly increased, and this increase was accompanied b?f decreased en-
gulfment of synapses in mice receiving donor Ccr5~"~ bone marrow
cells compared to that in mice receiving Ccr5™'* bone marrow cells
(Fig. 8, I to N). Whole-cell patch-clamp recordings of pyramidal
neurons revealed that neuronal activity was significantly enhanced,
and this enhancement was accompanied by increased mEPSC am-
plitude in mice receiving donor Ccr5~'~ bone marrow cells com-
pared with that in mice receiving donor Cer5™* bone marrow cells
(Fig. 8, O to S). Together, these results imply that inhibition of
neutrophil CCR5 alleviates depressive-like behavior by preventing
neutrophil-mediated engulfment of neuronal spines.

Enhanced CCR5-expressing neutrophils in patients

with depression

To further determine the crucial role of CCR5-expressing neutro-
phils in the diagnosis and treatment of depression, we examined
clinical blood specimens from MDD patients and found that CCR5-
expressing neutrophils were significantly increased (Fig. 9, A to C).
We next used a mouse model of depression. Similar to our clinical
findings, we also observed a sharp increase in CCR5-expressing
neutrophils in the blood of CUMS-induced depressed male mice
compared with control mice (Fig. 9, D to F). Finally, to investigate
whether the pharmacological prevention of CCR5 signaling has
therapeutic effects on depression, we intraperitoneally injected male
mice with maraviroc, a U.S. Food and Drug Administration-approved
CCR5 antagonist, or vehicle (Fig. 9G). A significant reduction in
neutrophil brain infiltration was observed in mice treated with
maraviroc compared to mice treated with vehicle, which was con-
firmed by RNAscope in situ hybridization (Fig. 9, H to K). As a re-
sult, maraviroc also reversed the behavioral deficits of depressed mice,
as indicated by increases in the SI ratio, time spent in the interaction
zone, and sucrose preference and decreases in the duration of immobility
in the FST and TST (Fig. 9, L to P). However, pharmacological

Yao et al., Sci. Adv. 11, eadt6632 (2025) 21 May 2025

inhibition of CX3CRI signaling by JMS-17-2 did not reduce neutro-
phil brain infiltration and improve depressive-like behaviors in male
mice after the CSDS procedure (fig. S14). Our data, therefore, indi-
cate that CCR5-positive neutrophils may serve as a potential bio-
marker and therapeutic target for depression.

DISCUSSION

The exact cell types that link peripheral immune cells and the CNS
in depression remain poorly investigated. Our scRNA-seq data re-
vealed a significant increase in the number of neutrophils in patients
with depression, which was characterized by elevated expression of
chemokines. Consistent with the scRNA-seq findings, we also de-
tected the accumulation of neutrophils in the brain in two mouse
models of depression. BBB permeability is involved with the infiltra-
tion of peripheral immune cells into brain parenchyma after the
CSDS procedure. Our data confirmed increased BBB leakage and
MMP8 levels and reduced claudin-5 expression in hippocampus,
aligning with Russo laboratory’s observations (22). Chronic stress
may compromise BBB integrity by down-regulating tight junction
proteins (e.g., claudin-5) and up-regulating proinflammatory me-
diators such as MMPs. The resultant BBB hyperpermeability facili-
tates the transmigration of neutrophils into the brain parenchyma, a
process further amplified by stress-induced chemotactic signaling.
This strengthens the mechanistic link between chronic stress, BBB
disruption, and neutrophil brain infiltration. This elevated neutro-
phil may be because neutrophils are the first line of defense against
invading pathogens, but they are also responsible for tissue destruc-
tion during sterile inflammation (25). The detrimental effects of
neutrophils on the CNS have been recognized in ischemia (26) and
Alzheimer’s disease (27). However, whether neutrophils participate
in the onset and progression of depression is still unclear. This study
revealed the key chemotactic axis that recruits peripheral neutro-
phils to the brain, which plays an essential role in depression. The
number of neutrophils in the blood was consistently correlated with
stress susceptibility. Notably, neutrophil depletion at the onset of
clinical disease markedly reduced behavioral deficits and neuro-
pathological hallmarks of disease in a mouse model of depression,
demonstrating that neutrophils are key players in the development
of depression. We also found that the inhibition of neutrophils dur-
ing the late stages of the disease had a beneficial effect on behavior
in depressed animals, demonstrating the therapeutic potential of
targeting peripheral neutrophils for the treatment of depression. Al-
though our study was performed in male mice, our scRNA-seq data
and clinical blood specimens revealed a significant increase in the
number of CCR5-expressing neutrophils from both male and fe-
male patients with depression. We assume that the therapeutic po-
tential of targeting neutrophils for the treatment of depression also
occurs in female patients.

