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Abstract 

Background Traumatic brain injury (TBI) causes axon tearing and synapse degradation, resulting in multiple neuro‑
logical dysfunctions and exacerbation of early neurodegeneration; the repair of axonal and synaptic structures is criti‑
cal for restoring neuronal function. C‑C Motif Chemokine Ligand 5 (CCL5) shows many neuroprotective activities.

Method A close‑head weight‑drop system was used to induce mild brain trauma in C57BL/6 (wild‑type, WT) 
and CCL5 knockout (CCL5‑KO) mice. The mNSS score, rotarod, beam walking, and sticker removal tests were used 
to assay neurological function after mTBI in different groups of mice. The restoration of motor and sensory functions 
was impaired in CCL5‑KO mice after one month of injury, with swelling of axons and synapses from Golgi staining 
and reduced synaptic proteins‑synaptophysin and PSD95. Administration of recombinant CCL5 (Pre‑treatment: 300 
pg/g once before injury; or post‑treatment: 30 pg/g every 2 days, since 3 days after injury for 1 month) through intra‑
nasal delivery into mouse brain improved the motor and sensory neurological dysfunctions in CCL5‑KO TBI mice.

Results Proteomic analysis using LC‑MS/MS identified that the “Nervous system development and function”‑related 
proteins, including axonogenesis, synaptogenesis, and myelination signaling pathways, were reduced in injured cor‑
tex of CCL5‑KO mice; both pre‑treatment and post‑treatment with CCL5 augmented those pathways. Immunostain‑
ing and western blot analysis confirmed axonogenesis and synaptogenesis related Semaphorin, Ephrin, p70S6/mTOR 
signaling, and myelination‑related Neuregulin/ErbB and FGF/FAK signaling pathways were up‑regulated in the corti‑
cal tissue by CCL5 after brain injury. We also noticed cortex redevelopment after long‑term administration of CCL5 
after brain injury with increased Reelin positive Cajal‑Rerzius Cells and CXCR4 expression. CCL5 enhanced the growth 
of cone filopodia in a primary neuron culture system; blocking CCL5’s receptor CCR5 by Maraviroc reduced the inten‑
sity of filopodia in growth cone and also CCL5 mediated mTOR and Rho signalling activation. Inhibiting mTOR 
and Rho signaling abolished CCL5 induced growth cone formation.

Conclusions CCL5 plays a critical role in starting the intrinsic neuronal regeneration system following TBI, which 
includes growth cone formation, axonogenesis and synaptogensis, remyelination, and the subsequent proper wiring 
of cortical circuits. Our study underscores the potential of CCL5 as a robust therapeutic stratagem in treating axonal 
injury and degeneration during the chronic phase after mild brain injury.
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Introduction
Traumatic brain injury (TBI) is a complex disorder 
caused by external forces and is also the most sig-
nificant cause of death and disability for people under 
the age of 40 [23, 31]. According to the Glasgow 
Coma Scale (GCS), TBI can be clinically divided into 
mild (GCS:14–15), moderate (GCS:9–13) and severe 
(GCS:3–8). Mild TBI is the most common brain injury 
caused by contact sports (i.e., hockey, football), motor 
vehicle accidents, and falls. Evidence from long-term 
studies on soldiers and athletes suggest that mild and 
repeated mild brain injuries are associated with the 
development of Chronic Traumatic Encephalopathy 
(CTE) [19, 37, 44], and also increase the risk of early 
onset Parkinsonism [18], dementia, and Alzheimer’s 
disease (AD) [25, 48].

Axonal shredding and tearing upon the impact, also 
called traumatic axonal injury (TAI) or diffuse axonal 
idiopathic injury (DAI), are the initial direct damages 
from mechanical impact on brain tissue. TAI is char-
acterized by impaired axoplasmic transport, axonal 
swelling, disconnection with small hemorrhagic and/
or non-hemorrhagic lesions, and brain swelling [7]. 
Unfortunately, much evidence suggests that neurons 
within the adult mammalian CNS cannot regenerate 
their axons after injury [13, 43]. Several deleterious cas-
cades will be activated, leading to axon degeneration 

after injury. First, damaged glial cells/oligodendrocytes 
may not be able to provide sufficient energy to support 
neurons and cause neuron degeneration after injury 
[33, 49]. Second, increased calcium  (Ca2+) influx leads 
to neuron apoptosis and degeneration [33, 49]. Third, 
glia scar and myelin-associated inhibitory proteins, 
such as Nogo, myelin-associated glycoprotein (Mag), 
and oligodendrocyte myelin glycoprotein (OMgp), can 
inhibit axonal regeneration after injury [15].

Recent evidence suggests that CNS neurons can revert 
to an embryonic-like growth state in the chronic/remod-
eling phase of injury to facilitate axon regeneration 
[46]. This “redevelopment” state provides a permissive 
microenvironment and the intracellular machinery for 
axon regrowth [9]. The endogenous repair systems acti-
vate and repair damaged axons within the chronic phase 
after axonal injury. The molecular machinery underlying 
axon regeneration is very similar to axon growth, such 
as Rho-GTPases Cdc42, Rac-1, and RhoA, phospho-
inositide 3-kinase (PI3K)/AKT signaling pathways, and 
mitogen-activated protein kinase (MAPK) signaling [38]. 
Importantly, Rho is also the target molecule for myelin-
associated inhibitory proteins [15]. PI3K/Akt activates 
its downstream molecules - the mammalian target of 
rapamycin (mTOR) and promotes axonal regeneration, 
synaptic plasticity, and neuronal survival after injury [35, 
45]. Modulating the mTOR pathway is a novel strategy 
to promote axon regeneration [10]. Among three types 
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of MAP kinases, the Erk cascade is a major pro-survival 
intracellular signaling pathway that can be activated by 
GDNF (glial cell-line derived neurotrophic factor) to pro-
mote neurite outgrowth in the spinal cord [29].

Chemokine CCL5; C-C motif ligand 5, also known 
as RANTES (regulated on activation, normal T cell 
expressed and secreted), shows many protective roles 
after neuronal damage, such as in stroke [51] and AD [24, 
28, 32, 53]. In brain trauma, the plasma level of CCL5 
increases in both human patients and animals after injury 
[2, 20]. Interestingly, CCL5 was found to be raised around 
the axonal transection site in mice immediately after 
injury [3]. The increased CCL5 around the axon transec-
tion site induces leukocyte infiltration to the injury site, 
but its function on neurons is still unclear. Our previous 
study identified that CCL5 is an essential factor in acti-
vating glutathione peroxidase 1 (GPX1) after brain injury, 
consequently reducing oxidative stress and protecting 
hippocampal neurons from oxidative stress-induced 
death; this effect facilitated memory-cognition recov-
ery in mice after mild brain injury [22]. We also showed 
that CCL5 contributes to hippocampal neurons’ ATP 
generation and synaptic complex formation [1]. In addi-
tion, CCL5 expression after spinal cord injury is associ-
ated with axon regeneration and immune suppression 
[57]. The plasma level of CCL5 is highly correlated with 
BDNF, EGF (epidermal growth factor), and VEGF (vas-
cular endothelial growth factor) after stroke [51]; those 
trophic factors contribute to neuron growth and proper 
brain function. Taken together, these findings suggest 
that CCL5 can help neurons survive from energy short-
age and promote axon and synapse regrowth after injury.

In the present study, we identified that this chemokine 
has a robust and attractive effect on neuron growth cone 
formation, axon growth and myelination during post-
injury repair. We specifically demonstrate for the first 
time that these effects are related to the ability of neu-
ronal CCL5 to promote axon growth cone formation, 
axonogenesis and myelination through P70S6/mTOR 
signaling and the NRG1/ErbB and FGF pathways, ulti-
mately augmenting neuronal axon and synapse regrowth 
after injury. Together, CCL5 promotes recovery of axog-
enesis and neurogenesis after brain injury.

Materials and methods
Animas and weight‑drop (WD) model of mild TBI 
and behavioral tests
The Institutional Animal Care approved traumatic brain 
injury (TBI) study protocols and Use Committees of 
the Taipei Medical University (Protocol numbers: LAC-
2021-0004; LAC-2021-0360). Male C57BL/6J mice were 
provided by the National Laboratory Animal Center 
(NLAC), NARLabs, Taiwan. B6.129P2-Ccl5tm1Hso/J 

mice (CCL5 knockout, CCL5-KO, Stock No: 005090), 
purchased from Jackson Laboratory, were maintained 
in NLAC. 3–5 mice were housed per cage with free 
access to food and water. Animal rooms were kept on 
a 12:12-hour light/dark cycle with a room temperature 
of 25  °C; behavior tests were also performed at 25  °C 
Only male mice were used in this study because of the 
well-documented neuroprotective actions of estrogen 
in several neurodegeneration models in mice [11, 12], 
which would add a confound here. Estrogen can inhibit 
the activation of microglia and astrocyte related neu-
roinflammation after injury [55]. On the other hand, 
estrogens also promote neurogenesis and neural recov-
ery [47]. These functions of estrogen would interfere 
with the current study about chemokine CCL5. CCL5 is 
a chemokine which has strong effects on microglia and 
astrocyte; our previous study also showed that CCL5 
can promote neurite outgrowth and synaptic complex 
formation [1, 8]. Thus, we avoided the effects of estro-
gen in the current study.

