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ARTICLE INFO ABSTRACT

Keywords: Microglia are immune cells of the central nervous system that mediate neuroinflammation. It is widely known
Traumatic brain injury that microglia-mediated inflammation in the brain contribute to the widespread tissue damage and neurological
CcL7 . deficits in traumatic brain injury (TBI). However, the mechanisms responsible for this inflammatory response
E;l;:g:non remain elusive. Here, we investigated the role of astrocyte-derived chemokine (C-C motif) ligand 7 (CCL7) in
Astrocytes microglial-controlled inflammation following TBI. Our results demonstrated that astrocyte-derived CCL7 induced

microglial activation and the release of proinflammatory mediators in the cortex and serum of rats that un-
derwent experimental TBI. Furthermore, CCL7 knockout improved microglia-controlled inflammation, brain
morphology and neurological dysfunction following TBI. In vitro, CCL7-siRNA attenuated the LPS-induced
expression of pro-inflammatory markers in the co-culture of microglia and astrocytes. Collectively, our find-
ings uncover an important role for astrocyte-derived CCL7 in promoting microglia-mediated inflammation after
TBI and suggests CCL7 could serve as a potential therapeutic strategy for attenuating TBI by inhibiting microglial

activation.

1. Introduction

Traumatic brain injury is a head injury typically triggered by an
external force that results in severe physical, psychological, and cogni-
tive impairments [1]. As a leading cause of death and disability around
the globe, TBI represents a critical public health and socio-economic
problem [2]. It is estimated that over 50 million new TBI cases occur
annually, and TBI survivors have a pooled standardized mortality ratio
[3]. Nevertheless, few clinical treatments have been shown to
convincingly reverse the pathology and long-term functional deficits
after human TBI, emphasizing the need for studies that reveal the precise
mechanisms of TBL

Traumatic brain injury (TBI) causes cell death and neurologic
dysfunction through secondary injury mechanisms including glial acti-
vation, inflammation, free radical generation, and glutamate excito-
toxicity [4]. It has been reported that the injury-induced inflammatory
response significantly contributes to the progression of secondary injury
and impact post-injury recovery [5]. Moreover, therapies alleviating the
inflammatory reaction were shown to improve TBI damage [6]. Micro-
glia are the resident immune cells that express a variety of pattern
recognition receptors (PRRs) at their cell surface and intracellularly,

allowing them to mount an immune response [7]. The inflammatory
response to TBI is highly complex and associated with microglial acti-
vation and further release of multiple proinflammatory mediators [8].

Chemokines are small secreted proteins that control the migration
and positioning of immune cells in tissues and are essential for the
function of the immune system [9]. CCL2 and CCR2 are two common
activators of microglia that are mainly detected in microglia in mouse
and human brains [10,11]. Chemokine (C-C motif) ligand 7 (CCL7, also
known as MCP-3) is a chemotactic factor and potent attractant of
monocytes that can bind and signal via multiple CC chemokine receptors
including CCR2 [12]. CCL7 can be secreted by astrocytes, the most
abundant cell type in the mammalian brain [13-15]. Traumatic brain
injury is a disease associated with reactive astrogliosis [16]. Although
existing evidence suggests that astrocyte-released CCL7 is a powerful
mediator involved in the inflammatory response under pathological
conditions, little is known about their function in microglia-mediated
inflammation after traumatic brain injury [11].

In this study, we used an in vivo TBI model to investigate the effect of
astrocyte-derived CCL7 on microglia-mediated inflammation. Further-
more, the role of CCL7 in microglia-related inflammatory action
following TBI was explored using CCL7 knockout (KO) mice (CCL7_/ M.
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Fig. 1. Neurological deficits following TBI. (a) Spontaneous locomotor activity and anxiety-like behavior were assessed using the OFT test. (b) TBI caused a decrease
in total distance and time in center in the OFT. Meanwhile, mice underwent TBI had lower discrimination indexes in the NOR and higher mNSS scores in mNSS
evaluation. Data are presented as mean + SEM (n = 8-10 per group). ** p < 0.01, compared to Sham group.
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Fig. 2. Pathological changes following TBI. (a) Representative 60 x H&E microphotographs depicting the ipsilateral cortex in the four study groups. Heavy bleeding
(blue arrow), eosinophil accumulation (black arrow), increased glial cells (purple arrow), irregular shape and pyknotic and deeply stained neurons (yellow arrow)
were prominent in area surrounding the lesion following TBI. (b) Images of the peri-impact area in the cortex. Arrow indicates Nissl body. Scale bar = 60 pm. (c)
Quantitative analysis of Nissl bodies and brain water content in the injured cortex. Data are presented as mean + SEM (n = 4-6 per group). ** p < 0.01, compared to
Sham group.