Immune interactions between the CNS and peripheral organ
systems are tightly regulated. Numerous studies on the brain-spleen
axis have elucidated the direct regulatory effects of the brain on spleen
immune cells (28, 29). Here, a significant increase in the number of
neutrophils in spleen was observed in two mouse models of depres-
sion. As for the increased neutrophils in the spleen of mouse models,
we considered that the CNS directly affect the changes of neutro-
phils in the spleen by enhancing the spleen control of peripheral
sympathetic nerves or induce the granulocyte differentiation of
bone marrow hematopoietic stem cells through neuroendocrine
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Fig. 8. Inhibition of neutrophil CCR5 alleviates brain neutrophil infiltration and depressive-like behavior in male mice. (A) Schematic diagram shows the experimental de-
sign. Bone marrow cells were isolated from femur bone marrow of donor Ccr5*'* or Cer5™~ mice and then injected into femur bone marrow of recipient mice that were subjected
to lethal irradiation. (B and C) Flow cytometry analysis of neutrophils in brain from Cer5™* or Cer5™'~ bone marrow cell chimeric mice following CSDS (n = 3 animals). (D and E) SI
ratio and time spent in the interaction zone from SIT (n = 8 to 14 animals). (F) Sucrose preference (n = 7 to 14 animals). (G and H) Total immobility time in FST [(G), n=10to 11 ani-
mals] and TST[(H), n = 9 to 14 animals]. () Representative images and 3D surface rendering of Ly6G* neutrophils (green) containing PSD95™ puncta (red) in the hippocampus (1 =6
to 7 animals). (J) Quantification of PSD95" puncta in neutrophils as indicated in (I). (K) Representative images of neuronal dendrites and 3D reconstruction of neuronal dendrites in
the indicated groups (n = 6 animals). (L) Summarized data for relative neuronal dendrite length (n = 6 animals). (M and N) Representative images of neuronal dendrites by Golgi-
Cox staining and summarized data for spine numbers per 10 pm in Ccr5** or Cer5™'~ bone marrow cell chimeric mice (n = 6 animals). Scale bar, 5 pm. (O to Q) Representative
traces (O) and summarized data of mEPSC frequency (P) and amplitude (Q) from hippocampal pyramidal neurons in mice following CSDS (n = 5 animals). (R and S) Representative
traces (R) and statistical data of step current injection-induced spike numbers (S) from hippocampal pyramidal neurons in mice following CSDS (n = 5 animals). The data shown are
the mean + SEM. Two-way ANOVA with Tukey’s post hoc tests was used [(C) to (H), (L), and (N)]. Student’s t test was used [(J), (P), (Q), and (S)]. *P < 0.05, **P < 0.01, ***P < 0.001.
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effects and then migrate to the spleen after depressive stress (30).
The specific regulatory signals of elevated neutrophils in the spleen
and their role in depression need to be further studied.

The ability of neutrophils to contribute to brain injury in the
CNS has been demonstrated previously, either via the secretion of
neutrophil extracellular traps (31-33) or via production of interleu-
kin-17 (IL-17) (34), but the mechanism underlying neutrophil-
mediated stress susceptibility has not been determined. Our findings
showed that increased neutrophil brain infiltration was associated
with reduced numbers of dendritic spines and reduced neuronal ex-
citability in a mouse model of depression. While synaptic elimina-
tion is a critical process for normal brain development and plasticity,
aberrant synaptic pruning has been implicated in the pathogenesis
of various neuropsychiatric disorders. Reduced numbers of den-
dritic spines and disrupted network connectivity in the hippocam-
pus have been reported both in human patients with MDD (35) and
in animal stress models (36-38). Here, we found that stress increased
infiltrating neutrophil contacted with dendrites and neutrophil
phagocytosis of spines. Infiltrating neutrophils exhibited increased
phagocytic activity and promoted excessive engulfment of spines
that decrease neuronal activity, resulting in insufficient activation of
neurons to cope with stress challenges, which promoted the devel-
opment of depression-related behaviors. Our studies provide evi-
dence that one potential mechanism underlying stress-induced
changes in neuronal activity is excessive phagocytosis of synaptic
spines by infiltrated neutrophils in the hippocampus. Moreover, we
demonstrated that this process was largely mediated by neutrophil-
specific CCR5 signaling and that disruption of neutrophil CCR5
significantly reduced neutrophil phagocytosis of synapses, prevented
neuronal excitability changes, and rescued social avoidance behavior
in mice.

