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A B S T R A C T   

Traumatic brain injury (TBI) is a prevalent head injury worldwide which increases the risk of neurodegenerative 
diseases. Increased reactive oxygen species (ROS) and inflammatory chemokines after TBI induces secondary 
effects which damage neurons. Targeting NADPH oxidase or increasing redox systems are ways to reduce ROS 
and damage. Earlier studies show that C–C motif chemokine ligand 5 (CCL5) has neurotrophic functions such as 
promoting neurite outgrowth as well as reducing apoptosis. Although CCL5 levels in blood are associated with 
severity in TBI patients, the function of CCL5 after brain injury is unclear. In the current study, we induced mild 
brain injury in C57BL/6 (wildtype, WT) mice and CCL5 knockout (CCL5-KO) mice using a weight-drop model. 
Cognitive and memory functions in mice were analyzed by Novel-object-recognition and Barnes Maze tests. The 
memory performance of both WT and KO mice were impaired after mild injury. Cognition and memory function 
in WT mice quickly recovered after 7 days but recovery took more than 14 days in CCL5-KO mice. FJC, NeuN and 
Hypoxyprobe staining revealed large numbers of neurons damaged by oxidative stress in CCL5-KO mice after 
mTBI. NADPH oxidase activity show increased ROS generation together with reduced glutathione peroxidase-1 
(GPX1) and glutathione (GSH) activity in CCL5-KO mice; this was opposite to that seen in WT mice. CCL5 
increased GPX1 expression and reduced intracellular ROS levels which subsequently increased cell survival both 
in primary neuron cultures and in an overexpression model using SHSY5Y cell. Memory impairment in CCL5-KO 
mice induced by TBI could be rescued by i.p. injection of the GSH precursor – N-acetylcysteine (NAC) or 
intranasal delivery of recombinant CCL5 into mice after injury. We conclude that CCL5 is an important molecule 
for GPX1 antioxidant activation during post-injury day 1–3, and protects hippocampal neurons from ROS as well 
as improves memory function after trauma.   

1. Introduction 

Traumatic brain injury (TBI) is a prevalent cause of damage to the 
brain. The causes of TBI include vehicular accidents, blast during war, 
contact sports, and assaults. Injuries can range from mild concussions to 

severe permanent brain damage. Brain injuries can result in both 
physical and mental dysfunction. Brain trauma usually involves two 
different facets: first global injuries such as diffuse axonal injury which 
often leads an overall decreased level of consciousness; and second, focal 
injuries from which symptoms are based on the brain area affected. 
Secondary injury includes blood–brain barrier (BBB) damage, reactive 
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oxygen species (ROS) generation and free radical overload, increased 
inflammatory factors, excessive excitotoxicity from glutamate release, 

and dysfunction of mitochondrial activity in neurons. 
Inflammatory reactions and increased oxidative stress (OS) are two 

major causes of secondary injury after TBI. Traumatic brain injury and 
NADPH oxidase are highly correlated [1,2]. Studies here found that 
NOX2 expression and NADPH oxidase activity increase rapidly in the 
mouse cerebral cortex and hippocampal CA1 region in TBI animals. 
NADPH oxidase activity increases with an early peak at 1 h in neurons, 
followed by a secondary peak from 24 to 96 h after TBI in microglia. 
NADPH oxidase generates super dioxide (O2-) which is further con-
verted into H2O2 by SOD (Superoxide dismutase). Both super dioxide 
and H2O2 are highly reactive molecules which oxidize cellular proteins 
or lipids and increase oxidative stress. O2 binding with reduced (Fe2+) 

heme proteins generates an Fe (III) superoxide complex. Some studies 
have targeted NADPH oxidase in order to reduce ROS generation for TBI 
therapy [3,4]. H2O2 can be converted into harmless H2O and O2 by the 
glutathione system -glutathione peroxidase (GPX) and reduced gluta-
thione. When the cellular glutathione system (enzyme – GPX and 
glutathione) is reduced, the detoxification of oxygen metabolites will be 
rate-limited. NAC ((2,4-disulfonyl alpha-phenyl tertiary butyl nitrone 
and (N-acetyl L-cysteine)) is a precursor of glutathione, a thiol-rich 
agent, which can interact with reactive species and reduce cellular ox-
ygen metabolites. Our previous study found significant improvement of 
TBI with N-acetylcysteine treatment [5,6]. Also, NAC treatment modu-
lates the inflammatory status by activating M2 microglia rather than 
suppressing the immune reactions [7]. These suggest the importance of 
antioxidant activation and immune response balance for recovery after 
brain injury. Indeed, both preclinical and clinical studies have found 
positive effects of NAC in several TBI models, including the weight drop 
model used here [5,6,8,9]. 

Central repair systems and antioxidant activation in brain contribute 
to the outcome after brain injury; the immune system and chemokines 
released after TBI may participate in those process. The functions of 
many chemokines in brain trauma progression have been studied; 
however, the role of the chemokine CCL5 in brain injury is largely un-
known. In both TBI animals and TBI patients, CCL5 mRNA is upregu-
lated in the cortex after TBI [10,11]; CCL5 is also elevated in the plasma 
of TBI patients and its concentration at hospital admission may correlate 
with outcome in TBI patients [12,13]. Many studies suggest CCL5 has a 
protective role during neuronal damage. In particular, CCL5 upregulates 

IL-10 expression in vascular smooth muscle cells and mouse brain [14, 
15]; IL-10 also promotes type-2 microglial differentiation and prevents 

pathological microglial hyperactivation [16,17]. Interestingly, studies 
have found that Alzheimer’s disease (AD) patients have lower CCL5 
levels in serum [18,19] and that CCL5 prevents Aβ toxicity in neurons 
both with in vitro and in vivo studies [20,21]. In a chemokine array study, 
increased CCL5 and CCR5 was found after stroke; moreover, more 
neuronal loss was seen in CCL5 deficient mice after stroke [22]. CCL5 
was also found to be essential for stem cell therapy in an AD model; AD 
mice receiving bone marrow mesenchymal stem cell transplantation 
from CCL5 deficient mice failed to recovery memory [20]. Our labora-
tory has also shown that CCL5 is an important factor contributing to 
neurite growth and memory formation [15]. Taken together, these 
studies suggest that CCL5 might be an important factor for modulating 
inflammatory processes and preventing neuronal death after brain 
damage. 