TBI was induced by weight drop as previously 
described [5, 22, 40–42]. Mice were first anesthetized 
with 2.5% isoflurane with an airflow (rate:1.5–2.0  l/
mins), then placed on a foam sponge underneath the 
weight-drop device (a hollow cylindrical tube with an 
inner diameter of 1.2 cm, 100 cm height). Mild TBI was 
induced by a 30  g weight to strike at the center of the 
mouse brain (Fig. 1A). Sham animals were only anesthe-
tized by isoflurane without TBI induction. Body temper-
ature was maintained during surgery and recovery at 38ºc 
using a heated pad and incubator.

CCL5 KO mice were treated with recombinant mouse 
CCL5/RANTES Protein (478-MR-025, R&D system) in 
the rescue experiments. CCL5 recombinant protein was 
diluted with PBS and given to CCL5 KO mice at a 300 µg/
kg dosage through intranasal delivery as described previ-
ously [22]. In the post-treatment group, CCL5 adminis-
tration persisted in CCL5 KO mice at a dosage of 30 µg/
kg, commencing after 3 days post-infection (dpi) and 
continued every two days for one month. CCL5 recom-
binant protein was conjugated by Alexa Fluor™ 594 
(Microscale Protein Labeling Kit, A30008, Invitrogen) 
for tracking the distribution of recombinant CCL5 in the 
brain [22].

a) mNSS Score: Modified Neurological Severity Scores 
(mNSS) is a neurological function test with several 
behavioral parameters that indicate overall neuronal 
function. mNSS scores include motor, sensory, reflex 
and balance performance evaluation. The param-
eters were graded as 0 to 18; a composite score of ≤ 6 
designates normal or a mild TBI, 7–12 designates a 
moderate TBI, and ≥ 13 designates a severe TBI.
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b) Beam walking: The beam consists of 1.2-meter beam 
with a flat surface of 10 mm (width) x 15 cm (height). 
A black “safe box” was placed at the end of the beam. 
Mice went through the beam three times; the first 
time was taken as training; the last two times were 
analyzed with the number of foot faults. The time 
spent passing the beam was also counted [39].

c) Rotarod: An accelerating rotarod (Ugo-Basile, Col-
legeville) [54] was used. Mice were placed on the 
slowly rotating rod (5 rotations per minute, RPM) for 
training, then switched to an acceleration mode from 
5 to 60 rpm within 3 min. Mice performed three tri-
als and the time of falling from the rod in those trials 
was recorded.

d) Adhesive removal test (ART): Small adhesive tape 
strips (0.3 cm x 0.4 cm) were placed on both the left 
and right paws of the mice; they were then put into 
an empty home cage, and the time for removing tape 
strips was recorded. Observers were blinded to treat-
ment groups in all behavioral tests [6].

Golgi staining and immunohistochemistry staining
Mice were anesthetized with Zoletil-50 (66F4, Virbac) 
and Rompum (PP1523, Bayer) mixture and perfused with 
0.9% NaCl for Golgi staining or perfused with 4% para-
formaldehyde (Sigma, 158127) in 0.1 M phosphate buffer 
(0.1 M PB) for immunostaining. The mouse whole brain 
was treated with the impregnation solution provided in 
the FD Rapid GolgiStain™ Kit (FD Neurotechnologies, 
Inc., Columbia, USA, Cat. #: PK401), as we previously 
published [1]. In short, brains were sectioned into 150 μm 
slices with a Microtome (Leica, VT1000S) and then 
developed using the FD Rapid GolgiStain solution fol-
lowing the experimental procedure provided by the man-
ufacturers. Stained brain slides were then fixed on glass 
slides coated with gelatin solution (Merck cat no:1.04070) 
dehydrated with EtOH and Xylene and mounted by 
Acrytol mounting medium (3801720, Leica). For the 
Sholl analysis, cortical neurons (40x magnification) were 
captured and processed using Fiji-ImageJ2 (NIH, v2.9). 
Individual neurons were assessed using concentric circles 

Fig. 1 Weight drop induced mild traumatic brain injury and caused cortical function impairment in mice. A An illustration 
of the weight‑drop‑induced motor and sensory cortex injury site. B The protein levels of CCL5 in the cortex after 1‑, 4‑, and 7 days of injury (dpi) 
were detected by ELISA assay (sham vs. 1 dpi, p = 0.0420; sham vs. 4 dpi, p = 0.0177; sham vs. 7dpi, p = 0.0281. Data were presented as mean ± SEM 
and analyzed by t‑test following Mann‑Whitney test). C The mNSS score of both WT and CCL5‑KO mice showed mild brain injury. (WT sham 
vs. TBI, p = 0.0038; KO sham vs. TBI, p < 0.0001; WT‑TBI vs. KO‑TBI, p < 0.0001). The motor function of 4 groups of mice included falling time 
from the accelerating Rotarod (WT sham vs. TBI, p < 0.0001; KO sham vs. TBI, p < 0.0001; WT‑TBI vs. KO‑TBI, p = 0.0002) (D) and foot faults with beam 
walking (WT sham vs. TBI, p = 0.0011; KO sham vs. TBI, p = 0.0019; WT‑TBI vs. KO‑TBI, p < 0.0001) (E). Sensory function was analyzed by limb sticker 
removal (WT sham vs. TBI, p = 0.0003; KO sham vs. TBI, p = 0.0173; WT‑TBI vs. KO‑TBI, p = 0.0399) (F). Data was analyzed from both paws. (n = 7–9 
animals in C–F) Data in C–F were analyzed by two‑way ANOVA and presented as mean ± SEM. The time of induced brain injury (mild traumatic 
brain injury, mTBI)
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with increasing radii (1 μm increments) centered on the 
cell body. Quantification of spines and swelling dendrites 
was analyzed using Fiji-ImageJ2. The number of spines 
was normalized by the length of the axon, and the per-
centage of swelling dendrites was calculated. Quantifica-
tion was conducted utilizing data derived from 5 slides 
from 3 individual mice within each experimental group.

For immunostaining, mouse brains were cryostat sec-
tioned at 30  μm; brain sections were treated with 1% 
sodium bicarbonate in 0.1 M PB for 30 min and blocked 
with 3% normal goat serum (NGS) and 3% BSA in PBS 
containing 0.25% Triton X-100. Primary antibody was 
prepared in a blocking buffer and incubated with brain 
sections at 4℃ overnight. After washing three times with 
PBS with calcium and magnesium (PBSc/m), brain tis-
sues were incubated with secondary Ab for 40  min at 
room temperature. DAPI (Sigma, D9542) was used to 
label the nuclei. Tissues were mounted on slides with 
antifade mounting medium VECTASHIELD (Vector 
H1000). Primary antibodies were listed in the antibodies 
table-Supplementary Table 1. Controls consisted of omis-
sion of the primary antibody, and observers were blinded 
as to the treatment group. Quantification was performed 
using data obtained from analysis of 3–4 slides derived 
from 3 individual mice within each experimental group.

Western blot protein analysis
Mouse cortex tissues were isolated and lysed by RIPA 
buffer (Millipore, # 20-188, Temecula, CA, USA.) with 
protease-phosphatase inhibitor (Thermo Scientific, 
#78446, IL, USA). The protein concentration was deter-
mined by Bradford BCA assay (Bio-Rad, 500-0006). Elec-
trophoresis was performed with a 10% Tris-HCl protein 
gel; 30 µg of total protein was loaded per lane and trans-
ferred to PVDF membranes by a Trans-Blot® Cell system 
(Bio-Rad). Membranes were blocked by 5% skim milk in 
Tris-buffered saline (TBS) with 0.05% Tween 20 (TBST) 
for 1 h at room temperature. Membranes were incubated 
with different primary antibodies (listed in the table) at 
below 4 °C overnight, then washed 3 times with TBST 
and incubated with HRP-conjugated secondary antibod-
ies for 1 h at room temperature. After extensive washing 
with TBST, membranes were developed by the Clarity 
Western ECL Substrate kit (Bio-Rad, 1705061); the inten-
sities of protein bands were quantified by Fiji-imageJ2 
(NIH, v2.15). Quantification was conducted based on the 
analysis of 4 to 6 mice within each respective experimen-
tal group. Antibodies used are listed in the Supplemen-
tary Table 1.

CCL5 ELISA
The levels of CCL5 in mouse brain tissues were meas-
ured using the mouse CCL5/RANTES DuoSet ELISA kit 

(DY478, R&D System) following the manufacturer’s pro-
tocol as in our previous studies [8, 22]. In short, 96-well 
microplates (Corning, 9018) were coated overnight with 
capture antibody at room temperature (RT). After 3 
washings with PBS containing 0.05% Tween 20 (PBST), 
plates were incubated with blocking buffer (1% BSA in 
PBS) for 2 h at room temperature (RT) and washed with 
PBST. 100 µl of brain tissues were added to microplates, 
incubated for 2 h at RT, and washed with buffer 3 times. 
A detection antibody was added and set for 2  h, then 
streptavidin-HRP plus substrate for signal development 
for 30  min. Microplate samples were measured with 
an absorbance reader at 450  nm by iMARK Microplate 
reader (BioRad). The level of CCL5 in each sample was 
calculated based on a standard curve prepared for the 
same experiment and normalized by protein concentra-
tion. Quantification was conducted based on the analysis 
of 4 to 6 mice within each respective experimental group.