The exact chemotactic signals that link peripheral immune cells
and the CNS remain unclear. CXCL1 has been reported to act as a
neutrophil chemoattractant, promoting CXCR2-positive neutrophil
migration into the spinal cord gray matter in a mouse model of mul-
tiple sclerosis (39). A previous study showed that interferon-y and
PDCDI signaling mediate T cell infiltration and neurodegeneration
in tauopathy (40). The CXCL10/CXCR3 axis is involved in regulat-
ing CD8" T cell infiltration and neuronal damage in Alzheimer’s
disease (41). Here, we provided evidence that the CCL5-CCR5 axis
is required for neutrophils to migrate into the hippocampus in
depression. Combined scRNA-seq with SMART-seq analysis of
neutrophils revealed increased CCR5 expression in neutrophils,
accompanied by the elevated expression of the chemokine CCL5 in
astrocytes after stress. Astrocyte-derived CCL5 binds to its receptor
CCR5 and leads to the attraction of neutrophils to the hippocam-
pus. Astrocytes make up the majority of the population that induces
neutrophil infiltration during depression. Blocking the CCL5-CCR5
chemotactic axis thus prevents the infiltration of neutrophils into
stressed brains. Our results provide mechanistic insights into the
chemotactic interaction between brain-resident astrocytes and pe-
ripheral neutrophils via CCL5. Our study highlights the role of the
disease-associated astrocyte-secreted chemokine CCL5 and deter-
mine its chemotactic role in recruiting CCR5" neutrophils into the
brain parenchyma and causing subsequent brain injury in depres-
sion (Fig. 9Q). Although our study has provided compelling data
showing the role of CCL5 in the hippocampus that activates the
neutrophil CCR5 in mediating neutrophil brain infiltration and
stress susceptibility, we do not exclude the possibility that other
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types of chemokine signaling or other brain regions may also at play
in depression. Several preclinical and clinical studies have linked pe-
ripheral immune system alterations to stress-related disorders such
as MDD. For example, some types of chemokines, such as CCL2,
CCL5, CXCL4, CXCL7, and CXCLS, are increased in depression
patients, suggesting that these activated chemokine signals may be
involved in the chemotaxis activity of multiple immune cells during
depression (42, 43). Furthermore, depressive stress promotes CCR2"
monocyte to infiltrate into the nucleus accumbens and increases
MMP8 expression. This increase leads to alterations in extracellular
space and neurophysiological changes in the nucleus accumbens, as
well as altered social behavior (21). Additionally, infiltration of
CCR6" Ty17 cells in hippocampus can induce a depression-like be-
havior in the mouse model of depression by inhibiting hippocampal
neurogenesis (44, 45). These results indicate that complex immune
activity, including chemokine signaling specificity and infiltrating
immune cell types, exists in various brain regions in depression.
Further research is needed to link brain region-specific chemokine
signaling and infiltrating immune cell types with specific behavioral
changes in depression.

In conclusion, our work demonstrates that CCL5 produced by
astrocytes plays a pivotal role in the CCR5-dependent migration of
neutrophils into the brain. These recruited neutrophils are likely key
drivers of excessive spine engulfment, which is associated with stress
susceptibility. Thus, blockade of the CCL5-CCR5 chemokine axis
could be a therapeutic approach for depression by inhibiting neu-
trophil recruitment to the brain.

METHODS

Experimental animals

Cer5 knockout mice (Ccr5~'7) on a C57/B6 background, Cx3crl Cre
and Aldh111°™ mice were purchased from the GemPharmatech
Laboratory (Nanjing, China). Ccl5™" mice were purchased from
Shanghai Model Organisms (Shanghai, China). For Cre-lox experi-
ments, Ccl5"" mice were crossbred with Cx3cr1®™ or Aldh111"ER
mice. The CD45.1 mice were donated by Y. Shuo (Nanjing Medical
University). Mice were bred and maintained in the Animal Resource
Centre of the Faculty of Medicine, Nanjing Medical University and
had free access to food and water in a room with a 12-hour:12-hour
light/dark cycle and an ambient temperature of 20 + 2°C. All animal
procedures were performed in strict accordance with the guideline
of the Institutional Animal Care and Use Committee (IACUC-
2305014) of Nanjing Medical University.

Human blood samples

Patients with MDD were diagnosed at Jiangsu Province Hospital.
Written informed consent was provided by all patients. HCs were
identified at the hospital physical examination center. This study
was approved by the Medical Ethics Committee of Nanjing Medical
University (no. 2024-714) and complied with all relevant ethical
regulations. Fresh blood samples were collected from the above
populations and stored in heparin anticoagulated tubes. All patients
whose peripheral blood is collected for flow cytometry analysis and
single-cell sequencing are enrolled according to the following crite-
ria: (i) Patients must be between 30 and 45 years old, regardless of
gender. (ii) The patient’s weight must be within the normal range
(body mass index between 18.5 and 24). (iii) The patients must have
been diagnosed with depression for more than 2 years. (iv) Except
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for depression, the patient does not suffer from other underlying
diseases (hypertension, hyperlipidemia, diabetes, etc.). (v) Except
for depression, the patient has not experienced any infectious dis-
eases caused by bacterial or viral invasion in the past 2 months. (vi)
The patient has not taken any depression treatment drugs (such as
fluoxetine and citalopram) in the past 2 weeks. (vii) The patient has
not received any physical therapy for depression in the past 2 months.
(viii) Patients with bipolar disorder need to be excluded.

CSDS-induced mouse model of depression

The CSDS paradigm was conducted as previously described (46).
Adult male CD-1 mice with the age of 20 to 30 weeks old and body
weight over 40 g were housed in the defeat cages and used as aggres-
sors in subsequent social defeat experiments. Briefly, mice (male, 8
to 12 weeks) were defeated by a CD-1 aggressor for 10 min daily
over 10 consecutive days. The defeated mouse was subjected to con-
tinuous psychological stress from a CD-1 mouse through a clear
perforated divider, allowing for visual, olfactory, and auditory con-
tact in a shared home cage for the next 24 hours after defeat. Control
mice were housed in their home cages and allowed to explore the
empty defeat cages for 10 min each day.