In this current study, we induced mild brain injury in C57BL/6 
(wildtype, WT) mice and CCL5 knockout (CCL5-KO) mice using a 
weight-drop model. Cognitive and memory functions in mice were 
analyzed by Novel-object-recognition and Barnes Maze tests. The 
memory performance of both WT and KO mice were impaired after mild 
injury. Cognition and memory function in WT mice quickly recovered 
after 7 days but recovery took more than 14 days in CCL5-KO mice. FJC, 
NeuN and Hypoxyprobe staining revealed large numbers of neurons 
damaged by oxidative stress in CCL5-KO mice after mTBI. NADPH oxi-
dase activity indicated increased reactive oxidative species (ROS) gen-
eration with reduced GPX1 protein and GSH activity in CCL5-KO mice 
which was opposite to that seen in WT mice. CCL5 increased GPX1 
expression and reduced intracellular ROS levels which increased cell 
survival both in primary neuron cultures and in an overexpression 
model using a SHSY5Y cell line. Memory impairment in CCL-KO mice 
induced by TBI could be rescued by i.p. injection of the GSH precursor – 
NAC and intranasal delivery of CCL5 recombinant protein into mice 
after injury. 

2. Results 

2.1. Memory recovery was delayed in CCL5 deficiency mice after mild 
brain injury 

Both wild-type (WT) and CCL5-knockout (CCL5-KO) mice were 

Abbreviations 

AD Alzheimer’s disease 
Aβ Amyloid beta 
BBB blood–brain barrier 
CCL5 Chemokine (C–C motif) ligand 5 
CA1 hippocampus Cornu Ammonis areas 1 
CPS Counts per second 
DAPI 4′,6-diamidino-2-phenylindole 
Dpi Days post injury 
FJC staining Fluoro-Jade C staining 
GAPDH Glyceraldehyde-3-phosphate dehydrogenase 
GCS Glasgow Coma Scale 
GPX Glutathione peroxidase 
GS Glutathione synthase 
GSH Glutathione 
GSSG Glutathione disulfide 
H2DCFDA 2′,7′-dichlorodihydrofluorescein diacetate 
Hyproxprobe Pimonidazole hydrochloride 

HRP Horseradish peroxidase 
i.p. Intraperitoneal injection 
IL-1ß Interleukin-1ß 
LM Long-term memory recall test 
mTBI Mild traumatic brain injury 
MTT assay 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide assay 
NAC N-Acetyl-L-cysteine 
NOR Novel object recognition test 
NOS Nitric oxide synthases 
NOX Nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase 
RANTES Regulated on activation, normal T cell expressed and 

secreted 
ROS Reactive oxygen species 
SM Short-term memory recall test 
SOD Superoxide dismutase 
TNF-α Tumor necrosis factor-alpha 
Tuj-1 Neuron-specific class iii beta-tubulin  
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subjected to mild brain injury at 2-months of age with the weight-drop 
system. The unconsciousness time (righting reflex) was increased in 
both types of mice after weight-drop-induced brain trauma and there 
was no difference between these two groups of animals (Supl. Fig. 1A). 
The modified neurological severity score (mNSS) was used to evaluate 
the injury. The mNSS was about 3, showing mild injury, in both WT and 
CCL5-KO mice one day after injury (Supl. Fig. 1B). Novel object recog-
nition (NOR) and the Barnes maze (BM) were used to analyze short-term 
recognition memory and spatial memory in these mice (Fig. 1A). The 
preference for new objects was not different between WT and CCL5-KO 
groups without injury. The preference for new objects was reduced after 
mild brain injury and started to recover after 7 days in the WT group but 
only after 14 days in CCL5-KO group (Fig. 1B). Locomotor ability in both 
groups of mice was not affected (Fig. 1C). The primary latency in short- 
term memory recall (SM, 2 days after training) and long-term memory 
recall (LM, 7 days after training) in the Barnes maze was similar in both 
WT and CCL5-KO mice sham and mTBI groups before injury; the pri-
mary latency in the recall test was increased in both mTBI groups after 

injury for 2 days (2 days-recall) (Fig. 1D and E). WT mice recovered from 
the TBI-induced mnemonic loss quickly; the primary latency for new BM 
learning and memory tests at post injury (dpi) day 4 (Fig. 1F and 4 dpi) 
or day 28 (Figs. 1G and 28 dpi) was not different between sham and 
injury WT groups. The memory recall tests and walking path distance 
was also not different between sham and TBI groups in WT animals 
(Supl. Fig. 2A–D). In contrast, the primary latency in the mouse KO TBI 
group was higher at 4 days post injury (dpi) in the BM compared to sham 
(Fig. 1F), and was even higher at 28 dpi in the BM (Fig. 1G; *, p = 0.0432 
comparing KO-TBI 28 dpi to 4 dpi BM in 1F by two-way ANOVA; p =
0.0353 in trial 4 of KO-TBI at 28 dpi and 4 dpi BM in 1F by t-test). The 
primary latency and walking path for short-term memory recall was 
increased in the KO TBI group (Supl. Fig. 2E–H) but was also not 
different between sham and TBI groups in WT animals. 

Fig. 1. Memory impairment and recovery in WT and CCL5-KO mice after mTBI. (A) The time table of experimental design for mild TBI induction and memory- 
cognition function tests – novel object recognition (NOR) and Barnes maze (BM). (B) The preference index of WT and KO mice for new objects in sham and 
mTBI groups after weight-drop induced mild TBI. Tests were performed on post injury days 4，7，14，and 28. (a，p < 0.05，aa，p < 0.01，aaa，p < 0.001 
compared to sham group with t-test; b, p < 0.05, WT 28 days compared to 7 days; *，p < 0.05, WT compared to KO at the same time point with t-test.) (C) The 
walking path length in WT and KO mice. (ns: no significant difference). Data is shown as mean ± S.E.M (n = 9 for each group). Spatial memory was analyzed by 
Barnes maze as the latency to reach the shelter box (Primary latency). (D, E) Recall memory was performed after 2 days (short-term, SM), 7 days (long-term, LM) of 
training and 2 days after weight-drop induced TBI. (F–G) New learning-memory tasks were taken after 4 days and 28 days of injury. Data was analyzed by Two-way 
ANOVA and presented as mean ± S.E.M. (*, p = 0.0432 compared to KO-TBI 4 dpi BM in 1F by two-way ANOVA; p = 0.0353 in Trial 4 compare to KO-TBI 4 dpi BM in 
1F by t-test.) (n = 5, in each group). 
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2.2. The number of damaged neurons in hippocampus after mild trauma 
was increased in mice lacking CCL5 

To examine the possible cause of memory impairment in CCL5-KO 
after trauma, we analyzed hippocampal neuron damage and neuron 
numbers 28 days after injury. FJC labeled damaged neurons in hippo-
campus increased in both WT and CCL5-KO mouse TBI groups but more 
FJC labeling was found in the KO TBI group compared to the WT TBI 
group (Fig. 2A, C). In addition, the number of hippocampal neurons 
labeled by NeuN was reduced in CCL5-KO mice 1-month after trauma 
(Fig. 2B, D) but not in WT animals. Moreover, inflammatory cells were 
not increased in WT mice 1-month after TBI since GFAP or Iba1 positive 
cells were similar between sham and TBI groups (Supl. Fig. 3); however, 
more astrogliosis, but not more microglia, were found in CCL5-KO 
mouse hippocampus after TBI (Supl. Fig. 3A, C and Supl. Fig. 3B, D). 
We also found increased TNF-α, IL-1β and IL-10 in WT mouse hippo-
campus after 4–7 dpi but this was reduced after 14 days. On the con-
trary, TNFα, IL-1β increased in KO mice at 14–28 dpi (Supl. 3E-G). These 
findings suggest a different modulation of immune responses in the KO 
mice after injury, especially for activation of IL-10, and that more neu-
rons are lost and/or damaged in CCL5-KO mice after mild brain trauma 
together with increased astrogliosis. These findings are consistent with 

the behavioral performance data in Fig. 1. Taken together, recovery of 
hippocampal neurons from mild trauma appears reduced in mice lacking 
of CCL5. 