LC‑MS/MS and proteomic analysis

a) Sample preparation: Cortical tissues were isolated 
from  CCL5−/− sham (n = 3),  CCL5−/− TBI (n = 3), 
 CCL5−/− TBI + CCL5 pretreatment (n = 5), and 
 CCL5−/− TBI + CCL5 posttreatment (n = 4) groups 
of mice at 28dpi. The tissue was homogenized and 
extracted for protein with ice-cold PBS. Pre-cold ace-
tone was mixed with the protein solution (acetone to 
protein solution ratio was 4:1) and stored at − 80 °C 
for at least 2  h; samples were then centrifuged at 
15,000  g for 15  min at 4  °C. The protein pellet was 
washed twice with 80% acetone solution (4:1 diluent 
with  ddH2O) and precipitated by 15,000 g centrifuga-
tion for 10 min at 4 °C during each wash. The super-
natant was discarded, and the pellet was air-dried on 
ice and resuspended with 6 M urea solution. Protein 
concentration was measured with Barford assay rea-
gent (5000006, Bio-Rad, USA); 50 µg of total protein 
from each sample used in the LC-MS/MS analysis 
was studied at the proteomics core in National Tai-
wan University (NTU) - mass spectrometry technical 
research services from Consortia of Key Technolo-
gies and Instrumentation Center (Taipei, Taiwan). 
The identified proteins were next analyzed by DAVID 
Bioinformatics Resources 6.8. for gene ontology 
(GO) and Ingenuity Pathway Analysis (IPA) for path-
way, network, and upstream molecule identification.

b) The Database for Annotation, Visualization, and 
Integrated Discovery (DAVID) analysis: Sam-
ples were divided into four sets of comparisons, 
including (1)  CCL5−/− sham vs.  CCL5−/− TBI, (2) 
 CCL5−/− TBI vs.  CCL5−/− TBI + CCL5 pretreat-
ment, (3)  CCL5−/− TBI vs.  CCL5−/− TBI + CCL5 
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post-treatment, and (4)  CCL5−/− TBI + CCL5 pre-
treatment vs.  CCL5−/− TBI + CCL5 post-treatment. 
The fold change of identified proteins > 1.25 or < 0.75 
and unpaired t-test p-value < 0.05 from each compar-
ison set were chosen for further analysis. In DAVID 
analysis, proteins were analyzed according to biologi-
cal process, cellular component, molecular function 
(3 categories), and KEGG pathway; p-value < 0.05 are 
shown for each study.

c) Ingenuity Pathway Analysis (IPA): The selection 
protein ID and log2 fold-change (FC) were uploaded 
to IPA (Qiagen) and analyzed with core analysis 
(default setting). Core analysis includes canonical 
pathways, upstream analysis, disease and function, 
and protein network prediction.

 Primary cortical neuron culture and recombinant CCL5 
treatment
Primary neurons were cultured from C57BL/6 and 
 CCL5−/− embryos at day 16.5–17 (E16.5-17) [1, 22]. 
Embryonic brain tissues were digested with buffer 
(2  mg/ml papain, Worthington, LS003119) and 0.05% 
Trypsin-EDTA (Gibco, 25200-072) in Dulbecco’s Modi-
fied Eagle Medium (DMEM, 12800-017, Gibco) for 
14  min and seeded with plating medium (neurobasal 
medium, 21103-049, Gibco) containing 10% v/v heat-
inactivated fetal bovine serum (FBS, 10437-028, Gibco), 
1% v/v Antibiotic-Antimycotic (15240-062, Gibco), and 
2mM L-glutamine (25030, Gibco)). After a 2  h attach-
ment, the medium was replaced with complete medium 
(neurobasal medium containing 1% v/v N-2 supplement, 
17502048, Gibco), 2% v/v B-27 supplement (17504044, 
Gibco), 1% v/v Antibiotic-Antimycotic and 2mM L-glu-
tamine). Half of the medium was replaced every 3 days. 
For the growth cone study, 1 ×  105 primary cortical neu-
rons were seeded in a 6-well plate with a poly-L-lysine 
coated coverslip. Cells were treated with CCL5, CCR5 
inhibitor (Maraviroc, MCE, Cat. No.: HY-13004), mTOR 
inhibitor (Rapamycin, PHG0026, ThermoFisher), or 
ROCK inhibitor (Y27632, Taiclone) at DIV6 and fixed 
with 4% PFA + 3.7% sucrose in PBS at DIV7.

Immunocytochemistry staining and image processing
Primary cortical neurons were fixed with % PFA + 3.7% 
sucrose in PBS, then incubated with 50 mM  NH4Cl for 
10  min and blocked with a blocking buffer (3% BSA, 
10% TX-100 in PBS) for 60  min. After extensive wash 
with PBS 3 times, neurons were incubated with the pri-
mary antibody diluted in blocking buffer overnight at 4 
°C and the corresponding secondary antibody and Phal-
loidin-594 (A12381, Invitrogen) for 1 h at room tempera-
ture the next day. Finally, coverslips were mounted with 

Fluoromount™ Aqueous Mounting Medium (F4680, 
Sigma-Aldrich). Images were acquired with the STELLA-
RIS 8 confocal microscope (Leica). The exported images 
were imported into ImageJ-Fiji (V2.9.0), and the areas 
of Phalloidin + and Tuj-1 + were analyzed. The Phalloi-
din + area was normalized by the Tuj-1 + area, and the 
result was compared with the WT untreated group to 
determine the reactive Phalloidin intensity.

Quantitative PCR
Injured cortical tissue including motor and sensory cor-
tex from both wild-type (WT) and  CCL5−/− mice were 
harvested and extracted the total RNA by TRIZOL rea-
gent (15596018, Invitrogen) Tissue RNA subsequent 
reverse transcript into cDNA using the High-Capacity 
cDNA Reverse Transcription Kit (4368813, Applied Bio-
systems™). Quantitative PCR analysis was carried out by 
iTaq Universal SYBR Green Supermix (Bio-Rad) with the 
StepOnePlus™ Real-Time PCR System (4376600, Applied 
Biosystems™, USA). Primer sequence for mouse CXCR4 
were as: forward − 5’-TGG AAC CGA TCA GTG TGA 
GT-3’; reverse − 5’-AAC CCA TGA CCA GGA TCA CC-3’. 
GADPH primers were as: forward − 5’-GTG TTC CTA 
CCC CCA ATG TGT-3’; reverse − 5’-AGA GTG GCT GTG 
TGT TGA AG-3’.

Statistical analysis
Statistical analysis was conducted using GraphPad Prizm 
8.0 (GraphPad Software, Dan Diego, CA, USA). An 
unpaired t-test analyzed the differences between the two 
groups; One-way ANOVA analyzed the same group anal-
ysis with a confidence interval of 95%, and multiple fac-
tors analysis was conducted with two-way ANOVA. The 
Bonferroni correction was used for serial measurements. 
A p-value < 0.05 was considered significant. All results 
are presented as mean ± SEM.

Results
Weight‑drop model of mild brain injury caused motor 
and sensory cortex dysfunction in CCL5 knockout 
(CCL5‑KO) mice
Both wild-type (WT, C57BL/6) and CCL5-KO mice were 
given mild brain injury using a weight-drop (WD) system 
at about two months of age as in our previous study [22]; 
the weight drop induced head injury as shown in Fig. 1A. 
The redlined circled impact area includes the mouse 
motor and sensory cortex. The expression level of CCL5 
in WT mouse cortical tissues was about 40 pg/mg in the 
cortex, which rapidly increased to 60–160 pg/mg after 1-, 
4-, and 7-day post-injury (dpi) by ELISA assay (Fig. 1B). 
The mNSS was used to evaluate neurological injury after 
1-, 7-, 14-, and 28 days after injury. The mNSS score 
was lower than 4 in all four groups at all time-points 
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consistent with a mild injury in mice. The mNSS score 
slightly increased at 1 dpi and was reduced to 1 at 7 dpi 
in the WT-mTBI group, indicating a functional recov-
ery in WT mice. In contrast, the mNSS score was not 
reduced in CCL5-KO mice even one month after brain 
injury (Fig. 1C). Motor cortex function and sensory func-
tion were evaluated by Rotarod, beam walking, and limb 
adhesive removal tests (ART). The coordination and bal-
ance of mice on the Rotarod (time falling from Rotarod) 
after mTBI was significantly reduced in both WT and KO 
mice at 1 dpi (Fig. 1D). As with mNSS, the balance per-
formance on Rotarod improved in the WT mTBI group 
of mice but not in CCL-KO mice after 7 dpi (Fig.  1D). 
The number of foot faults on beam walking was slightly 
increased in WT mice but markedly increased in CCL5-
KO at 1-dpi (Fig.  1E). This parameter improved after 
7–14 dpi in both groups of mice (Fig.  1E). The walking 
time over the beam was 10.25 ± 0.716 s in WT sham and 
14.67 ± 0.99  s in WT mTBI groups at 1 dpi (p = 0.002); 
in KO mice, the walking time at 1-dpi was 12.65 ± 1.36 s 
in the sham group and 24.62 ± 2.73  s in the TBI group 
(p = 0.002, compared to sham; p = 0.0082 compared to 
WT TBI group). The time to remove adhesive stickers on 
the paws also increased in both WT and KO mice after 
mTBI, which improved more slowly in CCL5-KO mice 
after 7–14 dpi compared to 1–7 dpi in WT mice (Fig. 1F). 
Taken together, the delayed recovery suggests expression 
of CCL5 is important for neural functional recovery after 
mild TBI.