CUMS-induced mouse model of depression

Mice (male, 8 to 12 weeks) were individually housed and subjected
to 5 weeks of stressors, which were mild and unpredictable in na-
ture, duration, and frequency. Stressors included inversion of day/
night light cycle for 24 hours, soiled cage bedding for 12 hours, 45°
tilted cage for 18 hours, restraint for 4 hours, food deprivation for
24 hours, water deprivation for 12 hours, cage shaking for 10 min,
and tail nip for 1 min (1 cm from the end of the tail). Two different
stressors were used in 1 day, and the same stressor was not sched-
uled in two adjacent days.

Social interaction test

The social interaction test (SIT) was used to determine social avoid-
ance behavior. Briefly, in the first “No target” trial, an empty cage
was placed in the interaction zone. In the second “Target” trial, a
CD-1 mouse was placed inside the cage in the interaction zone.
Each mouse was allowed to freely explore the environment for 5 min
with its movement tracked. The mouse was habituated to the cham-
ber in the absence of a CD-1 mouse for 5 min before the test. After
each trial, the equipment was cleaned with 75% ethanol to remove
olfactory cues. Each trial lasted for 2.5 min, and the duration time in
the interaction zone spent by the test mouse was individually mea-
sured using Ethovision video tracking software (Noldus Technolo-
gy). SI ratio was calculated according the following formula: SI
ratio = time spent in the interaction zone in the presence of target/
time spent in the interaction zone in the absence of target X 100%.
Mice with an SI ratio of >1 were termed resilient, while mice with an
SI ratio of <1 were termed susceptible.

Sucrose preference test

Mice were water deprived for 12 hours and then were allowed to
drink from two bottles for 10 hours: One contained 1% sucrose so-
lution, and the other contained only tap water. To prevent the pos-
sible effect of side preference in drinking behavior, the positions of
the bottles in the cage were switched after the first 5 hours. The con-
sumption of tap water, sucrose solution, and total intake of liquids
was estimated simultaneously in the control and experimental groups
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by weighing the bottles. The preference for sucrose was measured as
a percentage of the consumed sucrose solution relative to the total
amount of liquid intake.

Tail suspension test

Mouse tails were wrapped with tape from the base to the tip, cover-
ing about four-fifths of its length, and fixed upside down on the
hook. The immobility time of each mouse was recorded over a 6-min
period. Mice were considered immobile only when they hung pas-
sively and completely motionless. The duration of immobility of the
tail-suspended mice during 6 min was measured with TailSuspScan
(Clever Sys Inc., USA).

Forced swim test

Mice were individually forced to swim in an open cylindrical con-
tainer (diameter, 15 cm; height, 25 cm), containing 14 cm of water at
room temperature (about 20 & 2°C) for 6 min. A mouse was judged
to be immobile when it floated in an upright position and made only
small movements to keep its head above water. The duration of im-
mobility was recorded during the 6-min testing period by TailSuspScan
(Clever Sys Inc., USA).

Novel object recognition test

NORT was conducted in a rectangular open-field arena (50 cm X
30 cm X 20 cm) under dim illumination. Twenty-four hours before
testing, mice were habituated to the empty arena for 10 min to re-
duce exploratory anxiety. During the training phase, two identical
objects (objects 1 and 2) were placed in opposite corners of the are-
na, approximately 10 cm from the walls. Mice were allowed to freely
explore the objects for 5 min, with exploration defined as the mouse’s
nose being within 2 cm of the object while facing it. After a 24-hour
retention interval, one familiar object (object 1) was replaced with
an NV object (object 2) of similar size but distinct shape and texture.
Mice were then reintroduced to the arena for a 5-min test session.
Between trials, the arena and objects were thoroughly cleaned with
70% ethanol to eliminate odor cues. Preference score was calculated
by dividing time spent with the NV object on the total time spent
with both objects x 100. Exploration time for each object was re-
corded using the TOPSCAN tracking system (Clever Sys Inc., USA).

Novelty-suppressed feeding test

NSFT was conducted in an open-field arena (50 cm X 50 cm X
40 cm) with a single food pellet placed on a white filter paper (10 cm
diameter) positioned at the center. Mice were food-restricted for
24 hours before testing, with water available ad libitum. At the start
of the test, each mouse was placed in a corner of the arena, and the
latency to initiate feeding (defined as the mouse sitting on its
haunches and biting the food pellet with forepaws holding the pel-
let) was recorded for a maximum of 10 min. Immediately following
the NSFT, mice were transferred to their home cages containing a
preweighed food pellet. The arena was thoroughly cleaned with 70%
ethanol between trials to eliminate odor cues. All behavioral record-
ings were performed using the TOPSCAN tracking system (Clever
Sys Inc., USA).