2.3. CCL5 levels after early-stage trauma were correlated with neuronal 
oxidative stress 

To further understand the association between CCL5 levels and 
neuron recovery after brain trauma, we analyzed the tissue levels of 
CCL5 by ELISA. The levels of CCL5 in hippocampal tissue increased after 
4 dpi and gradually recovered after 14 dpi in WT mice (Supl. Fig. 4A); 
this is correlated with the timeline for memory recovery in WT mice. 
Oxidative stress is thought to be a major cause of neuron damage at early 
stages after brain trauma. Accordingly, cells under oxidative stress were 
labeled by hypoxyproble (green in Fig. 3) and co-labeled with either the 
neuron marker-NeuN (red in Fig. 3; also, Supl Fig. 5A) or the astrocyte 
marker - GFAP (red, Supl Fig. 5B). Hypoxyprobe-labeled cells were 
mostly NeuN positive but were not GFAP positive. The overall numbers 
of hippocampal neurons were not different between sham, 1 dpi and 7 
dpi in both WT and KO mice (Fig. 3A–C, NeuN+). Hypoxyprobe-labeled 
cells increased at 1 dpi and recovered to normal levels at 7 dpi in WT 
mice (Fig. 3A, D-hypoxyprobe+), similar to the NeuN+ co-labeled cells 

Fig. 2. Neuron damage and neuron numbers in hippocampus 28 days after injury. (A) Representative images of FJC labeling (green) in WT and CCL5-KO hippo-
campus. (C) Quantitation of FJC positive cells in WT and CCL5 KO mouse sham and mTBI groups. Increased FJC positive neurons were found in both mTBI groups. (n 
= 3 in each group). (B) Representative images of NeuN labeled (red) neurons in WT and CCL5-KO mouse hippocampus. (D) Quantitation of NeuN positive cells in 
different groups. NeuN positive neurons were significantly lower in the CCL5-KO mTBI group. (Data was analyzed by t-test and presented as mean ± S.E.M.) (n = 3–5 
as showed in figures). Scale bar = 100 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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(Fig. 3A, E-hypoxyprobe+; NeuN+). In contrast, increased numbers of 
hypoxyprobe labeled cells were seen at 1 dpi to 7 dpi in CCL5-KO mice 
(Fig. 3B, D-hypoxyprobe+), especially in neurons (Fig. 3B, E-hypo-
xyprobe+; NeuN+). This suggests more neurons under oxidative stress 
are seen in CCL5-KO mice after trauma, since the increased oxidative 
stress at 1 dpi was reduced to normal after 7 dpi in WT mice but not in 
KO mice. Thus, CCL5 may play a critical role in neuronal oxidative stress 
status after trauma. 

2.4. Increased ROS generation and impaired activation of antioxidants in 
CCK5-KO mouse hippocampus after trauma 

Trauma induces NADPH oxidase activation and increases cellular 
ROS; O2

− generated by NADPH oxidase can be converted to H2O2 by SOD 
and then be scavenged by the GPX system (Fig. 4A). Thus, we studied 

NADPH dependent ROS generation in mouse hippocampal tissue using a 
lucigenin assay (See Material and Methods). NADPH-generated ROS in 
hippocampal tissue was not significantly different between sham, and 
post injury 4- and 7-day WT mice but was significantly increased in 
CCL5-KO mice at post injury days 4 and 7 (Fig. 4B). The protein levels of 
the antioxidant GPX1, but not SOD1 and SOD2, were specifically 
increased in WT tissue 4 and 7 days after injury (Fig. 4C–F). In contrast, 
none of these antioxidant molecules increased after injury in CCL5-KO 
mouse hippocampus (Fig. 4C, G-I); we found reduced SOD1 protein in 
CCL5-KO hippocampus after 4 and 7 dpi (Fig. 4C, G). We further studied 
the function and activation of GPX1 between WT and CCL5-KO. GSH 
generation was lower in CCL5-KO tissue compared to WT (Fig. 4J); the 
reduced form GSH was also lower in CCL5-KO tissue (Fig. 4K) and the 
mRNA level of GPX1 in mouse hippocampus was also lower in the CCL5- 
KO mice (Fig. 4L). Expression of GPX1 mRNA increased after TBI in WT 

Fig. 3. Hypoxyprobe labeled hypoxic cells colocalized with NeuN positive neurons in WT and CCL5-KO mice at 1 day and 7 days post injury (dpi). Cells with hypoxia 
were labeled by hypoxyprobe (green) and neurons were labeled by NeuN (red) in both WT and CCL5-KO mice at 1 dpi and 7 dpi as well as sham treatment (s). (A–B) 
Representative images of hypoxylprobe and NeuN labeling in the hippocampal region of WT and CCL5-KO mice. (C–E) Quantitation of NeuN positive cells (NeuN+, 
C), hypoxyprobe positive cells (hypoxyprobe+, D) and both hypoxyprobe and NeuN positive cells (hypoxyprobe+NeuN+, E) at post injury day-1 and day-7 and sham 
in both WT and KO mice. (Data was analyzed by t-test and presented as mean ± S.E.M.) (n = 3 in each group). Scale bar = 100 μm. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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mouse hippocampus; in contrast GPX1 was not activated in mice lacking 
CCL5 (Fig. 4M). This suggests that CCL5 might reduce tissue ROS levels 
through increasing the antioxidant – GPX1 under normal conditions; 
hippocampal tissue ROS increased, in contrast, in mice lacking of CCL5. 