2. Materials and methods China). Animals were housed in an animal facility (22-24 °C) under a 12-

hour light-dark cycle with ad libitum access to food and water. All
procedures were conducted in accordance with the Provision and Gen-
eral Recommendation of Chinese Experimental Animals Administration
Legislation.

2.1. Animals

Male C57BL/6 mice were purchased from China Academy of Military
Medical Sciences (Beijing, China). CCL7~/~ mice (on a C57BL/6J
background) were provided by GemPharmatech Co., Ltd. (Nanjing,
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Fig. 3. Iba-1 immunoreactivity and pro-inflammatory cytokine levels following TBI. (a-b) Co-localization of CCL7 Iba-1 (a microglia-specific marker) with IL-18 and
CCR2 on TBI brain sections (n = 3 per group). Scale bar = 100 pm. (c) Levels of TNF-q, IL-1, IL-6 and IL-18 in the cortex and serum were measured by ELISA. TBI
caused a significant increase in the concentrations of TNF-«, IL-1p, IL-6 and IL-18 in the cortex and serum (n = 6 per group). Data are presented as mean + SEM. ** p
< 0.01, compared to Sham group.

2.2. Experimental design same CCI protocol.

Experiment 1: Forty-eight male C57BL/6 mice were randomly
divided into four groups (n = 12/group): sham, TBI 24 h, TBI 72 h, TBI
168 group. TBI mice were exposed to CCI, while sham animals

To assess the influence of CCL7 on microglia-mediated inflammation
in TBI, the study consisted of two experiments, both of which used the



J. Xue et al.

International Immunopharmacology 99 (2021) 107975

a
Sham TBI 24h TBI 72h TBI 168h
Cortex CCL2 | ) 0143573 | 30.8242673" | 38.8045708° | 4503+4.338°
(pg/mg)
Serum CCL2 |53 116700 | 202541687 | 220.6+18.04" | 243.9+19.74%
(pg/mL)
b
; <z< 2.5
[4 [4
:E: :E: 2.0
g g 15
g % 1.0
E E 0.5
© Sham TBI24h TBI72h TBI168h ’ Sham TBI24h TBI72h TBI 168
[ > A & d
é“‘b& &‘b\'\?‘ &Q’\'\ &$¢b 25 2.0
CCL2| "% s s z 20 § 15
— - g 15 3 10
CCR2 L — — — | S 10 g
s 0.5 cos
GAPDH | s 4 SRS S oo 00
Sham TBI24h TBI72h TBI 168h

Sham TBI24h TBI72h TBI168h

Fig. 4. CCL2 and CCR2 expression in the cortex and serum following TBI. (a) The ELISA analysis of CCL2 in the cortex and serum of mice (n = 6 per group). (b) The
mRNA expression of CCL2 and CCR2 in the cortex was measured by real time RT-PCR (n = 3 per group). (c) The protein expression of CCL2 and CCR2 in the cortex
was detected by western blot (n = 3 per group). Data are presented as mean + SEM. * p < 0.05, ** p < 0.01, compared to Sham group.

underwent the same procedure except for the contusion. At the indicated
time point, behavioral tests including neurological severity score
(mNSS) evaluation, open field test (OFT) and novel object recognition
test (NOR) were performed sequentially to evaluate the neurological
deficits of mice. Then blood was collected, and animals were euthanized
by cervical dislocation.

Experiment 2: Twenty-four male CCL7 wild type and twenty-four
CCL7 knockout (CCL7 /~) mice were randomly assigned to either a
sham group or a TBI group (n = 12 per group). TBI mice were exposed to
CCI, while sham animals underwent all surgical procedures but were not
subjected to the contusion. At 72 h post TBI, behavioral tests including
mNSS, OFT and NOR were performed sequentially to evaluate the
neurological deficits of mice. Then blood was collected, and animals
were euthanized by cervical dislocation.