Social conditioned place preference

sCPP was performed as described (2I). The experiment was con-
ducted after a 1-hour acclimation period in the CPP apparatus. The
CPP chamber consists of three distinct compartments: a neutral
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central section flanked by two adjacent chambers, each featuring
unique wall patterns and floor textures. During pretesting (24 hours
before formal testing), mice were permitted to freely explore all
three chambers for 15 min, with their time spent in each compart-
ment being recorded. The conditioning protocol involved twice-
daily sessions over two consecutive days. Morning sessions paired
experimental mice with a juvenile (4 to 5 weeks old) same-sex
C57BL/6] mouse in the designated paired chamber for 7 min. After-
noon sessions involved placing mice alone in the nonpaired
chamber for an equivalent duration. On test day, mice were again
granted unrestricted access to all chambers for 7 min, with time
spent in each compartment being automatically quantified using
the TOPSCAN tracking system (Clever Sys Inc., USA).

Stereotaxic injection

The surgical procedure was carried out as previously described (47).
Under anesthesia, 1 pl of AAV [AAV-GFAP promoter-sh(Ccl5)-
EGFP, 1 x 10" viral genomes/ml, Gene-Chem, Shanghai, China]
was bilaterally delivered into the hippocampus at a rate of 0.2 pl/min
using the following coordinates: AP: —1.94 mm; ML: +1.50 mm;
DV: —2.00 mm from bregma. For neutralization of Ly6G in hippo-
campus or mPFC, 5 pg of anti-Ly6G (BE0075-1, Bio X Cell) was bi-
laterally injected into hippocampus (AP: —1.94 mm; ML: +1.50 mm;
DV: —2.00 mm) or mPFC (AP: +2.10 mm; ML: 0 mm; DV: —2.50 mm),
at a rate of 1 pg/min; for neutralization of CCL5 in thalamus or
mPFC, 5 pg of anti-CCL5 (BE0449, Bio X Cell) was bilaterally injected
into thalamus (AP: —1.58 mm; ML: 0 mm; DV: —3.50 mm) or mPFC
(AP: +2.10 mm; ML: 0 mm; DV: —2.50 mm), at a rate of 1 pg/min. The
needle remained in place for 5 min before removal to ensure com-
plete injection of each solution. The skin was sutured, and mice
recovered on an electric blanket until fully awake. The entire experi-
ment was performed in a sterile environment.

Immunofluorescence

After perfusion, brain tissue encompassing each hippocampus was
cut into 20-pm slices using a freezing microtome (Leica M1950,
Nussloch, Germany), as previously described (48). Brain slices were
incubated with anti-GFAP (MAB360, 1:1000, Millipore, USA),
anti-Ly6G (ab25377, 1:400, Abcam), anti-CCR5 (ab7346, 1:500, Abcam),
anti-CCL5 (AF478, 1:500, R&D Systems, USA), anti-NeuN (243078,
1:1000, Cell Signaling Technology, USA), anti-IBA1 (ab5076, 1:1000,
Abcam), anti-PSD95 (20665-1-AP, 1:10,000, Proteintech), or anti-
SYP (17785-1-AP, 1:10,000, Proteintech) overnight at 4°C and then
incubated with Alexa Fluor 555-conjugated antibody (Invitrogen,
A21432; 1:1000) or Alexa Fluor 488-conjugated antibody (Invitrogen,
A21202; 1:1000) for 1 hour at 20°C. DAPI (4’,6-diamidino-2-
phenylindole) (P36931, Life Technologies) visualizes nuclei. Images
were acquired by a confocal microscope (Axiovert LSM510, Carl
Zeiss Co., Germany) and then processed by Image].

Flow cytometry

Anesthetized mice were perfused with ice-cold phosphate-buffered
saline (PBS) as previously described (49, 50). The whole brain tis-
sues were isolated and homogenized on ice. Brain homogenates
were digested in Dulbecco’s Modified Eagle Medium/F12 contain-
ing deoxyribonuclease I (20 U/ml) (Sigma-Aldrich, D5025) and
collagenase IV (100 U/ml) (Thermo Fisher Scientific, 17104019),
shaking at 250 rpm for 1 hour, and then washed and filtered through
a70-pm cell strainer. The monocytes were isolated by a discontinuous
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Percoll gradient. Purified cells were incubated with mixed antibodies
for 30 min at 4°C as follows: CD4-phycoerythrin (PE) (eBioscience,
25-0042-81, 1:400), CD4-fluorescein isothiocyanate (FITC) (eBio-
science, 11-0042-82, 1:400), CD195-peridin chlorophyll protein
(PerCP)-efluor710 (eBioscience, 46-1951-80, 1:400), CD45-FITC
(eBioscience, 11-0451-82, 1:400), CD45-Alexa Fluor 700 (eBioscience,
56-0451-82, 1:400), CD8a-allophycocyanin (APC) (eBioscience,
47-0081-82, 1:400), CD11b-PE (eBioscience, 12-0112-82, 1:400), Ly6G-
FITC (Cell Signaling Technology, 88876S, 1:400), Ly6C-PE (eBiosci-
ence, 25-5932-80, 1:400), NK1.1-PE (eBioscience, 12-5941-82, 1:400),
F4/80-eF450 (eBioscience, 48-4801-82, 1:400), CD45.1-APC-eF780
(eBioscience, 47-0453-82, 1:400), and CD45.2-APC (eBioscience,
17-0454-82, 1:400), and incubated for 30 min at 4°C. Cells were
washed again and resuspended in PBS for flow cytometry measure-
ment by flow cytometry using a Citole S (Beckman Coulter) and
analyzed using FlowJo (BD Biosciences).