2.5. Both intracellular and extracellular CCL5 protects neurons from 
ROS-induced cell death 

We further tested the protective effects of CCL5 in an in vitro culture 
system. Primary neurons expressing CCL5, or recombinant CCL5 when 
added into the culture, reduced cell death from H2O2 induced ROS 
(Fig. 5A and B). Intracellular ROS labeling by DCFDA was increased 

upon H2O2 treatment and was reduced by adding recombinant CCL5 to 
the primary neurons from KO mice except for a high dose (500 μM H2O2) 
which killed most of the neurons and for which added CCL5 failed to 
rescue them (Fig. 5C). Overexpressing CCL5 (Fig. 5F) in SHSY5Y cells 
also increased cell viability after H2O2 treatment (Fig. 5D). GPX1 protein 
levels increased when cells were treated with H2O2; interestingly, the 
basal cellular level of GPX1 protein increased after overexpressing CCL5 
and GPX1 levels were still further increased after treatment with H2O2 
(Fig. 5E). Additional recombinant CCL5 (10, 100 pg/ml) treatment 
increased GPX1 protein expression in the primary neurons’ cultures 
from CCL5-KO (Fig. 5G). 

Fig. 4. NADPH and antioxidant activation in WT and CCL5-KO mouse hippocampus after mild TBI. (A) Reactive oxygen species generation induced by brain trauma 
and related antioxidants in the scavenger pathway. (B) NADPH oxidase activity in mouse hippocampus tissue was measured at 4 and 7 dpi compared to sham group 
in WT and CCL5-KO mice. (Data was analyzed by t-test and presented as mean ± S.E.M.); (n = 6 in each group). (C–I) The protein levels of antioxidants - SOD1, SOD2 
and GPX1 in mouse hippocampus at 4 dpi and 7 dpi and sham groups were analyzed. (C) The representative images of SOD1, SOD2 and GPX1 protein blots in WT 
mice and CCL5-KO mice. Quantitative results of SOD1 (D, G), SOD2 (E, H) and GPX1 (F, I) in WT mice and CCL5-KO mice. (Data was analyzed by One-way ANOVA 
and presented as mean ± S.E.M.) (n = 5 in each group). (J–K) The total GSH production and reduced form of GSH were measured and were lower in CCL5-KO mice 
compared to WT mice. (Data was analyzed by two-way ANOVA in A and t-test in B. Data are presented as mean ± S.E.M.) Quantitative PCR analysis of GPX1 gene 
expression in WT and CCL5-KO mice control hippocampus (L) and mice with mTBI at 4 dpi and 7 dpi as well as in sham mice (M). (Data was analyzed by t-test and 
presented as mean ± S.E.M.) 
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2.6. N-acetyl cysteine (NAC), a GPX precursor, reduced tissue ROS and 
prevented memory loss in CCL5-KO mice after mild brain trauma 

In order to further define the mechanism of CCL5 in protecting 
neurons, 5 mg/kg or 20 mg/kg of NAC, a precursor of GPX1, was 
injected into mice after weight drop-induced brain trauma. TBI mice 
were injected with saline as controls (Fig. 6A. Details in the Material and 
Methods). We first tested the effects on memory before trauma. The 
primary latency was similar in different groups before trauma, but 
increased in saline treated KO mice after trauma (KO-TBI group) in the 2 
days recall test. In contrast, mice receiving NAC after trauma showed a 

lower primary latency; moreover, the primary latency in the NAC 20 
mg/kg group was similar in that seen in the sham group (Fig. 6B). New 
learning and memory training in the BM at 4 dpi was significantly 
improved by both 5 mg/kg and 20 mg/kg NAC treatment compared to 
the saline-treated TBI group (Fig. 6C); memory recall was also signifi-
cantly improved with 20 mg/kg NAC (Fig. 6D). Hippocampal ROS was 
also reduced by both 5 mg/kg and 20 mg/kg NAC treatment (Fig. 6E). 
The number of oxidative stressed neurons (hypoxyprobe+ and NeuN+

cells) was also reduced in NAC-treated mouse hippocampus after trauma 
(Fig. 6F and G). In addition, the GPX1 mRNA level in mouse hippo-
campus was increased by the higher level by NAC treatment (Figs. 6H 

Fig. 5. CCL5 effects on cell viability, intracellular oxidative stress and GPX1 activation after H2O2 treatment. (A–B) Primary cortical neurons cultured from WT and 
CCL5-KO were treated with CCL5 (10 pg/ml, 50 pg/ml, 100 pg/ml and 250 pg/ml) for 30 min before H-2O2 treatment (0, 25, 250 and 500 μM). Cell viability was 
detected by MTT assay after 24 h (Data was analyzed by two-way ANOVA and presented as mean ± S.E.M.) (n = 5). (C) Representative images of DCFDA (green) and 
the neuron marker—Tuj-1 (red) labeling in CCL5 KO primary cortical neurons after 24hr treatment. The quantification of DCFDA labeled cells after CCL5 and H2O2 
treatment. (Data was analyzed by t-test and presented as mean ± S.E.M.) (n = 3 in each group.) Scale bar = 100 μm in C. (D–E) SHSY5Y cells transfected with EGFP or 
CCL5 plasmids were treated with 0, 25, 100, 250 μM H2O2 for 24hr. (D) The viability of EGFP and CCL5-expressing cells was measured by MTT assay. (Data was 
analyzed by t-test and presented as mean ± S.E.M., N = 3–4) (E) Protein blots of GPX1 and GADPH in EGFP and CCL5-expressing SH5Y5 cells with H2O2 treatment. 
The quantification of GPX1 protein is shown below protein blots. (F) The CCL5 expression levels after transfection with EGFP or CCL5 plasmids. (G) The protein level 
of GPX1 in primary cultured neurons after treatment with recombinant CCL5. (Data was presented as mean ± S.E.M., N = 3–4.). (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of this article.) 

M.-H. Ho et al.                                                                                                                                                                                                                                  



Redox Biology 46 (2021) 102067

8

and 20 mg/kg). 

2.7. CCL5 increased GPX1 mRNA transcription, reduced tissue ROS, and 
prevented memory loss in CCL5-KO mice after mild brain trauma 

Finally, we used recombinant CCL5 protein to perform rescue ex-
periments in vivo. Recombinant CCL5 was administered through an 
intranasal (i.n.) route, via the rostral migratory stream, into mouse 

ventricles after weight drop-induced brain trauma. Recombinant CCL5 
was conjugated with Alexa-594 dye to track the brain distribution after i. 
n. delivery (Supl. Fig. 6B). PBS was used as a control (Supl. Fig. 6A); the 
study design is shown in Fig. 7A, which is similar to the NAC study. The 
primary latency was similar in different groups before trauma and 
increased in PBS treated TBI KO mice (KO-TBI + PBS group) in the 2 
days recall test. Interestingly, mice receiving CCL5 showed a lower 
primary latency which was similar to that before trauma (Fig. 7B). New 