2.3. Controlled cortical impact (CCI) injury

Traumatic brain injury was induced by controlled cortical impact as
previously described [17]. Briefly, mice were anesthetized with iso-
flurane (induction: 3%, maintenance: 1.5%) and placed on a stereotaxic
frame. A 5 mm craniotomy was performed to the left of the midline
sagittal suture, between lambda and bregma. Then TBI mice received a
single impact at 1.0 mm depth with a 3.5 mm diameter tip onto the
cortex (6 m/s, Leica Biosystems). The sham mice received all procedures
except the contusion.

2.4. Cell culture and treatment

Primary astrocytes were cultured from the cerebral cortices of 1-day-
old C57/B6J mouse pups as described previously [18]. Briefly, the ce-
rebral cortices were dissected out and the tissues were digested using
0.25% trypsin for 10 min at 37 °C. Subsequently, cells were seeded and

maintained in Dulbecco’s Modified Eagle Medium (DMEM)/F12 con-
taining 15% FBS and penicillin/streptomycin. Cell suspensions were
plated into 75 cm? flasks and incubated at 37 °C in a CO2 incubator (5%
CO2). A week later, microglia and oligodendrocytes were removed by
shaking for 16 h at 200 rpm. The resulting astrocytes were trypsinized,
seeded into new flasks, and cultured for 6 days. Cell culture medium was
changed twice a week. The confirmation of astrocytes was performed by
immunofluorescence staining for the astrocytic marker GFAP. For
knockdown of CCL7, lentiviral infection was performed with astrocytes
as described below. Forty-eight hours later, co-cultures of astrocytes and
microglia were reconstituted by adding BV2 cells into astrocyte cultures
[19]. Then, the mixed cultures were challenged with 1 pg/ml of LPS
(Sigma, L2630, serotype O111:B4) for 6 h.

2.5. Lentiviral infection

For the inhibition of CCL7 expression using siRNA, primary mouse
glial cells were grown to 80% confluence and transiently transfected
with 50 nm CCL7 siRNA or the negative control (NC) siRNA for 48 h at
37 °C using Lipofectamine® 2000 reagent. CCL7 siRNA (forward 5'-
GCCCAATGCATCCACATGCTGCTATTT-3' and reverse 5'-ATAGCAG-
CATGTGGATGCATTGGGCTT-3') and negative control siRNA were
purchased from Bai Wo Rui Pharmaceutical Research Institute Co., Ltd.
(Nanjing, China).

2.6. Open field test (OFT)

Mice were gently placed in the center of an open field apparatus (40
cm x 40 cm x 40 cm) and video recorded for 5 min. The total distance
traveled and time spent in the central section (15 x 15 cm) were
analyzed by ANY-maze software. The apparatus was cleaned with 70%
alcohol between trials.
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Fig. 5. CCL7 levels in the cortex and serum following TBI. (a) Co-localization of CCL7 and GFAP (an astrocyte-specific marker) on TBI brain sections (n = 3 per
group). Quantification of GFAP + cells per area (mm?) and CCL7" GFAP™ fluorescence intensity. (b) The ELISA analysis of CCL7 in the cortex and serum of mice (n =
6 per group). (c) The mRNA expression of CCL7 in the cortex was measured by real time RT-PCR (n = 3 per group). (d-e) The protein expression of CCL7 in the cortex
was detected by western blot (n = 3 per group). Data are presented as mean + SEM. * p < 0.05, ** p < 0.01, compared to sham group.

2.7. Novel object recognition test (NOR)

The NOR test was performed as previously reported [20]. The mouse
was placed in a white plexiglass box (40 cm x 25 cm x 20 cm) and
exposed to two of the same objects for 10 min. One hour later, the mouse
was returned to the box, and one of the familiar objects was replaced by
a novel object. Mice were allowed to explored for 5 min and discrimi-
nation index was analyzed by ANY-maze software. The discrimination

index was defined as (time spent exploring the novel object)/(total time
spent exploring both objects)] x 100%.