The recovery of axonal injury and synapse reformation 
was impaired in the CCL5‑KO cortex after mild TBI
Golgi staining was used to show the neurite structures in 
cortical neurons adjacent to the injured region (Fig. 2A, 
F). The number of intersections from soma and total 
intersections of neurites were evaluated by Sholl analy-
sis. The number of intersections, total intersections, and 
spine density were reduced, and the number of swollen 
spines was increased in WT mice after 14 days of injury 
(Fig.  2B–E) when cortical function performance had 
already recovered. Those parameters were improved 
after 28 days as enhanced numbers of intersections, total 
intersections, and spine density (Fig. 2B–D); the swollen 
spines were also reduced after 28 days (Fig. 2E). In con-
trast, the number of intersections, total intersections and 
the spine density continued to be reduced in CCL5-KO 
mouse cortex after mTBI over 14 to 28 dpi (Fig.  2G–I), 
and the number of swollen spines also continually 
increased (Fig. 2J). The level of synaptic proteins—PSD95 
reduced slightly and synaptophysin levels reduced and 
were maintained in CCL5-KO mouse cortex tissue over 
14 to 28 dpi (Fig. 2L); this was not seen in the WT cortex 
after injury (Fig. 2K).

Taken together, these findings suggest that impairment 
of cortical motor and sensory function in CCL5-KO mice 
might result from the loss of neurites and spines after 
mTBI. The repair of neurites and regrowth of spines was 
manifested around post-injury 14–28 days according 
to Golgi staining in WT, and this repair process may be 
compromised by lack of CCL5 in the KO animals.

Reduced activation of axonogenesis, synaptogenesis, 
and myelination signaling molecules in CCL5‑KO cortex 
after mTBI
To identify the protein profile changes in the damaged 
brain and its correlation with axon injury in CCL5-KO 
mice after mild TBI, tissues from the CCL5-KO sham 
and injured mouse cortex were harvested and then ana-
lyzed by LC-MS/MS. Gene Ontology (GO) enrichment 
analysis of the entire list of 932 proteins was carried out 
and identified 183 proteins, including 84 up-regulated 
and 99 down-regulated proteins (adjusted p-value < 0.05) 
(Fig. 3A and Supplementary Fig. 1A, also see Supplemen-
tary Data file 1); identified GO terms for each category 
are shown in Fig.  3B and Supplementary Data File 2. 
Synapse and intermediate filament-related proteins were 
identified in the cellular component category (Fig.  3B, 
blue characters). Ingenuity Pathway Analysis (IPA) 
revealed that the major affected disease and function 
moieties were associated with cell morphology, organiza-
tion, and development; organ degeneration, neurodegen-
eration, and necrosis were increased in the Organ injury 
category (Fig.  3C, Supplementary Fig.  1B). Nervous 
system development and function were also the major 
affected disease and function categories; an outgrowth 
of neurites, axonogenesis, and myelination were reduced 
in the Nerve system category (Fig.  3D, Supplementary 
Fig. 1B). Canonical pathways analysis of nervous system 
subcategories identified signaling pathways primarily 
associated with axonogenesis, axon guidance, and neu-
ritogenesis (Supplementary Fig.  1C). These were EIF2, 
eIf4, and p70S6K, Rho family GTPase, axonal guidance, 
CDK5, semaphorin, mTOR, Ephrin, and ERK/MAPK 
signaling (Fig. 3E, F). Neuregulin and ERBB signaling are 
myelination-related signaling molecules (Fig.  3G). Pro-
teins identified in each pathway are listed in the Supple-
mentary Data file 3. We detected the activation of axon 
guidance-related signaling molecules—Semaphorin 3A, 
EphinA5, EphA4, and eIF2a, which were significantly 
lower in the CCL5-KO groups of mice (Fig.  3H, H’). 
Downstream signaling molecules—phosphorylation of 
mTOR (S2448), which is also involved in synaptogen-
esis, was increased in the WT-TBI group but reduced 
in the CCL5-KO TBI group by western blot analysis 
(Fig. 3I, I’). This suggests that mTOR-related function in 
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axonogenesis and synaptogenesis was impaired in CCL5-
KO after injury.

Neuregulin, ErbB2/3, and Erk signaling are essential in 
promoting Schwann cell growth and survival, migration, 

extending axons, and myelination. The expression of 
Neuregulin and phosphorylated-Erk were reduced in the 
cortex tissue of the CCL5-KO TBI group of mice (Fig. 3J, 
J’); in contrast, SMI-32 labeled non-phosphorylated 

Fig. 2 The recovery of axonal injury was impaired in the CCL5‑KO cortex after mild TBI. Golgi staining revealed the axon and spine structures 
in WT and CCL5‑KO mouse cortex with sham treatment and mild TBI – 14 and − 28 days of injury (dpi). A, F The representative images of neurites 
and spine structures in WT and CCL5‑KO mouse cortex; boxed regions were enlarged on the right. Black arrowheads point to the normal dendritic 
spines, and white arrows point to swollen neurites and spines. Scale bar = 1 mm and 20 μm. B, G The number of intersections (WT sham vs. 14 
dpi, p < 0.0001; WT 14 dpi vs. 28 dpi, p < 0.0001; KO sham vs. 14 dpi, p < 0.0001; KO 14 dpi vs. 28 dpi, p < 0.0001. Data were analyzed by two‑way 
ANOVA and presented as mean ± SEM), C, H total intersections (WT sham vs. 14 dpi, p = 0.0018; WT 14 dpi vs. 28 dpi, p = 0.0493; KO sham vs. 14 dpi, 
p < 0.0001; KO 14 dpi vs. 28 dpi, p = 0.0004.), D, I spine density (WT sham vs. 14 dpi, p < 0.0001; WT 14 dpi vs. 28 dpi, p < 0.0001; WT sham vs. 28 dpi, 
no significant difference, NS; KO sham vs. 14 dpi, p < 0.0001; KO 14dpi vs. 28 dpi, p = 0.0399; KO sham vs. 28 dpi, p < 0.0001.), and E, J swollen spines 
(WT sham vs. 14 dpi, p < 0.0001; WT 14 dpi vs. 28 dpi, p < 0.0001; WT sham vs. 28 dpi, p = 0.0231; KO sham vs. 14 dpi, p = 0.0004; KO 14dpi vs. 28dpi, 
p = 0.0229; KO sham vs. 28 dpi, p < 0.0001.) were quantified in different groups of mice (n = 10 in each group). Data in C–E and H–J were analyzed 
by unpaired t‑test and presented as mean ± SEM. K, L The expression of synaptic proteins – PSD95 and synaptophysin in different groups of WT 
and CCL5‑KO mouse cortex, including sham, 4, 7, 14, and 28 dpi, was analyzed by western blot. Quantification of results from 3 independent mouse 
samples in each group is listed above the images of protein blots in 2 K–L. (KO PSD95: sham vs. 4 dpi, p = 0.0015; sham vs. 7 dpi, p = 0.0038; sham 
vs. 14 dpi, p = 0.0147; sham vs. 28 dpi, p = 0.0025. KO Synaptophysin: sham vs. 4 dpi, p = 0.0126; sham vs. 7 dpi, p = 0.0019; sham vs. 14 dpi, p = 0.0089; 
sham vs. 28 dpi, p = 0.0186. Data were presented as mean ± SEM and analyzed by t‑test following Mann‑Whitney test)
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neurofilaments, which indicates damaged axons, was 
significantly increased in the injured cortex of CCL5-KO 
mice after 1 month (Fig.  3J–L, J’). Oligo2-labeled oligo-
dendrocytes were raised in the injured cortex of WT 
mice after mTBI but not in the KO mice (Fig.  3K, M). 
Together, these data support our finding of axonal injury 
and synapse loss shown in Golgi staining (Fig. 2) and cor-
tical neuron dysfunction (Fig. 1) after brain injury in KO 
mice.

CCL5 is an important chemokine in microglia activa-
tion, but the impact of inflammatory responses was not 
the major affected pathway (Supplementary Fig.  1B, 
green); the inflammatory response – macrophage activa-
tion and phagocytosis pathways were reduced in CCL5-
KO mice after TBI (Supplementary Fig. 1E).

Intranasal delivery of recombinant CCL5 after injury 
improves both motor and sensory function
As shown in Fig. 1B, the level of CCL5 protein increased 
to 60 ~ 160 pg/mg in cortex tissue after mild TBI; a low 
dose of CCL5 was thus used here in the following rescue 
experiments. To confirm the effect of CCL5 in neurite 
repair and synapse regrowth after brain injury, we studied 
intranasally (in) delivered recombinant CCL5 (rCCL5) 
into the mouse brain, as we previously used [22]. First, a 
single dosage of rCCL5 (300 pg/g) was administered into 
the CCL5-KO mouse brain just before inducing mTBI 
(Fig.  4A-1). However, a therapeutic treatment after an 
injury is also necessary for the clinical application; thus, 
we also administered a lower dosage series of rCCL5 (30 
pg/g) into the CCL5-KO mouse brain 3 days after induc-
ing mTBI every two days until 28 dpi (Fig.  4A-2). PBS 
treatment was used as a CCL5 TBI control. The rCCL5 

was first conjugated with Alex  FluroTM-594 and the dis-
tribution of rCCL5- Alex  FluroTM-594 in the brain was 
detected by Alex  FluroTM-594 (red) as well as a CCL5-
specific antibody in mouse cortex (Fig.  4B). The boxed 
region indicates the injured cortex region; B’ is part of an 
enlarged image from the boxed region (Fig. 4B). The tis-
sue level of CCL5 was detected by CCL5 specific ELISA 
assay to confirm penetration efficiency. 40 pg/mg of 
CCL5 was detected in mouse prefrontal cortex (CTX) 
tissues after i.n. CCL5 for 6 h and was gradually reduced 
to 20 ~ 30 pg/mg of CCL5 after 24  h (Supplementary 
Fig.  2A), which is similar to the endogenous level of 
CCL5 in WT mouse cortex (Fig. 1B). The localization of 
rCCL5 in mouse cortex was co-labeled with the neuron 
marker-NeuN  (Supplementary Fig.  2B), the astrocyte 
marker-GFAP (Supplementary Fig. 2C) and the microglia 
marker-Ibal (Supplementary Fig. 2D); the results showed 
that rCCL5 colocalized mostly with NeuN-positive neu-
rons (~ 70%, Supplementary Fig. 2B, E).