Fig. 6. NAC treatment improved memory impairment seen in CCL5 KO mice after mTBI. (A) Experimental design for NAC treatment in CCL5-KO mice after mild TBI 
induction and the Barnes maze test. (B) The primary latency of KO mice long-term memory recall (LM) before injury, and after injury with a 2 days recall memory test 
in sham, TBI, and TBI plus NAC treatment (5 mg, 20 mg) after weight-drop-induced mild TBI. (C) New Barnes maze learning and memory training progression in 4 
groups 4 days after injury. (D) The primary latency in the short-term recall memory test (SM) between 4 groups. (F) The intracellular oxidative stress in sham, TBI 
and TBI plus NAC treatment in KO mouse hippocampus. (G) The quantification of hypoxyprobe and NeuN positive cells (hypoxyprobe+NeuN+) in the different 
groups. (H) The mRNA expression of GPX1 after TBI in 4 groups. 
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learning and memory training was significantly better in the CCL5 
treated group compared to the PBS treated TBI group (Fig. 7C); the 
short-term memory recall test was also improved (Fig. 7D). Hippocam-
pal ROS was significantly reduced by CCL5 treatment (Fig. 7E); the 
number of OS neurons (hypoxyprobe+ and NeuN+ cells) was also 

reduced in CCL5-treated mouse hippocampus after trauma (Fig. 7F and 
G). Importantly, the GPX1 mRNA levels in mouse hippocampus was also 
significantly enhanced by CCL5 after trauma (Fig. 7H). 

In summary, we showed here that CCL5 is critical for antioxidant – 
GPX1 activation which reduces H2O2 from NADPH oxidase and protects 

Fig. 7. CCL5 increased GPX1 mRNA transcription reduced cellular ROS and improved memory impairment seen in CCL5 KO mice after mTBI. (A) Experimental 
design for CCL5 treatment in CCL5-KO mice after mild TBI induction and the Barnes maze test. (B) The primary latency of KO mice before injury, and after injury with 
a 2 days recall memory test in mice with PBS treatment and CCL5 administration (300 μg/kg) after weight-drop induced mild TBI. (C) New Barnes maze learning and 
memory training progression in 2 treatment groups (4 days) after injury. (D) The primary latency in the short-term recall memory test (SM) between 2 treatments. (F) 
The intracellular oxidative stress in TBI sham, PBS and CCL5 treatment in KO mouse hippocampus. (G) The quantification of hypoxyprobe and NeuN positive cells 
(hypoxyprobe+NeuN+) in the different groups. (H) The mRNA expression of GPX1 after TBI with CCL5 treatments. 
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hippocampal neurons after TBI (Fig. 8A). Neurons lacking CCL5 
generate more hydroxyl radicals which damage neurons probably 
through the Fenton reaction (Fig. 8B). 

3. Discussion 

We identified here a new function of CCL5 in antioxidant GPX-1 
activation and protection of neurons from ROS damage after mild 
brain trauma. This CCL5 function further reduces astrogliosis, ROS 
generation through NADPH oxidase, neuronal degeneration, and sig-
nificant memory impairment after mild brain trauma. 

In previous studies NADPH oxidase activity increases within 1 h in 
neurons and a second increase is seen around 24–96 h after trauma. 
Interestingly, CCL5 mRNA is upregulated in the cortex immediately after 
injury and decreases 24–48 h after brain trauma which is parallel to 
elevated OS in brain tissue [10,11,23]. Many studies have shown the 
correlation between CCL5 and the NADPH oxidase response in immune 
cells’ priming processes [24]; moreover NADPH oxidase is associated 
with CCL5 activation [25]. We also found lower NADPH oxidase activity 
in mice without CCL5 [15] which suggests removing CCL5 should 
reduce OS and protect neurons from NADPH oxidase damage after 
trauma. However, mice lacking CCL5 showed a failure to protect neu-
rons from ROS damage but conversely had more OS in neurons and 
astrocytes after brain injury (Fig. 3E, Supl. Fig. 3A, C). One study found 
that CCL5 and its receptor CCR5 induce copper/zinc-superoxide dis-
mutase (SOD-1) expression in macrophages [26]. In the current study, a 
reduction of SOD1 in CCL5-KO mouse hippocampus after injury 
(Fig. 4G) was found. More importantly, GPX1 failed to be activated after 
injury in CCL5-KO mice. 

GPX enzyme families are the key to convert H2O2 into harmless H2O 
and O2. The level of GPX1 protein as well as CCL5 increased 4–7 days 
after injury in WT hippocampus tissue (Fig. 4F and Supl. Fig. 4A). We 
further found an enhancement of GPX1 protein together with over-
expression of CCL5 in SHSY5Y cells (Fig. 5E) and recombinant CCL5 
treatment in primary neurons (Fig. 5G) as well as after i.n. delivery of 
CCL5 into CCL5 KO mice (Fig. 7H). Treating mice with the GPX pre-
cursor – NAC shortly after injury for 3 days reduced neuronal oxidative 
stress and subsequent loss (Fig. 6). Delivery of CCL5 into mouse brain 

one time through i.n. at 1hr after injury also reduced oxidative stress and 
neuronal death (Fig. 7). Moreover, both NAC and CCL5 treatment 
improved hippocampal memory-cognition function (Fig. 6 B-D, and 
Fig. 7-D). Our data thus strongly support that CCL5 and GPX function as 
anti-oxidative stress and neuroprotection molecules after injury with a 
critical time window of post injury 1hr to 3 days. 

Many studies have shown that Minocycline plus N-acetylcysteine 
(MINO plus NAC) together improved the cognition and memory in a rat 
mild controlled cortical impact (mCCI) model of traumatic brain injury. 
The combined treatment with MINO and NAC modulated the neuro-
inflammation status by increasing type 2 microglia specifically [7]. This 
treatment also promoted remyelination and improved cognition and 
memory performance in different animal behavioral tasks [27,28]. In 
the current study, we found an increase of inflammatory chemokines, 
specially IL-10, in WT mice but not in the CCL5-KO mice after brain 
injury. This inflammatory response was reduced after 7 days together 
with an improvement in animals’ behavioral performance. Although 
there was a lower level of inflammation in the CCL5-KO mouse hippo-
campus in the first 7 days, more OS was found (Fig. 3); inflammation 
increased in KO mice after 7–14 days. These data suggest an importance 
of the balance between OS and inflammation starts during the first 3 
days which subsequently determines the direction of neuron repair. 
Together, CCL5 might play a role in directing inflammatory status under 
OS soon after brain injury. These current findings provided an important 
mechanistic basis for our study of NAC in military personnel after blast 
injury in Iraq [5,6]. We found that NAC improved physical symptoms 
and cognitive function after blast injury with a critical time window of 
24 h–72 h for drug administration after injury. Beyond 72 h, NAC was 
significantly less effective. Both MINO and NAC are Food and Drug 
Administration-approved drugs which allow them to be used in the 
clinic immediately. 