2.8. Assessment of neurological function
To evaluate the neurological functional deficit, the modified neuro-

logical severity score (mNSS) which includes motor, sensory, balance,
and reflex tests was performed [21]. The mNSS score was graded on a
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Fig. 6. Effects of CCL7 deletion on TBI-induced neurological deficits and pathological changes. (a) CCL7 deletion reversed TBI-induced increase in mNSS scores as
well as decrease in discrimination index, total distance and time spent in center (n = 10 per group). (b) Representative 60 x H&E microphotographs depicting the
ipsilateral cortex in the four study groups. Heavy bleeding (blue arrow), eosinophil accumulation (black arrow), increased glial cells (purple arrow), irregular shape
and pyknotic and deeply stained neurons (yellow arrow) were prominent in area surrounding the lesion following TBI. (c) Quantitative analysis of brain water
content (n = 3 per group). Data are presented as mean + SEM. Statistical analysis: two-way ANOVA followed by Tukey correction. *# p < 0.01, compared to wild

type + sham group; “ p < 0.05, “* p < 0.01, compared to wild type + TBI group.

scale of 0-18 (0 = normal function; 18 = maximal deficit). The test was
conducted by investigators who were blinded to the experimental
groups.

2.9. Hematoxylin and eosin (H&E) staining

An H&E staining kit was used for the observation of histological
changes in brain tissue (Beyotime). Cortical brain sections (5 pm) were
stained with hematoxylin and eosin according to the manufacturer’s
protocol. Images were visualized under a light microscope.

2.10. Nissl staining

Nissl staining was performed to reveal Nissl bodies using a Nissl
staining solution (Beyotime) according to the manufacturer’s in-
structions. Briefly, the sections were stained in Nissl staining solution for
5 min. After rinsing with distilled water, the slices were dehydrated and
mounted with neutral balsam. Images were captured and analyzed using
a light microscope.

2.11. Brain water content determination

Brain water content was used to assess cerebral edema as described
elsewhere [22]. The brains were removed and placed on a dry surface.
The cerebral hemisphere was equally cut along sagittal sutures. Samples
were weighed using a chemical balance to acquire the wet weight, and
then dried at 75 °C for 48 h obtain the dry weight. Brain water content
was calculated as [(wet weight — dry weight) / wet weight] x 100%.

2.12. ELISA

The concentrations of TNF-a, IL-1f, IL-6, IL-18, CCL2 and CCL7 in the
cortex and serum were measured with commercial ELISA kits (Jingmei
Biotechnology).

Sample preparation: For the detection of brain protein levels,

ipsilateral cortical tissues were rinsed with cold PBS to remove residual
blood, weighted, and shredded. Then tissue samples were homogenized
in ice-cold PBS (1:9, w/v) with protease inhibitor cocktail using pellet
pestles on ice. The supernatants were collected after centrifugation at
5000 x g for 5-10 min. For the detection of serum protein levels, blood
was collected from the apex of the heart and let sit at 4 °C for more than
30 min. The supernatants were collected after centrifugation at 3500 x g
for 20 min.

Assay procedure: Briefly, 10 ul sample plus 40ul sample diluent were
loaded into the wells and incubated at room temperature for 1 h. Then
the plates were incubated with 50 pL antibody cocktail. After washing,
plates were incubated with 50 pL of substrate A for 15 min, then 50 pL of
solution B for another 15 min. The reaction was stopped by adding 50 pL
of stop solution to each well. Absorbance was read at 450 nm. The values
were compared to the standard curve, and the concentrations were
determined.

2.13. Immunofluorescence staining

Immunofluorescence staining was performed as described elsewhere
[23]. Briefly, cryosections or cells were post-fixed in 4% para-
formaldehyde for 10 min, washed in PBS, and then permeabilized with
1% Triton® X-100/PBS for 10 min. Non-specific labeling was blocked by
10% goat serum for 1 h. For antigen detection, sections were incubated
with anti-GFAP (Abcam, ab279290), anti-Iba-1 (Wako, 019-19741,
016-26721), or anti-CCL7 (Bioss, bs-1987R), anti-IL-1f (CST, 12242),
and anti-CCR2 (Invitrogen, PA5-23043) at 4 °C overnight. The following
day, sections were washed in PBS and incubated with goat anti-rabbit or
anti-mouse IgG antibodies conjugated to AlexaFluor488 or Alexa-
Fluor594 for 1 h at room temperature. Images were processed with
Image J for quantification analysis.