Single-cell RNA sequencing

Transportation of 3 ml of peripheral blood was collected in EDTA
anticoagulation tubes to library. All the blood was centrifuged for
10 min at 400g. Supernatant was removed. The pellet was resus-
pended in ACK buffer (Miltenyi Biotec) to lyse red blood cell. After
washing PBS containing 0.04% bovine serum albumin (BSA Sigma),
the pellet was resuspended in a volume of sample buffer. Then, cell
buffer was stained with AM and DRAQ?7 dye to viability and cells
were counted using a BD scanner.

The BD Rhapsody system was used to capture the transcriptomic
information of the peripheral blood single cells. Single-cell capture
was achieved by random distribution of a single-cell suspension
across >200,000 microwells through a limited dilution approach.
Beads with oligonucleotide barcodes were added to saturation so
that a bead was paired with a cell in a microwell. The cells were lysed
in the microwell to hybridize mRNA molecules to barcoded capture
oligos on the beads. Beads were collected into a single tube for re-
verse transcription and Exo I digestion. Upon cDNA synthesis, each
c¢DNA molecule was tagged on the 5" end (that is, the 3’ end of a
mRNA transcript) with a unique molecular identifier (UMI) and
cell barcode indicating its cell of origin. Whole-transcriptome li-
braries were prepared using the BD Rhapsody single-cell whole-
transcriptome amplification (WTA) workflow including random
priming and extension (RPE), RPE amplification PCR, and WTA
index PCR. The libraries were quantified using a High Sensitivity
DNA chip (Agilent) on a Bioanalyzer 2200 and the Qubit High Sen-
sitivity DNA assay (Thermo Fisher Scientific). Sequencing was per-
formed by an Illumina sequencer (Illumina, San Diego, CA) on a
150-base pair paired-end run. All steps are completed by NovelBio.

scRNA-seq data analysis was performed by NovelBio Bio-Pharm
Technology Co. Ltd. with NovelBrain Cloud Analysis Platform. We
applied fastp with default parameter filtering the adaptor sequence
and removed the low-quality reads to achieve the clean data. UMI-
tools were applied for Single Cell Transcriptome Analysis to identify
the cell barcode whitelist. The UMI-based clean data were mapped
to human genome (Ensemble version 100) using STAR mapping
with customized parameter from UMI-tools standard pipeline to
obtain the UMI counts of each sample. Cells contained over 200 ex-
pressed genes, mitochondria UMI rate below 20% passed the cell
quality filtering, and mitochondria genes were removed in the ex-
pression table. Seurat package (version: 3.1.4, https://satijalab.org/
seurat/) was used for cell normalization and regression based on the
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expression table according to the UMI counts of each sample and
percent of mitochondria rate to obtain the scaled data. Since sam-
ples were processed and sequenced in batches, we used mutual near-
est neighbor to remove potential batch effect. Subsequently, top 10
principals were used for tSNE construction and UMAP construc-
tion. Using graph-based cluster method (resolution = 0.8), we ac-
quired the unsupervised cell cluster result based on the top 10
principals and we calculated the marker genes by FindAllMarkers
function with Wilcoxon rank sum test algorithm and differential ex-
pression gene (DEG) analysis under the following criteria: (i) In
(fold change) > 0.25; (ii) adjusted P value < 0.05; (iii) minimal per-
centage > 0.1. To identify the cell type detailed, the clusters of the
same cell type were selected for re-tSNE analysis, graph-based clus-
tering, and marker analysis.

Neutrophil SMART-seq

Total mRNA was extracted from neutrophils in the brain, isolated
by flow cytometry. RNA libraries were sequenced on the Illumina
sequencing platform by LC-BIO Co. Ltd. (HangZhou, China). Dif-
ferentially expressed genes were defined as fold change cutoff with
[log, ratio| > 1 and P < 0.05.