The regulation and activation of CCL5 may thus correlate with injury 
progression and status. The function of CCL5 depends on the activation 
of different receptors such as CCR1, CCR3, CCR5 and GPR75. Previous 
studies found that treating mice with the CCL5’s receptor antagonist, 
Maraviroc, protects neuron after stroke and severe TBI in animals [29]. 
Silencing CCR5 with short hairpin RNA (shRNA) in hippocampal CA1 
and CA3 regions two weeks before injury, or with pharmacological 

Fig. 8. Summary of CCL5 in GPX1 activation and neuron protection after brain injury. (A) Brain injury induces ROS generation in mouse hippocampus which can be 
scavenged by the SOD and GPX systems and increase neuron survival with the presence of CCL5. (B) Increased H2O2 produces hydroxyl radical (OH⋅) and hydroxy 
(OH− ) through the Fenton reaction and causes hippocampal neuron death in the absence of CCL5. 
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blockers such as Maraviroc and plerixafor, reduced the injured area and 
astrocytosis in mouse cortex [30,31]. It should be noted that the above 
studies involved severe brain damage in animals, whereas our study was 
performed with a mild brain injury protocol. The mechanisms and re-
sponses can be very different under these two conditions. Our study 
found more astrogliosis (Supl. Fig. 3A, C) oxidative stress (Fig. 3) and 
neuron loss (Fig. 2) in CCL5-KO mice after 1-month mild TBI. Neurons 
cultured from CCL5-KO mice were more sensitive and vulnerable to 
H2O2 induced oxidative stress, but the protective role of CCL5 was 
reduced when the H2O2 oxidative stress was higher than 500 μM 
(Fig. 5B, C and D). 

Most brain injuries are mild and repetitive such as with vehicle ac-
cidents, American football, hockey [32] and blast during the war. We 
also found the protective dosages of CCL5 were lower than 500 pg/ml 
and the level of CCL5 in hippocampal tissue and blood was little 
increased in our mild TBI model (Supl. Fig. 4A and B); severe TBI might 
induce a higher level of CCL5, more than 1000 pg/ml release, and this 
may activate different signaling/functions. This also suggests very 
different roles and mechanisms for CCL5 in brain injury when damage is 
more severe. This dichotomy may involve differential dose-dependent 
neuroimmune effects. 

To understand how to treat mild brain injuries is critical and urgent. 
From our study and others’, different levels of severity of injury might 
have different neuronal damage mechanisms which require different 
treatments in the clinic. We found however that the first 1 h to 3 days 
post injury is a critical window for CCL5 and NAC - antioxidant acti-
vation and treatment for mild brain injury; CCR5/CXCR4 anti- 
inflammation related treatment as well might be more suitable for se-
vere brain injury. This window time is similar to our clinical study in 
Iraq [6]. 

In conclusion, CCL5 has a unique function in antioxidant GPX-1 
activation which reduces cellular ROS and inflammation induced - 
astrocytosis after mild brain injury. This function reduces further 
neuronal degeneration and memory impairment after mild brain trau-
matic injury. 

4. Materials 

Chemicals used in study were purchased from Sigma-Aldrich (Mis-
souri, USA) and Merck (Darmstadt, Germany). Cell culture related 
media and reagents were purchased from Invitrogen/Thermo Fisher 
scientific (Massachusetts, U.S.). 

5. Experimental model and methods 

5.1. Animas and weight-drop model of mild TBI 

Traumatic brain injury (TBI) studies were performed in accordance 
with protocols approved by the Institutional Animal Care and Use 
Committees of the Taipei Medical University (Protocol numbers: LAC- 
2015-0397; LAC-2019-0020; LAC-2019-0587). Male C57BL/6 mice 
from the National Laboratory Animal Center were used for wild type. 
Male B6.129P2-Ccl5tm1Hso/J originally from Jackson Laboratories were 
bred and maintained by the National Laboratory Animal Center 
(CCL5-− /− mice, Jackson Laboratory, Stock No: 005090). Mice were 
housed in groups of 3–5 per cage with free access to food and water on a 
12:12-h light/dark cycle and with room temperature set at 25 ◦C. All the 
behavior tests in current study were also performed at 25 ◦C. 

Mild TBI was induced by weight drop as previously described 
[33–36]. Briefly, 2-3-month-old WT or CCL5− /− mice were anesthetized 
with 2.5% isoflurane (Panion & BF biotech Inc.) with an air flow rate of 
1.5–2.0 L/min for 2 min 15 s; subsequently the mouse was placed chest 
down on a foam sponge (dimensions: 18.5 cm × 7 cm × 8 cm) to support 
the head and body underneath a weight-drop device. The weight-drop 
device consisted of a hollow cylindrical tube (inner diameter 1.2 cm, 
100 cm height) placed approximately 2 cm vertically over the center of 

the mouse’s head. A 30 g weight (1 cm diameter, 5.2 cm height) was 
released down the tube and struck the mouse to induce mild TBI. Sham 
animals were anesthetized only. The unconsciousness times were 
measured after mice received impact until a righting reflex was seen. 

For the rescue study, CCL5 KO mice were treated with NAC (A7250, 
Sigma-Aldrich) or recombinant mouse CCL5/RANTES Protein (478-MR- 
025, R&D system). NAC was dissolved in normal saline and a dosage of 
5 mg/kg or 20 mg/kg was administered. One hour after mild TBI, CCL5 
KO mice was treated daily by i.p., until 4dpi behavioral testing. At 2 dpi, 
NAC was injected after the memory recall test to avoid any NAC short 
term effects. CCL5 recombinant protein was diluted with PBS and given 
to CCL5 KO mice with a 300 μg/kg dosage by i.n., which is effective for 
non-invasive administration in to brain [37]. To track the location of 
CCL5 after i.n., CCL5 recombinant protein was labeled with the Alexa 
Fluor™ 594 Microscale Protein Labeling Kit (A30008, Invitrogen) as 
protocol. 24hr after TBI, mice were sacrificed, perfused and CCL5 im-
munostaining was performed with anti-CCL5 antibody (1:100, 
sc-365826, Santa Cruz biotechnology, Dallas, USA) and donkey 
anti-rabbit-488 (1:400, Invitrogen, A32790). 

5.2. Behavioral tests 

Neurologic function consisted of several behavioral tests - Modified 
Neurological Severity Scores (mNSS): mNSS indicated overall 
neuronal function including motor, sensory, reflex and balance in WT 
and CCL5 KO mice after mild TBI [38]. The parameters were graded as 
0 to 18 (healthy score: 0; highest deficit score: 18). Memory performance 
consisted of Novel object recognition (NOR) and Barnes maze (BM) tests. 
All testing was analyzed via EthoVision ® XT (version 12, Noldus, 
Boston, MA, USA) software. 