2.14. Western blot

The western blot was conducted as previously described [24]. Total
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Fig. 7. Effects of CCL7 deletion on TBI-induced inflammatory response. (a) Representative images of GFAP and Iba-1 immunoreactivities in the cortex of mice. Scale
bar = 50 pm. (b) Quantification of GFAP* and Iba-1" cells per area (mm?) in the cortex (n = 3 per group). (c) Concentrations of TNF-q, IL-1p, IL-6 and IL-18 in the
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cortex and serum were detected by ELISA kits. CCL7 knockdown attenuated TBI-induced increase in TNF-a, IL-1p, IL-6 and IL-18 levels (n = 6 per group). Data are

presented as mean + SEM. Statistical analysis: two-way ANOVA followed by Tukey correction. *# p < 0.01, compared to wild type + sham group; p < 0.05, **p <

0.01, compared to wild type + TBI group.

protein was prepared by homogenizing the cortex and the concentration
was determined by the bicinchoninic acid assay. Protein samples (2-3ul,
0.2-0.4ug/ul) were subjected to 15% SDS-Tris glycine gel electropho-
resis and transferred to polyvinylidene-difluoride membranes. Subse-
quently, membranes were blocked with 3% BSA and incubated with
polyclonal rabbit antibody raised against CCL7, CCL2 (CST, 41987) and
CCR2 (Bioss, bs-10964R) overnight at 4 °C. An IgG monoclonal antibody
against GAPDH was used as a loading control. The next morning, blots
were washed in TBST and incubated with horseradish peroxidase con-
jugated anti-rabbit antibodies for 1.5 h at room temperature. The
membrane was developed using the ECL-Plus protein detection kit.
Signals were detected using chemiluminescence and analyzed by ImageJ
software.

2.15. Real time RT-Pcr
Real-time RT-PCR analysis was performed using the SYBR Green PCR

Master Mix and 7300 real-time PCR system as previously described [25].
GAPDH was used as an internal standard. The following

oligonucleotides were used as primers:

Primers Forward Reverse

CCL7 5'- 5'-
ACAAAAGATCCCCAAGAGGAAT- TCTTGAAGATAACAGCTTCCCA-3'
3

CCL2 5'- 5-TTCTGATCTCATTTGGTTCCGA-
TTTTTGTCACCAAGCTCAAGAG- 3
3

CCR2 5'- 5'-TCATTCCAAGAGTCTCTGTCAC-
GCTCATCTTTGCCATCATGATT- 3
3

GAPDH  5'- 5'-
AGGTCGGTGTGAACGGATTTG-3' TGTAGACCATGTAGTTGAGGTCA

— 3/

2.16. Statistical analysis

All data were expressed as means + SEM. The data were statistically

analyzed by one-way analysis of variance (ANOVA) with Dunnet
correction or two-way ANOVA with Tukey correction using GraphPad
Prism 8 software. p < 0.05 was considered statistically significant.
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Fig. 8. Effects of CCL7 deletion on TBI-induced production of CCL2 and CCR2. (a-c) Western blots of CCL2 and CCR2 in cerebral cortex. Quantification of CCL2 and
CCR2 protein abundance relative to GAPDH loading control (n = 3 per group). (d-e) mRNA levels of CCL2 and CCR2 in the cortex were assessed by real-time PCR (n
= 3 per group). (f-g) CCL2 levels in the cortex of wild type and CCL7”" mice were detected with ELISA (n = 6 per group). Data are presented as mean + SEM.
Statistical analysis: two-way ANOVA followed by Tukey correction. * p < 0.05, " p < 0.01, compared to wild type + TBI group.

3. Results
3.1. TBI leads to neurological deficits and pathological changes

To assess neurological damage following TBI, a time course of
behavioral tests including NOR, mNSS and OFT were carried out 24, 72
and 168 h post CCI surgery (Fig. 1). In the NOR test, mice underwent TBI
showed significant lower discrimination index relative to the shams,
demonstrating cognitive deficits following TBI. Moreover, TBI signifi-
cantly elevated mNSS scores when compared with sham levels, sug-
gesting declined neurological function. To examine spontaneous
locomotor activity and anxiety-like behavior, mice were subject to the
OFT test. TBI mice spent shorter time in the central area and traveled less
total distance compared with the Sham group, reflecting that TBI eli-
cited anxiety and harmed general locomotor activity.