Electrophysiology

Slice electrophysiology was performed as previously described (51).
Coronal sections (250 pm) containing the hippocampus were
prepared in an ice-cold cutting solution containing 40 mM NaCl,
148.5 mM sucrose, 4 mM KCl, 1.25 mM NaH,POy, 25 mM NaHCOs3,
0.5 mM CaCl,, 7 mM MgCl,, 10 mM glucose, 1 mM sodium ascor-
bate, 3 mM sodium pyruvate, and 3 mM myoinositol, saturated with
95% O, and 5% CO,. Slices were then incubated in a 1:1 mixture of
cutting solution and external solution at 32°C for 45 min. The exter-
nal solution contained the following: 125 mM NaCl, 4.5 mM KCl, 2.5 mM
CaCl,, 1.3 mM MgCl,, 1.25 mM NaH,POy, 25 mM NaHCOj3, 15 mM
sucrose, and 15 mM glucose, saturated with 95% O, and 5% CO,.
Slices were perfused with the external solution at a flow rate of 3 to
4 ml/min at 32°C. The hippocampal pyramidal neurons were identi-
fied and patched. The data were recorded using an IPA-2 integrated
patch amplifier controlled with SutterPatch software (Sutter Instru-
ment, Novato, CA, USA). In whole-cell current recording, intrinsic
excitability was measured and evoked action potentials were elicited
by 300-ms step current injections at 20-pA increments from —20 to
4170 pA. The intracellular solution contains a K*-based solution:
123 mM potassium gluconate, 10 mM Hepes, 0.2 mM EGTA, 8 mM
NaCl, 2 mM Mg-adenosine triphosphate, 0.3 mM Na-guanosine
triphosphate (pH 7.3), with an osmolarity of 270 to 280 mOsm.
For mEPSC, the cells were held in voltage-clamp mode at =70 mV for
1 min after entering whole-cell patch-clamp recording mode to allow
dialysis of the Cs™ internal solution for a relatively complete block
of the potassium channels. The amplitude and frequency of the
mEPSCs were analyzed using SutterPatch software (Sutter Igor Pro).
mEPSCs were recorded in the presence of bicuculline (10 pM) and
tetrodotoxin (10 pM).

Golgi staining

Brain samples were kept in Golgi-Cox solution at room temperature
in the dark overnight, then replaced with Golgi-Cox solution, and re-
mained for 13 days in the same environment. After being washed
with double-distilled water, the brain samples were transferred into
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tissue-protectant solution for 3 days at room temperature. Finally,
200-mm coronal sections were cut on a vibrating microtome (VT1200s,
Leica, Germany) in protectant solution and distilled water, then trans-
ferred into 3:1 ammonia solution and distilled water twice, and subse-
quently into 5% sodium thiosulfate for 10 min in the dark, and
transferred into distilled water twice again. All the slices were mounted
on slides with 80% glycerol. All sections were imaged using a 100X oil
objective on a Zeiss Axioskop2 Plus microscope (Carl Zeiss, Thorn-
wood, NY) with AxioVision Rel.4.7 software. In detail, around 30
dendrites from three mice in each group were analyzed using the plu-
gin Neuron] 1.4.3 in Image] software (Fiji edition, National Institutes
of Health). Thereafter, a plugin Cell Counter was used to calculate the
number of spines on these dendrites.

Immunohistochemistry and fluorometric quantification of
Evans blue

Evans blue (EB) dye (2% w/v in sterile saline) was intravenously
administered via the tail vein at a dose of 4 ml/kg body weight. After
a 2-hour circulation period to allow EB-albumin complex forma-
tion, mice were transcardially perfused with ice-cold PBS (pH 7.4)
to remove intravascular dye. Brains were harvested, fixed in 4%
paraformaldehyde for 24 hours at 4°C, and cryoprotected in 30%
sucrose. Coronal sections (20 pm thickness) were mounted on glass
slides and air-dried. Focal blue-stained regions indicative of BBB
disruption were qualitatively analyzed and photographed.

For fluorometric quantification of EB, brain tissues were homog-
enized in 1 ml of formamide per 100 mg of tissue using a glass ho-
mogenizer. Homogenates were incubated at 60°C for 24 hours to
extract EB and centrifuged at 12,000¢ for 15 min, and supernatants
were collected. Fluorescence intensity was measured using Varioskan
Flash3001 at excitation/emission wavelengths of 620/680 nm. A
standard curve was generated with serial dilutions of EB in for-
mamide (1 to 50 ng/ml) for quantification. EB content was expressed
as nanograms per milligram of brain tissue (ng/mg). All procedures
were performed under dim light to minimize photobleaching.

Bone marrow chimeras

The recipient mice were subjected to lethal-dose irradiation (10 Gy),
and 24 hours later, bone marrow cells (1 X 10”) from the donor mice
were intravenously injected into lethally irradiated mice. Under
these conditions, the radio-resistant CNS-resident cells can be re-
tained; however, bone marrow and peripheral blood cells would be
replaced by bone marrow cells from donor mice. After 8 weeks, the
chimeric mice can be subjected to CSDS procedure.

Electron microscopy

Mice were perfused with 2.5% glutaraldehyde and 2% paraformal-
dehyde in phosphate buffer (0.1 M, pH 7.4). Brains were removed,
and 1-mm coronal slices were cut at the hippocampus. Following the
fixation, the tissue was processed through 2% osmium tetroxide and
4% uranyl acetate and then dehydrated in grades of alcohol. The
samples were placed in propyleneoxide for 1 hour and subsequently
infiltrated overnight in a 1:1 mixture of propyleneoxide and EPON
resin. The following day, the samples were embedded and polymer-
ized at 60°C for 48 hours. Ultrathin sections (about 60 nm) were cut
on an ultramicrotome, placed onto copper grids, stained with uranyl
acetate and lead citrate, and examined on a Philips CM10 transmis-
sion electron microscope.
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RNAscope in situ hybridization

Fluorescence in situ hybridization (FISH) was done using the
RNAscope Fluorescent Multiplex Kit V2 (323100, Advanced Cell
Diagnostics Inc.). In situ hybridization protocol was performed following
recommended specifications for murine brain tissue. Probes against
murine Ccl5 and Ly6g were commercially available from Advanced
Cell Diagnostics Inc. FISH protocol on murine brains was followed by
fluorescence immunostaining according to the manufacturer’s protocol.