Novel object recognition test (NOR): The novel object recognition test 
is a common test to measure recognition memory in rodents [39]. Mice 
were randomly divided into four Groups 4, 7, 14- and 28-days post 
injury (dpi groups). Mice were habituated in a closed 57 cm × 57 cm box 
for one day, and then reintroduced into the box for 10 min with 2 
identical objects placed at an equal distance in the box on the second 
day. 24 h later, one of the objects was replaced with one of the same size 
and color but with a different shape. Time spent exploring each object 
was measured by EthoVision ® XT. Memory was defined as a discrimi-
nation index percentage (DI%= (Time spent novel object-Time spent 
familiar object)/total exploration time × 100%). The combination of 
objects was same in different groups to avoid object shape as a confound. 
The apparatus was cleaned with ethanol between trials to avoid odor 
recognition. 

Barnes maze: The Barnes maze test was performed as previously 
described [40]. The maze consisted of a white circular platform (92 cm 
of diameter) with equally spaced holes at 3, 6, 9 and 12 o’clock posi-
tions. Mice were familiarized in a dark cage for 30 min before the test. In 
day 1, mice were habituated to the escape box for 5 min and habituated 
to the maze for 6 min. Over the next 4 days, mice were placed in the 
center of the maze and allowed to feely explore for 6 min. When they 
arrived at the escape box or explored for a time over 6 min the training 
was stopped. The memory recall test was also performed as previously 
described [41]. The short-term memory and long-term memory recall 
tests were performed at 2 days and 7 days after the last day of Barnes 
maze training. Primary latency, distance moved, and percentages of 
target quadrant visits during training and memory recall tests were 
measured with the software as above. In pre-TBI Barnes maze (− 11 dpi 
Barnes maze), mice underwent training and memory recall tests to 
confirm their ability to learn and remember. The 2-dpi memory recall 
test (the position of escape box was the same as for11dpi Barnes maze) 
indicated the original memory impairment in WT and CCL5 KO mice 
after TBI. The position of the escape box was changed at different days 
post injury. 

Animals were sacrificed for the following cellular and molecular 
analysis no more than 24 h after behavior analysis. Thus, the molecular 
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analysis could be temporally correlated with the behavioral results. 

5.3. FJC staining 

Mice were anesthetized with Zoletil 50 (66F4, Virbac) and Rompum 
solution (PP1523, Bayer) and then perfused with 4% PFA; harvested 
brains were cryostat sectioned at 25 μm and processed for Fluoro-Jade C 
(FJC) staining (TR-100-FJ, Biosensis, USA) following the manufacturer’s 
instructions. In short, brain tissues were mounted on gelatin coated 
slides and heated at 57 ◦C for 30 min. Tissue was rehydrated with 
serially diluted EtOH and H2O then blocked with 0.06% KMnO4 solution 
for 10 min. After blocking, tissues were incubated with 0.0001% FJC 
solution containing 1 μg/ml DAPI for 10 min. Tissues were dehydrated 
with Xylene. Images were acquired using a fluorescence microscope 
(STP6000, LEICA). FJC positive cells were analyzed by Imager J soft-
ware (Version 1.53c, National Institutes of Health, USA). 

5.4. Immunohistochemistry, and hypoxyloprobe co-labeling 

Hypoxyprobe staining was performed at 1 and 7 days post injury for 
measurement of OS damage in hippocampus after TBI [42]. Before 
perfusion, the Hypoxyprobe solution (pimonidazole hydrochloride dis-
solved in 0.9% NaCl), a 60 mg/kg intraperitoneal injection, was 
administered to the animal. After 60 min, mice were perfused with 4% 
paraformaldehyde (PFA) in 0.1 M phosphate buffer. Harvested brain 
tissues were cryostat sectioned at 25 μm and processed for immuno-
histochemistry. Tissues were retrieved by 1% sodium bicarbonate in 0.1 
M phosphate buffer at 30 min. After blocking in 3% BSA in PBSc/m, 
tissues were incubated with primary antibody at 4 ◦C overnight. The 
number of neurons, microglia and astrocytes were measured using 
rabbit antibodies to NeuN (Novus- NBP1-77686X, 1:200 dilution), Iba-1 
(GeneTex, GTX101495, 1:1000 dilution) and GFAP (GeneTex, 
GTX108711, 1:1000 dilution). Anti-pimonidazole-FITC (1:100, Hypo-
xyprobe™ Plus kit, Biosensis) was used to show the Hypoxyprobe signal. 
Anti-NeuN or GFAP were co-labeled to indicate OS neurons and astro-
cytes. After washing away the primary antibody, tissues were incubated 
with donkey anti-rabbit-568 (1:400, Invitrogen, A10042) or donkey 
anti-rabbit-488 (1:400, Invitrogen, A32790) for 40 min at room tem-
perature. Images were acquired by fluorescence microscope and 
analyzed with Imager J. Controls consisted of omission of primary 
antibody and counts were made by blinded observers. 

5.5. NADPH oxidase activity assay 

Basal ROS production and NADPH oxidase activity was studied at 
4dpi, 7 dpi, 14 dpi and 28 dpi as previously described [4]. Basal ROS 
production were carried out in a final volume of 200 μl Krebs buffer (pH 
7.4, 118.4 mM NaCl, 25 mM NaHCO3, 11.7 mM glucose, 4.75 mM KCl, 
1.2 mM MgSO4, 2.5 mM CaCl2.2H2O, 1.2 mM KH2PO4) containing 50 
μM lucigenin (Sigma-Aldrich, 2315971) in hippocampus tissue. The 
basal levels of ROS were detected for 50 s. NADPH oxidase activity was 
assayed by adding 50 μM NADPH after basal ROS detection. Counts per 
second (CPS) were measured by Triathler Multilabel Test (425-004, 
HIDEX, Turku, Finland) and normalized by wet weight of tissue (μg). 
NADPH oxidase activity was analyzed by the area under curve during a 
350 s reaction. Data in TBI groups were normalized with the sham group 
to measure a fold change in NADPH oxidase activity. 

5.6. Western blotting 

Tissue or cells were lysed by RIPA buffer (#20-188, Millipore, USA) 
with protease and phosphatase inhibitor (78441, Thermo Scientific™, 
USA). Electrophoresis was performed with 10% Tris-HCl protein gel; 30 
μg of total protein was loaded per lane. Gels were run and transferred to 
PVDF membrane by a Trans-Blot® Cell system (Bio-Rad). Protein 
membranes were blocked with blocking buffer (5% skim milk in Tris- 

buffered saline with 0.05% Tween 20, TBST) for 1 h at room tempera-
ture and then incubated with different primary antibodies including 
anti-actin (Millipore, MAB1501), GPX-1 (GeneTex, GTX116040), SOD-1 
(GeneTex, GTX100659) and SOD-2 (GeneTex, GTX116093) overnight at 
4 ◦C. Membranes were incubated with HRP-conjugated secondary an-
tibodies (Goat anti-Mouse IgG-HRP, 115-035-003; Goat anti-Rabbit IgG- 
HRP, 111-035-003, from Jackson ImmunoResearch) for 1 h at room 
temperature after 3 washes with TBST. The protein blots were shown by 
the Clarity Western ECL Substrate kit (Bio-Rad, 1705061); the intensities 
were quantified by Image J software. 