In the pretreatment with CCL5 (PreL5) study, the 
neurological mNSS score was lower than 4 in all three 
groups of mice, including CCL5-KO sham, TBI + i.n. 
PBS, and TBI + i.n. CCL5 (PreL5) after 1-, 3- and 7-dpi 
(Fig. 4C). Motor function, assessed by Rotarod, improved 
in CCL5-treated CCL5-KO mice after 3 dpi (Fig. 4D); the 
foot faults also improved faster in mice receiving recom-
binant CCL5 compared to the PBS group (Fig.  4E). In 
ART - the time to remove paw stickers in CCL5-KO TBI 
mice receiving recombinant CCL5 was the same as in the 
CCL5-KO sham control animals (Fig.  4F). In contrast, 
the CCL5-KO TBI i.n. PBS group had a much slower 
time for sticker removal at dpi 1 and 4 (Fig. 4F). Thus, the 
cortical function parameters were improved within seven 

Fig. 3 LC‑MS/MS analysis identified a reduction of axonogenesis and myelination signaling pathways in CCL5‑KO mice with mild brain injury. 
A Venn diagram comparing DEPs (differentially expressed proteins) and volcano plot of significant DEPs between sham and mild TBI CCL5‑KO 
mouse cortex. DEPs: p‑value < 0.05 in comparison to sham control, respectively. Colored points represent log2 ratio > 0 upregulated protein (red) 
and log2 ratio < 0 downregulated protein (blue). Selected axonogenesis and myelination pathway‑related proteins are highlighted as indicated 
(Red: myelinations, Green: axonogenesis and synaptogenesis, Yellow: overlapping). Results from Gene Ontology (GO) enrichment analysis of 183 
identified proteins (84 up regulated, 99 down regulated) against a background list of all known mouse protein symbols. B Identified GO terms 
from the three GO groups are shown (Green bar: biological process, Red bar: cellular component, Blue bar: molecular function. Blue character: 
neuron function related). The strength of enrichment of each GO term was indicated by the Log10 p‑value (X‑axis). C, D IPA analysis identified 
affected diseases and function in organ injury (C) and nervous system (D) categories. Z‑score values indicated that functions are predicted to be 
activated (red) or inhibited (blue). Selected IPA canonical pathways in the nervous system identified significant DEPs related to axon (E), synapse (F), 
and myelination signaling pathways (G). Protein blots analyzed the expression of identified proteins in sham and mTBI groups of WT and CCL5‑KO 
mouse cortical tissue, including H, H’ axon guidance‑related Sema3a (WT sham vs. KO sham, p < 0.0001; WT TBI vs. KO TBI, p = 0.0067), EphrinA5 
(WT sham vs. KO sham, p = 0.0015; WT TBI vs. KO TBI, p = 0.0223), EphA4 (WT TBI vs. KO TBI, p = 0.0162), and p‑EIF2/EIF2; I, I’ synapse‑related p‑mTOR/
mTOR (WT sham vs. TBI, p = 0.0319; WT TBI vs. KO TBI, p = 0.0002), and J, J’ myelination‑related: NRG‑1 (WT sham vs. KO sham, p = 0.0045; KO sham vs. 
KO TBI, p = 0.05; WT TBI vs. KO TBI, p = 0.0006), p‑Erk/Erk (WT sham vs. KO sham, p = 0.014; KO sham vs. KO TBI, p = 0.0146), and SMI32 (WT sham vs. KO 
sham, p = 0.0328; WT TBI vs. KO TBI, p = 0.030). K, The immunostaining of unmyelinated neuritis with SMI32 antibody (green) and oligodendrocyte 
by Oligo2 antibody (red) in different groups of mouse cortex. DAPI, blue, for nucleus. Scale = 100 μm. The quantification of L SMI‑32 and M Oligo‑2 
in sham and mTBI groups of WT and KO mice (SMI32: WT sham vs. KO sham, p = 0.0003; WT sham vs. TBI, p = 0.0002; KO sham vs. TBI, p < 0.0009; WT 
TBI vs. KO TBI, p = 0.0002) (Oligo2: WT sham vs. KO sham, p = 0.0003; WT TBI vs. KO TBI, p = 0.0007). Data were analyzed by unpaired t‑test

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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days in the PreL5 group of mice, which suggests early 
CCL5 intervention is beneficial for cortex neuron func-
tion recovery.

In the post-treatment of CCL5 (PostL5) study, the neuro-
logical mNSS score was also lower than 4 in TBI + i.n. PBS, 
and TBI + i.n. CCL5 (PostL5) at -3, -7, and − 14 dpi; the 
mNSS score was reduced faster in mice treated with CCL5 
than in mice treated with PBS (Fig. 4G). The falling times 
from the Rotarod were reduced in both PBS and PostL5 
groups of mice after mTBI, but which improved immedi-
ately when animals received rCCL5 (PostL5) but not PBS 
(Fig. 4H). The number of foot faults from the balance beam 

also improved after rCCL5 treatment but not PBS treat-
ment (Fig.  4I). In ART - the time to remove paw stick-
ers was also reduced quickly right after rCCL5 treatment 
(Fig. 4J).

These findings strongly support an important function of 
CCL5 in cortical neuronal recovery after mild brain injury. 
Both early intervention and subsequent treatment with 
CCL5 improved mouse motor and sensory function.

Fig. 4 Cortical neuron dysfunctions were improved by intranasally delivering CCL5 into CCL5‑KO mice. A An illustration of intranasal delivery (i.n.) 
of recombinant CCL5 into mice. Recombinant CCL5 was administered into mice either (1) 30 min before injury with a single dosage of 300 pg/g 
or (2) 3 days after injury with 30 pg/g every 2 days until 28 dpi. B Recombinant CCL5 conjugated with Alexa Fluor™ 594 was detected by Alexa 
Fluor™ 594 (red) and CCL5 specific antibody (green) in mouse cortex. Images of CCL5 at the injury site in the cortex were enlarged on the right B’ 
(Scale bar = 1 mm in B and 100 µm in B’). DAPI labeled the nucleus. C‑J A Black dashed line points to the time of brain injury. The Purple dashed 
line indicates the treatment with CCL5 before the weight drop impact in C‑F; the green dashed line and green area indicate the post‑treatment 
with CCL5 from 3 dpi until 28 dpi in G‑J. C, G The mNSS score of the CCL5‑KO sham group and mice treated with PBS (control) and CCL5 (300 pg/g, 
single dose) before mTBI or PBS (control) and CCL5 (30 pg/g, every two days) (G: PBS vs Post‑L5, p = 0.0418) after mTBI. Motor function of CCL5‑KO 
mice with i.n. PBS or CCL5 was analyzed by Rotarod (D, H) (D: sham vs PBS, p < 0.0001; sham vs Pre‑L5, p = 0.0010; PBS vs Pre‑L5, p < 0.0001. H: PBS 
vs Post‑L5, p=0.0009), and beam walking (E, I), which was improved in both i.n. CCL5 treated groups. (E: sham vs PBS, p < 0.0001; sham vs Pre‑L5, 
p = 0.0247; PBS vs Pre‑L5, p = 0.0038. I: PBS vs Post‑L5, p = 0.0006). F, J Sensory function was analyzed by sicker removal test (F: sham vs PBS, 
p = 0.0028; sham vs Pre‑L5, NS; PBS vs Pre‑L5, p = 0.0013. J: PBS vs Post‑L5 at 4 dpi, p = 0.015, by t‑test). The time to remove stickers in CCL5‑KO 
mice was reduced after being treated with CCL5. (n = 4 ~ 5 in C‑F; n = 6 in G‑J). Data in D‑I was analyzed by two‑way ANOVA between groups 
and presented as mean ± SEM



Page 12 of 22Ho et al. Journal of Biomedical Science           (2024) 31:91 

CCL5 treatment enhanced axonogenesis, synaptogenesis, 
and myelination signaling in mouse CCL5‑KO cortex 
after mTBI
To further confirm the rescue effect of CCL5 in cortical 
neuron function, cortical tissues from CCL5-KO mice 
with TBI, TBI + PreL5, and TBI-PostL5 were harvested 
and analyzed by LC-MS/MS. GO enrichment evaluated 
the entire list of 1531 proteins and identified 134 proteins 
from PreL5 group vs. TBI, 275 proteins from PostL5 vs. 
TBI, and 54 proteins from PreL5 overlapping with PostL5 

vs. TBI (45 up-regulation, 8 down-regulations. adjusted 
p-value < 0.05) (Fig.  5A–C and Supplementary Figs.  3A, 
4  A-B, 5A-B also see Supplementary Data file 1). Iden-
tified GO terms for each category in PreL5 or PostL5 
treatment are shown in Supplementary Fig.  4C and 5C 
and Supplementary Data file 6, 7. The overlapping por-
tions of PreL5 and PostL5 were analyzed by DAVID GO 
analysis and IPA (Fig.  5C). GO analysis identified that 
CCL5 treatment affected transport, synapse, and syn-
aptosome-related pathways in the cellular component 