Quantitative reverse transcription PCR

As previously described (52), total RNA was extracted from hippo-
campus tissues with TRIzol reagent (Invitrogen, USA). Reverse
transcription PCR was carried out using a TAKARA PrimeScript RT
reagent kit, and qQPCR was performed in duplicate for each sample us-
ing a QuantiTect SYBR Green PCR kit (Qiagen, Germany) with an ABI
7300 Fast Real-Time PCR System (Applied Biosystems, Foster City,
CA, USA). Gapdh was used as an internal control for the real-time
PCR amplification. The sequences of primers used are as follows: Ccl2,
CTGTGCTGACCCCAAGAAGG (forward) and TTGAGGTGGTT-
GTGGAAAAGG (reverse); Ccl3, TTCTCTGTACCATGACACTCT-
GC (forward) and CGTGGAATCTTCCGGCTGTAG (reverse);
Ccl4, TTCCTGCTGTTTCTCTTACACC (forward) and CTGTCT-
GCCTCTTTTGGTCAG (reverse); Ccl5, GACACCACTCCCTGCT-
GCTT (forward) and ACACTTGGCGGTTCCTTCG (reverse); Ccl7,
TGGGAAGCTGTTATCTTCAAGACA (forward) and CTCGACCC-
ACTTCTGATGGG (reverse); Ccl8, GCGAGTGCTTCTTTGCCTG
(forward) and TCTGGCCCAGTCAGCTTCTC (reverse); Cclll,
CATGACCAGTAAGAAGATCCC (forward) and CTTGAAGAC-
TATGGCTTTCAGG (reverse); Ccl12, GCTGGACCAGATGCGGTG
(forward) and CCGGACGTGAATCTTCTGCT (reverse); Ccl20,
GCCTCTCGTACATACAGACGC (forward) and CCAGTTCT-
GCTTTGGATCAGC (reverse); Ccl24, CGGCCTCCTTCTCCTGG-
TA (forward) and TGGCCAACTGGTAGCTAACCA (reverse); Ccl25,
GTTTTGTTGGGGCCTGGATG (forward) and ACTCCTCAC-
GCTTGTACTGTTG (reverse); Ccl26, TCTTCGATTTGGGTC-
TCCTTG (forward) and CAGCTCCATGGGATCACATAG (reverse);
Cxcll, ACCGAAGTCATAGCCACACTC (forward) and CTCC-
GTTACTTGGGGACACC (reverse); Cxcl2, GGCCACCAACCAC-
CAGGCTA (forward) and TTCCGTTGAGGGACAGCAGCC
(reverse); Cxcl8, ATGACTTCCAAGCTGGCCGTGG (forward)
and CATAATTTCTGTTTGGCGCAGTGTGG (reverse); Cxcl9,
GCTCTGCCATGAAGTCCGCTGT (forward) and GCAATTGGG-
GCTTGGGGCAA (reverse); Cxcl10, AGCGCTTCATCCACCGCT-
GA (forward) and GGGCAGGATAGGCTCGCAGG (reverse);
Cxcl11, CCCGAGTAACGGCTGCGACA (forward) and GGGCT-
CACAGTCAGACGTTCCC (reverse); Cxcl12, GCCCTTCAGATT-
GTAGCCCGGCT (forward) and TCCACTTTAGCTTCGGGTC
AATGCA (reverse); Gapdh, CAAAAGGGTCATCTCC (forward)
and CCCCAGCATCAAAGGTG (reverse).

WB analysis

Brain tissues were homogenized in radioimmunoprecipitation assay
(RIPA) lysis buffer. The protein was separated and transferred onto
polyvinylidene difluoride (PVDF) membranes (IPVH00010, Millipore,
Billerica, MA, USA). Membranes were incubated with the follow-
ing primary antibodies overnight at 4°C. Immuno-reactive bands
were detected by ImageQuant LAS 4000 imaging system (GE Health-
care, Pittsburgh, PA, USA) and quantified using Image] software.
The following primary antibodies were used: anti-Ly6G (ab25377,
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1:400, Abcam), anti-CCR5 (ab7346, 1:500, Abcam), anti-CCL5
(AF478, 1:500, R&D Systems, USA), anti-PSD95 (20665-1-AP,
1:10,000, Proteintech), anti-SYP (17785-1-AP, 1:10,000, Proteintech),
and anti-p-actin (BM0627, Boster, Pleasanton, CA, USA). Full-
length WBs are available in fig. S15.

Statistical analysis

All data were analyzed using Prism9 software. All results were
shown as means + SEM. One-way or two-way analysis of variance
(ANOVA) with the Tukey’s post hoc test was used for comparison
among different treatments and genotypes, and Student’s f test was
used to assess the differences between two groups. The results were
considered significant at P < 0.05.

Supplementary Materials
This PDF file includes:
Figs.S1to S15
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