5.7. RNA isolation and real time quantitative PCR analysis 

Tissue RNA was collected by TRIZOL (15596018, Invitrogen) and 
reverse transcripted into cDNA with the High-Capacity cDNA Reverse 
Transcription Kit (4368813, Applied Biosystems™). Quantitative PCR 
was conducted using iTaq Universal SYBR Green Supermix (Bio-Rad) 
with the StepOnePlus™ Real-Time PCR System (4376600, Applied 
Biosystems™, USA). Primer sequences were: GPX1: Forward – 5′- 
CGTTTGAGTCCCAACATCTC-3’; reverse – 5′-CGTTCATCTCGGTG-
TAGTCC-3′, size: 199 bp. CCL5: Forward – 5′-TGCTGCTTTGCCTACCTC- 
3’; reverse – 5′-CTTGAACCCACTTCTTCTCT-3′, size: 151 bp. IL-1β: 
Forward –5′-GCACTACAGGCTCCGAGATGAAC-3’; reverse - 5′- 
TTGTCGTTGCTTGGTTCTCCTTGT-3′, product size: 147. IL-10: Forward 
–5′-GCTCTTACTGACTGGCATGAG-3’; reverse - 5′-CGCAGCTCTAG-
GAGCATGTG-3’, product size: 105 bp. TNF-α: Forward –5′- 
GGAACTGGCAGAAGAGGCACTC-3’; reverse - 5′-GCAGGAATGAGAA-
GAGGCTGAGAC-3’, product size: 89 bp. mouse GADPH: Forward - 5′- 
GTGTTCCTACCCCCAATGTGT-3’; reverse - 5′-AGAGTGG-
GAGTTGCTGTTGAAG-3′, size: 176 bp. Human GADPH: Forward - 5′- 
CACAAGAGGAAGAGAGAGA-3’; reverse - 5′- CACAGGGTACTTTATT-
GATG -3′, size: 164 bp (for SHSY5Y human blastoma cell line). 
Expression of mRNAs was normalized with GADPH and calculated using 
the percentage of 2− ΔCT(TBI)/2-ΔCT(sham). 

5.8. GSH/GSSG activity assay 

Glutathione concentration was measured by a Glutathione Colori-
metric Assay Kit (K261, BioVision Inc, USA) [43]. Hippocampus tissue 
was homogenized with glutathione assay buffer (4μl/tissue weight 
(mg)) on ice. A 20 μl sample was mixed with 160 μl reaction mixture or 
reducing reaction mixture to detect total GSH and reduced GSH pro-
duction respectively. For total GSH production, the sample was 
measured with an iMark microplate absorbance reader (Bio-Rad, USA) 
at 415 nm for 30 min. For reduced GSH, the sample was measured at 
415 nm and normalized using a standard glutathione calibration curve. 

5.9. Cell culture, transfection and cell viability assay 

Primary neurons were cultured from C57BL/6 and CCL5− /− embryos 
at day 16.5–17 (E16.5–17) [44]. Embryonic brain tissues were digested 
with buffer (2 mg/ml papain, Worthington, LS003119) and 0.05% 
Trypsin-EDTA (Gibco, 25200-072) in Dulbecco’s Modified Eagle Me-
dium (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 2 mM L-glutamine 
(25030, Gibco)). After a 2 h attachment, medium was replaced with 
complete medium (neurobasal medium contain 1% v/v N-2 supplement, 
17502048, Gibco), 2% v/v B-27 supplement (17504044, Gibco), 1% v/v 
Antibiotic-Antimycotic and 2 mM L-glutamine). Half of the medium was 
replaced every 3 days. Recombinant CCL5/RANTES was administered at 
4 days in culture with concentrations of 10, 50, 100 and 250 pg/ml. 
After 30 min, H2O2 (PanReac AppliChem, 131077) was administered 
with concentrations of 25, 50, 100, 250, 500 μM for 24 h. For the cell 
line study, SHSY5Y was transfected with CCL5 plasmids and EGFP 
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plasmids (#6084-1, Addgene, MA, USA) with Lipofectamine™ 2000 
Transfection Reagent (11668019, Invitrogen). CCL5 plasmids were 
generated as previously described [44].Transfected cells were passed 
into 6-well/24-well plates and treated with the indicated H2O2 and CCL5 
doses noted above for protein collection and MTT assays. 

For cell viability analysis, cells were incubated with MTT solution 
(10 μg/ml, M6494. Invitrogen™) for 1 h. Subsequently, 200 μl DMSO 
was added to lyse the cells and the signal was read at 550 nm. Data was 
normalized to the 0 μM-adminisered group. 

5.10. DCFDA labeling and immunocytochemistry staining 

Primary neurons were seeded into 6-well plates with a density 5 ×
105. At div 4, neurons were treated with 100 pg/ml CCL5 30 min before 
H2O2 treatment (0, 250, 500 μM). After 24 h, medium was removed and 
washed off with PBS. 10 mM DCFDA in PBS (D399, Invitrogen, USA) was 
added to the cells for 1hr and cells were then fixed with 4% PFA for 10 
min and subsequently blocked with buffer containing 1 μg/ml DAPI for 
30 min. Cells were incubated with primary antibody with neuronal 
cytoskeleton marker Tuj-1 (1:2000, MAB5564, Millipore, USA) at 4 ◦C 
overnight. Anti-mouse 568 (1:400, Invitrogen, USA) was used as the 
secondary antibody. Neurons were visualized using a fluorescence mi-
croscope and analyzed with Imager J software. 

5.11. CCL5 ELISA assay 

The levels of CCL5/RANTES in WT and CCL5 KO hippocampus were 
measured using the mouse CCL5/RANTES DuoSet ELISA kit (DY478, 
R&D System) following the manufacturer’s protocol [44]. 96-well 
microplates were coated overnight with capture antibody at room 
temperature, followed by a 2 h incubation with 1%BSA in PBS for 
blocking and then washed with PBS containing 0.05% Tween 20 (wash 
buffer). 100 μl tissue samples or standards were added to microplates, 
incubated for 2 h at room temperature and then washed with wash 
buffer. Next, samples were incubated with biotin-conjugated detection 
antibody for 2 h and then with a 30 min incubation with 
streptavidin-HRP plus substrate for signal development. Microplate 
samples were measured with an absorbance reader at 450 nm. The level 
of CCL5 in each sample was calculated based on a standard curve pre-
pared for the same experiment and normalized by protein concentration. 

5.12. Statistical analysis 

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