Fig. 5 Both pretreatment and post‑treatment with CCL5 enhanced neurite and synapse growth and myelination‑related signaling pathways 
in injured cortical tissue. A Volcano plot of significant DEPs between mTBI and TBI + CCL5 pretreatment (PreL5) CCL5‑KO mouse cortex. B Volcano 
plot of significant DEPs between mTBI and TBI + CCL5 post‑treatment (PostL5) CCL5‑KO mouse cortex. DEPs: p‑value < 0.05 in comparison 
to TBI, respectively. Colored points represent: log2 ratio > 0 upregulated protein (red) and log2 ratio < 0 downregulated protein (blue). Selected 
axonogenesis, neuritogenesis, synaptogenesis, and myelination pathway‑related proteins are highlighted as indicated (Red: myelinations, Green: 
axonogenesis, neuritogenesis, and synaptogenesis, Yellow: overlapping). C Venn diagram comparing DEPs between the TBI group, TBI + CCL5 
pretreatment (PreL5), and TBI + CCL5 post‑treatment (PostL5) groups. 54 identified proteins (46 up regulated, 8 down regulated) were affected 
by both treatments. D Identified GO terms from each of the three GO groups (Green bar: biological process, Red bar: cellular component, Blue bar: 
molecular function. Blue character: neuron function‑related) were shown. The strength of enrichment of each GO term was indicated by the Log10 
p‑value (X‑axis). E IPA analysis identified affected diseases and functions in the nervous system category (Z‑score value indicated that functions are 
predicted to be activated (red). Selected IPA canonical pathways in the nervous system identified significant DEPs related to axon (F), synapse (G), 
neuron development (H), and myelination (I) related signaling pathways in both PreL5 and PostL5 treatments. The Z‑score in different identified 
pathways was shown as a gradient of yellow to red. See also Supplementary Figs. 3, 4, and 5
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category (Fig.  5D, Blue character—Supplementary Data 
File 4. CCL5 treatment reduced abdominal lesion inflam-
mation, necrosis neurodegeneration, the organismal 
death, organ degeneration, and degeneration of brain 
categories in IPA analysis (Supplementary Fig.  3B). The 
major affected diseases and functions are cell death and 
survival, organismal injury and abnormality, especially 
Nervous system development, and Function and cellu-
lar assembly and organization (Supplementary Fig.  3C). 
In the nervous system category, the quantity of neuro-
glia, brain formation, and neuritogenesis were increased 
in the TBI + CCL5 treatment groups (Fig.  5E). The 
reduced axonogenesis, neuritogenesis, and myelination-
related signaling pathways in KO TBI tissue, such as 
eIF2, mTOR, synaptogenesis, Neuregulin, and myelina-
tion signaling were all increased after CCL5 treatments 
(Fig.  5F–I, and Supplementary Fig.  3D). IPA analysis 
showed up-regulation in the axon regeneration signal-
ing pathway (Fig.  5F), synaptogenesis signaling pathway 
(Fig. 5G), and myelination signaling pathway (Fig. 5I) in 
both PreL5 and PostL5 CCL5 treatment. Interestingly, 
CCL5 treatment also enhanced neuron development-
related signaling, such as CNTF, VEGF, Huntington’s dis-
ease, and Reelin (Fig. 5H). (The gradient of yellow to red 
indicates the Z-score value in Fig. 5F–I.). Proteins identi-
fied in each pathway are listed in the Supplementary Data 
File 5, and their connections in different pathways are in 
Supplementary Fig. 3F, G.

The upstream analysis identified several proteins cor-
related with neuron activation (PI3 kinase, PKA, mTOR 
pathway-related, such as OTUD3, FUNDC2, PPP1R1B, 
HTR6), neuronal migration (HTR6, DCLK1), retrograde 
transport (DCLK1), dendrite development and synap-
tic vesicle transport release (LRP8, SV2C), as well as 
transcription factors increasing neurogenesis (TCF7L2, 

HDAC7) or cortical complexity formation (LGALS3BP) 
(green labeled in Supplementary Fig. 3E). ACSBG1 pro-
motes long-chain fatty acid metabolism and myelino-
genesis (red marked in Supplementary Fig.  3E). These 
proteins and signaling pathways may facilitate the resto-
ration of cortical neuron regrowth after trauma.

Cortical neuron axonogenesis, synaptogenesis, 
and myelination were enhanced by CCL5 treatment
We further validated these findings from proteomic anal-
ysis anatomically. Synapse and spine structure in sham, 
TBI, and TBI with pretreatment of CCL5 (TBI + PreL5) 
or TBI with post-treatment of CCL5 (TBI + PostL5) cor-
tex were examined using Golgi staining. The reduced 
spine density in the TBI group of KO mice was restored 
in the TBI + PreL5 and TBI + PostL5 groups of mice 
(Fig.  6A-B); the increased number of swollen spines 
in the TBI group was reduced in both TBI + PreL5 and 
TBI + PostL5 groups of mice (Fig. 6A, C). Synaptic pro-
teins - PSD95 , synaptophysin and GAP43 in the injured 
mouse cortex also increased after CCL5 treatment 
(Fig. 6D, D’).

Those reduced axonal and spine formation-related 
signaling proteins in the TBI group of CCL5-KO mice, 
including Sema3A, phosphor-p70S6, and phosphor-
mTOR, were increased, in both TBI + preCCL5 and 
TBI + PostCCL5 mouse cortex (Fig. 6E, E’). Myelination-
related signaling pathways proteins—NRG-1, phosphor-
Erk (Fig.  6F, F’), and phosphor-FAK-increased (Fig.  6G, 
G’). Unmyelinated neurofilament labeled by SMI-32 
was reduced in those mice receiving CCL5 treatment 
(Fig. 6H, J) with increased oligodendrocytes (Arrowheads 
pointed, Fig. 6H, K). In addition, receptor CXCR4, iden-
tified by LC-MS/MS, was also increased in the CCL5-
administered cortex by both immunostaining and q-PCR 

(See figure on next page.)
Fig. 6 CCL5 treatment enhanced synaptogenesis and myelination by activating the mTOR signaling pathway and the NGR‑ERBB signaling 
pathway after mTBI. Golgi staining of cortical neurons in sham, TBI, TBI with CCL5 pretreatment (PreL5), and TBI with CCL5 post‑treatment (PostL5) 
groups of mice. A The representative images of neurites and dendritic spines in different groups of mice. Black arrows point to swollen spines. 
Scale bar = 10 µm. The spine density (B) and the number of swollen spines (C) were quantified in different groups of mice (n = 10 in each group). 
(B: sham vs TBI, p < 0.0001; TBI vs Pre‑L5, p = 0.0447; TBI vs Post‑L5, p < 0.0001). (C: sham vs TBI, p < 0.0001; TBI vs Pre‑L5, p < 0.0001; TBI vs Post‑L5, 
p < 0.0001) D The expression of synaptic proteins – PSD95 and synaptophysin in KO mice cortex after mTBI with/without CCL5 administration. (D’: 
PSD95: TBI vs Pre‑L5, p = 0.0169; TBI vs Post‑L5, p = 0.0008; Synaptophysin: sham vs TBI, p = 0.004; TBI vs Pre‑L5, p = 0.0032; TBI vs Post‑L5, p = 0.0013; 
GAP43: TBI vs Pre‑L5, p = 0.0079; TBI vs Post‑L5, p = 0.0177). Western blot analyzed the expression of E axon‑related signaling proteins ‑ Sema3, EIF2, 
and mTOR phosphorylation. (E’: SEMA3a: TBI vs Pre‑L5, p = 0.0193; TBI vs Post‑L5, p = 0.0483; p‑p70S6T421: TBI vs Pre‑L5, p = 0.0121; TBI vs Post‑L5, 
p = 0.0238; p‑mTOR: TBI vs Pre‑L5, p = 0.0121). F myelination‑related proteins ‑ Neuregulin, Erk, and SMI32 (F’: NRG‑1: TBI vs Pre‑L5, p = 0.0420; TBI vs 
Post‑L5, p = 0.0127; p‑ERK1/2: TBI vs Pre‑L5, p = 0.0317; TBI vs Post‑L5, p = 0.0303); and G FGF signaling ‑ FAK phosphorylation (G’: p‑FAK: sham vs TBI, 
p = 0.0476; TBI vs Pre‑L5, p = 0.0476; TBI vs Post‑L5, p = 0.0238) in injured cortex in different groups. (n = 4 ~ 5 in each group) H The immunostaining 
of unmyelinated axon ‑ SMI‑32 and oligo‑2 in 4 groups of CCL5‑KO mouse cortex; arrows point to the Oligo‑2 positive cells under the pial surface 
around the injured cortex. The quantification results were in (J) SMI‑32 and (K) oligodendrocytes. (J: sham vs TBI, p < 0.0001; TBI vs Pre‑L5, p < 0.0001; 
TBI vs Post‑L5, p < 0.0001). (K: TBI vs Pre‑L5, p = 0.0004; TBI vs Post‑L5, p = 0.0008). I The immunostaining of Reelin (red, arrows) and CXCR4 (Cyan) 
in mouse cortex in different groups of mice; the q‑PCR quantitative result of CXCR4 in mouse cortex L (L: sham vs TBI, p = 0.0075; TBI vs Pre‑L5, 
p = 0.0047; TBI vs Post‑L5, p < 0.0001). Data were analyzed by unpaired t‑test. See also Supplementary Fig. 6
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analysis  (Fig.  6I–L, and Supplementary Fig.  6).  Interest-
ingly, Reelin signal was increased in the post-CCL5 treat-
ment group which guide axon extension/migration in the 
cortex region (Fig. 6I, and Supplementary Fig. 6).