The brains of the mice were examined postmortem. Fig. 2a shows
representative images of the H&E-stained coronal section following TBI
injury. Note that brain tissue in the sham group had clear brain tissue
structure and regular cell arrangement. In contrast, heavy bleeding,
irregular shape, eosinophil accumulation, nuclear pyknosis and
increased glial cells were observed in the cortex on the lesion side. The
neuronal survival in the peri-impact area of the cortex was investigated
with Nissl staining (Fig. 2b-c). The TBI groups had a significantly lower
percentage of neuronal survival than the sham animals. Next, we
assessed blood-brain barrier (BBB) permeability using the brain water
content measurement. The results demonstrated that CCI caused a sig-
nificant increase in the ratio of water content in the injured cerebral
hemisphere.

3.2. TBI triggers microglia-mediated inflammatory response

To assess whether TBI triggers microglia-mediated inflammation, the
co-localization of Iba-1 (a marker for microglia) with IL-1p and CCR2, as
well as the levels of pro-inflammatory cytokines and chemokines were
determined. Our results demonstrated that TBI mice had increased co-
localization of Iba-1 with IL-1p and CCR2 in the perilesional cortex tis-
sue relative to the sham group (Fig. 3a-b). Moreover, enhanced circu-
lating levels of TNF-a, IL-1p, IL-6 and IL-18 were observed in the serum
and cortex obtained from TBI mice (Fig. 3c), as compared with sham

controls. TBI also increased CCL2 concentrations in the cortex and serum
(Fig. 4a). The mRNA and protein expression levels of CCL2 and CCR2
were elevated following TBI (Fig. 4b-d). All together, these findings
suggest the microglia-controlled inflammatory response following TBI.

3.3. TBI upregulates astrocytes-derived CCL7 expression

We further examined astrocytes-released CCL7 expression by the co-
localization of CCL7 and GFAP (a marker for astrocytes). The results
showed mice that underwent TBI had significantly increased GFAP™
cells as well as CCL7 co-localization with GFAP compared with controls
(Fig. 5a), indicating the occurrence of reactive astrogliosis and the in-
crease of astrocytes-derived CCL7 after TBI. Additionally, TBI promoted
CCL7 production in the cortex and serum, and increased the mRNA and
protein levels of CCL7 in the cortex (Fig. 5b-e).

3.4. CCL7 deletion attenuates neurological deficits and pathological
changes after TBI

To investigate the role of CCL7 in TBI, CCL7 /™ mice were used in
this study. Behavioral tests showed that the increased mNSS score and
decreased discrimination index, time spent in center and total distance
travelled following CCI modeling were all reversed by CCL7 deletion
(Fig. 6a). Furthermore, degenerated cells and brain edema were pro-
foundly alleviated by CCL7 knockout (Fig. 6b-c). Together, these data
indicated that CCL7 deletion attenuates the neurological defects and
pathological changes after TBI.

3.5. CCL7 deletion reduces microglia-mediated inflammatory response
after TBI

Next, we evaluated the involvement of CCL7 on microglia-mediated
inflammation following TBI. Fig. 7 shows that the Iba-1 and GFAP
immunoreactivity as well as TNF-a, IL-1p, IL-6 and IL-18 production in
the cortex and serum were increased following TBI surgery, while were
greatly decreased after CCL7 ablation. Consistent with these results,
CCL7 knockout reversed the protein and mRNA expression of CCL2 and
CCR2 in the cortex, and reduced CCL2 concentrations in the cortex and
serum (Fig. 8). Taken together, these findings indicate that CCL7 plays a
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critical role TBI-triggered neuroinflammation.

3.6. CCL7 siRNA reversed LPS-stimulated inflammatory response in the
co-culture of microglia and astrocytes.

To verify the effect of astrocyte-derived CCL7 on microglial activa-
tion in vitro, we co-culture primary astrocytes (Fig. 9a) with BV2
microglia cells. Primary astrocytes were transfected with CCL7 lenti-
virus for CCL7 inhibition, and then co-cultured with BV2 cells. LPS (a
strong stimulator of microglial activation) was subsequently used to
stimulate an inflammatory response in microglia [26]. The western blot
analysis revealed that LPS treatment markedly upregulated the protein
expression of CCL7, CCL2 and CCR2 in the co-culture, which was
reversed in the presence of CCL7 siRNA (Fig. 9b). Moreover, protein
analysis via ELISA showed a significant increase in the release of TNF-q,
IL-1B, IL-6 and IL-18 following LPS intervention, which was also sup-
pressed by CCL7-siRNA transfection (Fig. 9¢). These results indicate that
astrocyte-derived CCL7 facilitates microglial activation in vitro.