Although neuronal function in WT mice recovered 
from mTBI quickly (7–14 dpi), the recovery of spine and 

axon was seen only after 14 dpi. Therefore, similar CCL5 
administration was also performed in WT mice. The 
mNSS, Rotarod, beam walking and ART scores changed 
significantly in WT mice receiving CCL5 after TBI, espe-
cially in the PostL5 group (Supplementary Fig.  7A–C). 
The spine density of cortical neurons was significantly 

Fig. 6 (See legend on previous page.)
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increased in both pre- and post-CCL5 treatment groups 
(Supplementary Fig.  7E, F) and the percent of swollen 
spines was reduced by CCL5 administration at 14 dpi 
(Supplementary Fig.  7E, G) by Golgi staining. The fluo-
rescent intensity of SMI-32 immunostaining was reduced 
in both pre- and post-CCL5 treatment groups of mice 
(Supplementary Fig.  7H, I); the number of Oligo2 posi-
tive cells was increased in the Post-CCL5 group (Supple-
mentary Fig. 7H, J).

CCL5 administration significantly increased the pro-
tein expression of synaptophysin and GAP43 in the 
injured mouse cortex in both pre- and post-CCL5 
treated groups (Supplementary Fig. 7K, K’), but the pro-
tein level of PSD95 was only also slightly increased after 
CCL5 treatment (Supplementary Fig.  7K, K’). With the 
axon guidance and mTOR related signaling molecules, 
Post-CCL5 administration significantly increased Reelin 
expression as well as p70S6K and mTOR phosphoryla-
tion (Supplementary Fig. 7L, L’), but not Sema3a (Supple-
mentary Fig. 7L, L’). Both pre- and post-CCL5 treatment 
increased the NRG-1 downstream molecule – Erk1/2 
phosphorylation (Supplementary Fig.  7M, M’) but not 
NRG-1. Interestingly, post-CCL5 treatment increased 
FAK protein expression but not the phosphorylation 
(Supplementary Fig.  7N, N’). Although CCL5 adminis-
tration showed some different activations of signaling 
molecules between WT and CCL5-KO, CCL5 makes a 
significant contribution to in  vivo axonogenesis, synap-
togenesis, and remyelination processes after brain injury 
in both WT and CCL-KO mice.

CCL5 promoted growth cone formation and sprouting 
through receptor CCR5 and mTOR and ERK signaling 
pathway
CCL5 promotes synaptogenesis in hippocampal neu-
rons through the PI3K-Akt-GSK3β pathway shown in 
our previous study [1], but the growth cone regrowth is 
the critical step of axonogenesis after injury. Herein, this 
study identified several signaling pathways activated by 
CCL5 in mouse brains, such as the mTOR, Rho, and FGF 
pathways; we further validated those signaling pathways 

in in  vitro cortical neuron cultures. Cortical neurons 
were cultured from WT and CCK5-KO mice and treated 
with different doses of CCL5 (0, 250, 500, and 1000 pg/
ml of CCL5). FGF treatment was taking as a positive 
control. Phalloidin was used to label the growth cones, 
and Tuj-1 labeled the whole neuron structure. The sig-
nal intensity of Phalloidin was significantly lower in the 
CCL5-KO neurons around growth cones compared to 
WT neurons, which increased with CCL5 treatment in 
KO neurons but slightly in WT neurons (Fig. 7A, B). The 
number of branching was lower in CCL5-KO neurons, 
and increased with CCL5 treatment in both WT and KO 
neurons (Fig.  7A, C). The phosphorylation of mTOR/
p70s6k and Erk signaling was also increased after CCL5 
treatment (Fig. 7D–H).

Blocking CCL5 receptor - CCR5 with a FAD proved 
inhibitor - Maraviroc (5 nM) reduced phalloidin signals 
intensity (Fig.  8A, B) but not branching (Fig.  8A, C); 
the activation of FAK/Erk1/2, mTOR/p70s6k signaling 
by CCL5 was also reduced by Maraviroc (Fig.  8D–H). 
Rapamycin, the inhibitor of mTOR signaling, inhibits the 
activation of mTOR and caused inactivation of p70s6K 
(Fig.  8E) which also abolished CCL5’s effect on growth 
cones (Fig. 8A, B). The Rho kinase inhibitor - Y27632 (50 
µM, ROCK inhibitor) blocked CCL5’s effect on growth 
cone (Fig.  8A, B) but increased the branching number 
(Fig. 8C) which modulated the activation of Erk/FAK sin-
glaing upon CCL5 administration. Thus, the CCL5/CCR5 
axis promotes cortical neuron axon formation through 
mTOR and Erk signaling pathways.

Discussion
The present study identifies a unique role of the 
chemokine CCL5 in axonal regrowth after brain trauma. 
Our data also specifically reveal that CCL5, by promoting 
axonogenesis and remyelination, restores cortical neuron 
structure and function after injury. Intranasal adminis-
tration of CCL5 into the brain after injury at either the 
acute phase (single dosage of CCL5, 300 pg/g) or the 
chronic phase (low dose of CCL5, 30 pg/g every two days) 

Fig. 7 CCL5 increased growth cone formation through activating the mTOR and FAK pathway. A Phalloidin (red) labeled the filopodia in axon 
growth cones of WT or CCL5‑KO neurons after treating with CCL5 (0, 100, 250, 500, 1000 pg/ml). Tuj‑1 labeled neurites, and DAPI labeled 
the nucleus. Phalloidin labeled growth cones in different groups were enlarged in the boxed regions: scale bar = 50 μm and 5 μm. The fluorence 
intensity of Phalloidin and neurite branching in different groups was quantified in B, C. (B: KO neuron treated with CCL5, p = 0.027; WT vs. KO 
neuron, p < 0.0001). (C: WT neuron treated with CCL5, p = 0.0089; KO neuron treated with CCL5, p < 0.0001; WT contol vs. KO contol, p = 0.0009 
by t‑test). D The activation of p70s6k/mTOR, NRG‑1, FAK, and Erk signaling proteins in neurons after treatment with CCL5 (0, 100, 250, 500, 1000 
pg/ml) in westen blot analysis. FGF was taken as positive control. Quantification data were in E‑H. E The activation of p70s6k by CCL5 p = 0.0182; 
the activation of p70s6k by FGF p = 0.0079. F The activation of mTOR by CCL5 p = 0.0217; the activation of mTOR by FGF p = 0.0169. G The activation 
of ERK1/2 by CCL5 p = 0.0437; the activation of ERK1/2 by FGF p = 0.0025. Data was analyzed by one‑way ANOVA in same group and two‑way 
ANOVA between groups. Data between control and FGF treatment was analyzed by t‑test

(See figure on next page.)
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Fig. 7 (See legend on previous page.)
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significantly augments animal neurological behavioral 
performance and also neuronal structural reconstruction.

Most patients recover from mild brain injury around 
7 days and show no significant neurological impairment 
in the clinic; however, the neuronal structure and con-
nections require weeks to months to repair after injury 
[13]. Repairing neurites and reconnection between neu-
rons during the chronic/remodeling phase are critical for 
preventing neurodegeneration after brain injury. Herein, 
the motor and sensory function improved in WT mice 
after 1–2 weeks (Fig. 1D, F), but the structure of axons, 
neurites, and dendritic spine started to recover from 14 
dpi to 28 dpi (Fig.  2A–E). Interestingly, the recovery of 
neurological sores was reduced in CCL5-KO mice with 
reduced neurites and spine structures (Fig. 2). This sup-
ports the critical role of CCL5 in the chronic/remod-
eling phase after TBI. Pretreatment with CCL5 to mimic 
endogenous CCL5 effects in the brain and post-treatment 
with CCL5 was used to test the possibility of using CCL5 
in TBI patients. We have previously identified that pre-
treatment with CCL5 activates GPX1 expression, reduces 
tissue oxidative stress, reduces memory impairment, and 
protects hippocampal neurons after injury. Herein, we 
also show the reduction of oxidative stress in cortex by 
CCL5 pretreatment (Supplementary Fig. 4D, purple-Free 
radical scavenging) but not in the post-treatment proto-
col (Supplementary Fig.  5D). Importantly, treating mice 
with CCL5, both with pre- and post-treatments, affected 
mainly neuron function, such as enhanced mTOR and 
Erk/FGF-mediated axonogenesis and synaptogenesis 
signaling in our animal in vivo (Fig. 6) and in the in vitro 
culture models (Fig. 7). mTOR signaling is a novel thera-
peutic strategy for TBIs, which may promote axon regen-
eration in the adult CNS [10, 45].

CCL5 binds to many receptors in the brain; inhibi-
tion of CCR5, one of CCL5’s receptors, benefits recov-
ery after a stroke or TBI in mice [26]. CCR5 activation 
promotes NLRP1-dependent neuronal pyroptosis after 

intracerebral hemorrhage [58]; however, our study iden-
tified a reduction of necrosis, neurodegeneration, organ 
degeneration, and degeneration of the brain in TBI 
mice treated with CCL5 (Supplementary Fig.  3B). Most 
of those studies treated mice with the CCR5 inhibi-
tor—Maraviroc in the acute phase, such as 0–5 days in 
a CCI model or a moderate TBI model [17, 26, 36] which 
is very different from our mild close-head injury model. 
CCI is an open head injury model which causes brain 
tissue damage or even tissue lost and activates a severe 
inflammatory response. Inhibiting CCR5 mediated 
inflammation in the acute phase can successfully reduce 
inflammation and also balance chemokine and cytokine 
levels and responses after these brain traumas. However, 
there is no study using Maraviroc in the chronic phase. 
Our model is closer to normal close head mild traumatic 
brain injury conditions which do not cause severe inflam-
mation and no open wound. Importantly, we treated ani-
mals after 3 dpi with low doses of CCL5 (30pg/g) every 
two days until 28 dpi which improved not only motor and 
sensory functions but also spine structures and remyeli-
nation (reduced SMI32 and increased Oligo2) in both 
WT and CCL5-KO mouse cortical injury regions. In 
addition, CCR5 is the critical receptor in CCL5, promot-
ing growth cone formation and mTOR signaling activa-
tion in the primary neuron culture system (Fig.  8). In a 
previous study, CCL5 has been identified as the down-
stream key factor of CNTF. It promotes optic nerve 
regeneration through the CCR5 receptor on RGCs (ret-
ina ganglia cells) [56]. Taken together, our findings show 
that the CCL5/CCR5 axis can also promote cortical 
nerve regeneration during TBI chronic phase.

Administration of CCL5 activates myelination and 
axon guidance-related signaling (Fig.  5H). Oligodendro-
cytes are critical for synapse and axon pruning processes 
[14]; however, the role of CCL5 in oligodendrocytes 
is largely unclear. Lanfranco et. al. using RNAscope, 
showed that CCL5 is highly expressed in Nkx2.2 positive 

(See figure on next page.)
Fig. 8 Inhibiting CCR5 receptor and mTOR signaling pathway reduced CCL5’s effect on growth cone formation. A Phalloidin (red) labeled 
the filopodia in axon growth cones of WT neurons treating with CCL5 (250 pg/ml), CCR5 inhibitor‑Maraviroc (5 nM), mTOR inhibitor‑Rapamycin 
(1 µM) and ROCK inhibitor‑Y27632 (50 µM). Tuj‑1 labeled neurites, and DAPI labeled the nucleus. Phalloidin and growth cones in different groups 
were enlarged in the boxed regions: scale bar = 50 μm and 5 μm. The fluorence intensity of Phalloidin and number of branching in different 
groups was quantified in B, C. (B: control vs. Maraviroc, p = 0.0451; control vs. Rapamycin (Rapa), p = 0.0047; control vs. Y‑27632, p = 0.02. CCL5 
vs. CCL5 + Maraviroc, p = 0.0173; CCL5 vs. CCL5 + Rapamycin, p = 0.0079; CCL5 vs. CCL5 + Y‑27632, p = 0.0159.). (C: control vs. Y‑27632, p = 0.0033, 
by t‑test). D The activation of p70s6k/mTOR, NRG‑1, FAK, and Erk signaling proteins in neurons after cotreatment with CCL5 (250 pg/ml) and CCR5 
inhibitor‑Maraviroc, Y27632 or Rapamycin (1 µM) in western blot analysis. FGF was taken as positive control. Quantification data were in E‑H. 
E The quantification of p70s6k activation. (Control vs. Maraviroc, p = 0.0002; control vs. CCL5 + Maraviroc, p = 0.0002; control vs. Y‑27632, p = 0.0005; 
control vs. CCL5 + Y‑27632, p = 0.0002. ) F The quantification of mTOR activation. (Control vs. Maraviroc, p < 0.0001; control vs. CCL5 + Maraviroc, 
p < 0.0001; control vs. Rapa, p < 0.0001; control vs. CCL5 + Rapa, p < 0.0001; control vs. Y‑27632, p < 0.0001; control vs. CCL5 + Y‑27632, p < 0.0001.). 
G The quantification of ERK1/2 activation. (Control vs. Maraviroc, p = 0.0013; control vs. Rapa, p = 0.0013; control vs. Y‑27632, p = 0.0030.) H The 
quantification of FAK activation. (Control vs. Maraviroc, p < 0.0109; control vs. CCL5 + Maraviroc, p = 0.0109; control vs. Rapa, p = 0.0191; control vs. 
CCL5 + Rapa, p < 0.0001; control vs. CCL5 + Y‑27632, p = 0.0361.). Data was analyzed by unpaired t‑test. NS: no significant difference
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oligodendrocytes adjacent to the corpus callosum [30] 
and CCL5 promotes oligodendrocytes precursor prolif-
eration in an oligodendrocyte cell line [27]. We identi-
fied more unmyelinated neurofilaments (SMI32 positive) 
in CCL5 deficient mice (Fig.  3K–L) and showed that 
CCL5 treatment reduced SMI32 positive signaling and 
increased Oligo2 signaling in CCL5 deficient mice after 

TBI (Fig. 6H, I). In particular, this is important for Oligo2 
positive cells aligned under the cortex (Fig.  6H); these 
are Reelin positive - Cajal-Retzius cells, which function 
for axon guidance and migration, as well as brain struc-
ture development. In addition, NRG1/ErbB signaling also 
participates in oligodendrocyte survival and proliferation 
(Supplementary Fig.  3G). Altogether, our data suggest a 

Fig. 8 (See legend on previous page.)
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strong effect of CCL5 in in vivo oligodendrocyte related 
remyelination process after axon injury. This augments 
the possibility of using CCL5 as a therapeutic stratagem.

CCL5 treatment also influences development-related 
signaling, such as CNTF, VEGF, GNRH, and Hunting-
ton’s disease-related signaling molecules (Fig. 5H). A co-
receptor-CXC chemokine receptor 4 (CXCR4) increased 
in CCL5 treated tissue groups in our proteomic analysis 
but not CCR5 (Supplementary Data file 5). Quantitative 
PCR and immunostaining showed the increased expres-
sion of CXCR4 in cortical tissue after CCL5 adminis-
tration (Fig.  6I, L). CXCR4 has marked activity in cell 
proliferation and tissue regeneration [4]; CXCR4 also 
regulates neuronal migration and axonal pathway find-
ing [50], CXCR4 signaling defines the initial trajectory 
of mammalian motor axons [34], especially the CXCR4/
CXCL12-mediated entrapment of axons at the injury site 
in optic nerve regeneration [21]. Synaptically released 
CCL5 triggers CXCR4 surface expression and enhances 
the cellular response to CXCL12 in a neuronal cell line 
study [16]. CXCR4 is expressed along the ventricular 
system, in the olfactory bulb, and within the subgranu-
lar zone of the dentate gyrus [52]; intranasal delivery of 
CCL5 through the rostral migratory stream (RMS) thus 
allows CCL5 to have a greater chance to bind to and acti-
vate CXCR4-related signaling.

The impact on cortical neurons and hippocampus neu-
rons were very different after weight-drop induced brain 
injury from our study. First, we noticed a higher oxidative 
stress (Hydroxyprobe positive) in hippocampus neurons 
after mild TBI but lower levels in the cortex region in the 
same experiments; oxidative stress in cortex is less severe 
than in hippocampus (Oxidative stress in cortex related 
data is not been published; hippocampus related data was 
published in our previous paper [22]). CCL5 activation of 
the antioxidant GPX-1 in the acute phase (within 24  h) 
to reduce the oxidative stress is more important for hip-
pocampal neuron and memory recovery. Second, cortex 
tissue received more structural deformation than hip-
pocampus and also axon elastration with a weight-drop 
model. Therefore, axon repair and remyelination pro-
cesses are important for cortical neurons. This repair sys-
tem is a chronic process taking place around 14–28 dpi. 
Low dose (30 pg/g) multiple time administration of CCL5 
after mTBI show stronger effects on axon and synapse 
regrowth processes and remyelination, especially in WT 
mice (Fig. 6H, J, K, Supplementary Fig. 7H–J). CCL5 also 
activates Reelin signaling to guide the regrowth process 
(Fig. 6H, Supplementary Fig. 7H, L). Reduced spine num-
ber and synaptic protein—synaptophysin and GAP43 
after injury increased by CCL5 administration (Fig. 6A–
C, Supplementary Fig. 7G, K). CCL5 activates mTOR and 
Erk signaling to facilitate axon regrowth (growth cone 

formation) and remyelination process. Our finding pro-
vides an important mechanism of CCL5 to the finding of 
raised expression of CCL5 around the axonal transection 
side in mice after injury [3] and also the possible strata-
gem of using CCL5 and its antagonist—Maraviroc in TBI 
at different disease phase/timing.

Conclusions
In conclusion, we identified that CCL5 shows two func-
tions to promote neuronal restoration after brain injury. 
First, increasing CCL5 around the axonal transection site 
in the mouse brain after injury activates the mTOR sign-
aling pathway to facilitate growth cone formation, axon 
regrowth, synapse formation, and cell migration; second, 
CCL5 activates NRG-1/ErbB signaling to promote oligo-
dendrocyte remyelination and axon sprouting. Together, 
these two factors facilitate axonal regeneration after 
axonal injury to restore cortex neuron function.
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