4. Discussion

Traumatic brain injury (TBI) is a common neural trauma caused by
blunt mechanical force, and is considered as a critical public health and
socioeconomic problem throughout the world [27]. TBI consists of a
primary injury from the immediate mechanical insult and a secondary
injury due to the pathology of blood brain barrier (BBB) disruption,
excitotoxicity, neuronal cell death, inflammatory response, mitochon-
drial dysfunction and free radical formation. The second injury leads to a
high mobility of long-term disability including PTSD, cognitive im-
pairments, and neurobehavioral deficits [28,29].

Inflammation is the body’s response to tissue damage, including
infection, trauma, and disease [30]. The role of inflammation perpetu-
ating the secondary injury response following traumatic brain injury has
received a significant amount of attention over the last two decades as it
dictates disease progression and impact post-injury recovery [31].
Microglia are specialized immune cells of the brain with phagocytic and
antigen-presenting capabilities [7]. As the primary mediators of the
innate immune response in the CNS, microglia are constantly surveying
their environment for deleterious signals of foreign or endogenous
origin [32]. Upon detection of an insult, microglia respond by becoming
activated and initiate a neuroinflammatory response which, includes
production of cytokines and chemokines, to recruit additional cells and
induce them to clear injurious agents and maintain brain homeostasis
[33]. However, recent evidence indicates that the homeostatic func-
tioning of microglia is compromised in traumatic brain injury, results in
a chronic neuroinflammatory state [31]. Johnson et al. examined the
pathological changes in injured post-mortem human brains and
demonstrated that a single moderate or severe TBI is associated with
persistent activation of microglia (CR3/43- and/or CD68-
immunoreactive) in the corpus callosum up to 18 years post injury
[34]. Similarly, in a TBI mouse model, persistent microglial activation
was observed in the injured cortex 1 year after CCI, and was associated
with progressive lesion expansion, hippocampal neurodegeneration,
myelin loss, activated neuroinflammation and oxidative stress [35].
Moreover, increased TNF-a concentration was observed in patients with
traumatic brain injury [36]. TBI provoked microglia activation and
upregulated the protein expressions of NF-kB, TNF-a, IL-1p, and IL-6 in
the peri-contusive cortex of rats [37]. In line with these studies, we found
that mice underwent CCI modeling had enhanced Iba-1*IL-1p* and Iba-
17CCR2" immunoreactivities and promoted TNF-a, IL-1p, IL-6, IL-18,
CCL2 and CCR2 levels, confirming the activation of microglia-evoked
inflammatory response following TBI.

CCL7 is one of the most pluripotent chemokines that plays a pivotal
role in immune response [38]. CCL7 activation results in a significant
enhancement in CCL20, IL-12p40 and IL-17C levels in a mouse model of
psoriasis [12]. CCL7 deficiency attenuated LPS-induced total leukocyte
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and neutrophil accumulation in mice [39]. Astrocytes, the potent pro-
ducers of CCL7, are characteristic star-shaped glial cells that participate
in numerous aspects of central nervous system (CNS) physiology ranging
from ion balance to metabolism [40]. A study showed that astrocytes-
released CCL7 could activate spinal microglia by stimulating CCR2 (a
CCL7 receptor that mainly detected in microglia) under the neuropathic
pain [14]. In this study, TBI increased CCL7 co-localization with GFAP
and upregulated CCR2 levels, demonstrating the interaction between
astrocytes and microglia through CCL7 signaling in TBI. Furthermore,
CCL7 deficiency mitigated microglia-controlled inflammatory response,
brain morphology and neurological dysfunction after TBI, confirming
the essential role of CCL7 in TBI-post recovery.

5. Conclusion

In summary, we have identified a critical role for astrocyte-derived
CCL7 in microglia-controlled inflammatory response following TBI.
These results also suggest that CCL7 could serve as a promising target for
the treatment of TBI.
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