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Abstract 28 

Mitochondrial energy production is essential for normal brain function. Traumatic brain injury (TBI) 29 

increases brain energy demands, results in the activation of mitochondrial respiration, associated with 30 

enhanced generation of reactive oxygen species. This chain of events triggers neuronal apoptosis via 31 

oxidation of a mitochondria-specific phospholipid, cardiolipin (CL). One pathway through which cells can 32 

avoid apoptosis is via elimination of damaged mitochondria by mitophagy. Previously, we showed that 33 

externalization of CL to the mitochondrial surface acts as an elimination signal in cells. Whether 34 

CL-mediated mitophagy occurs in vivo or its significance in the disease processes are not known. In this 35 

study, we showed that TBI leads to increased mitophagy in the human brain, which was also detected using 36 

TBI models in male rats. Knockdown of CL synthase, responsible for de novo synthesis of CL, or 37 

phospholipid scramblase-3, responsible for CL translocation to the outer mitochondrial membrane, 38 

significantly decreased TBI-induced mitophagy. Inhibition of mitochondrial clearance by 3-methyladenine, 39 

mdivi-1, or phospholipid scramblase-3 knockdown after TBI led to a worse outcome, suggesting that 40 

mitophagy is beneficial. Taken together, our findings indicate that TBI-induced mitophagy is an 41 

endogenous neuroprotective process that is directed by CL, which marks damaged mitochondria for 42 

elimination, thereby limiting neuronal death and behavioral deficits. 43 

 44 
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SIGNIFICANCE STATEMENT 58 

TBI increases energy demands leading to activation of mitochondrial respiration associated with enhanced 59 

generation of reactive oxygen species and resultant damage to mitochondria. We demonstrate that the 60 

complete elimination of irreparably damaged organelles via mitophagy is activated as an early response to 61 

TBI. This response includes translocation of mitochondria phospholipid CL from the inner membrane to 62 

the outer membrane where externalized cardiolipin mediates targeted LC3-mediated autophagy of 63 

damaged mitochondria. Our data on targeting phospholipid scramblase and cardiolipin synthase in 64 

genetically manipulated cells and animals strongly support the essential role of cardiolipin externalization 65 

mechanisms in the endogenous reparative plasticity of injured brain cells. Furthermore, successful 66 

execution and completion of mitophagy is beneficial in the context of preservation of cognitive functions 67 

after TBI. 68 

 69 
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Introduction 88 

The bioenergetics of the brain relies mainly on the respiratory oxidation of glucose, thus making 89 

mitochondria essential for the maintenance of the brain’s normal function. Aberrant mitochondrial 90 

dynamics and metabolism play an important role in the pathogenesis of a number of neurological diseases 91 

(Zhang et al., 2013; Pickrell and Youle, 2015). 92 

Traumatic brain injury (TBI) leads to an acute energy crisis that sharply raises the demands of 93 

mitochondrial electron transport (Kilbaugh et al., 2015). This is mostly due to the rupture of membrane 94 

barriers and ionic dishomeostasis triggering immediate compensatory attempts to reinstate the balance by 95 

“re-pumping” the ions back into their respective compartments at the expense of adenosine triphosphate 96 

(ATP) hydrolysis (Liu et al., 2013). These attempts lead to the increased respiration inevitably associated 97 

with the enhanced production of reactive oxygen species (ROS).  98 

Our previous work demonstrated that this chain of events culminates in apoptosis of neurons realized 99 

via specific oxidation of a mitochondria-unique phospholipid, cardiolipin (CL), catalyzed by the 100 

intermembrane hemoprotein cytochrome c (cyt c) (Kagan et al., 2005; Ji et al., 2012b). Among the 101 

pathways neurons employ to avoid this vicious cycle and prevent apoptosis is effective elimination of 102 

damaged mitochondria through a specialized autophagic process, mitophagy. We reported that CL is 103 

utilized by cells as a signal for mitophagy via its translocation to the mitochondrial surface, where it is 104 

specifically recognized by the autophagic protein microtubule-associated protein light chain 3 (LC3)(Chu 105 

et al., 2013; Chu et al., 2014). While the utility of CL mitophagic signaling has been demonstrated in 106 

neuronal cells in vitro, the occurrence and role of CL-mediated mitophagy in vivo, particularly in 107 

regulation of the pathogenic processes in disease, remain to be defined and could be important in the 108 

context of new drug discovery for TBI.  109 

In the present study, we documented that TBI is associated with increased evidence of mitophagy in 110 

the human brain. In parallel pre-clinical studies, using the model of controlled cortical impact (CCI) on rat 111 

brain and in vitro model of neuronal mechanical stretch, we established that mitophagy is dependent on the 112 

externalization of CL on the surface of mitochondria. We further showed that suppressed clearance of 113 

injured mitochondria leads to the worsened CCI outcome. Taken together, our data suggest that 114 

TBI-induced mitophagy - operating via CL externalization as markers for the elimination of damaged 115 

mitochondria, - is beneficial as it attenuates neuronal death and associated behavioral deficits.  116 

 117 
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Materials and Methods 118 

Patients 119 

Human brain tissue was obtained for analysis from the tissue bank of the Institutional Review 120 

Board-approved Department of Neurosurgery at the First Affiliated Hospital of Nanjing Medical 121 

University (Table 1). Brain tissue resected from the pericontusional area of the temporal or frontal cortices 122 

of severe TBI patients who underwent decompressive craniectomy was flash frozen in liquid nitrogen and 123 

stored at −80 °C until analysis. Brain tissue resected from the temporal cortices of epilepsy patients who 124 

underwent surgical treatment was used as a control and stored in the same manner as the TBI samples.  125 

Rat Traumatic Brain Injury Model 126 

All research protocols and animal experiments were approved by Nanjing Medical University 127 

according to the guidelines of the Animal Care and Use Committee. Briefly, a craniotomy was performed 128 

over the left parietal cortex in 17-day-old male Sprague–Dawley rats. Rats were anesthetized with 3.5% 129 

isoflurane in O2 and maintained on 2% isoflurane in N2O/O2 (2:1). For all experiments, a pneumatically 130 

driven, 6 mm metal impactor tip was used at a velocity of 4.0 ± 0.2 m/s, at a penetration depth of 2.5 mm, 131 

for a duration of 50 ms. After TBI, the bone flap was replaced, sealed with dental cement, and the scalp 132 

incision was closed. The rats were weaned from mechanical ventilation, extubated, and returned to their 133 

cages until euthanasia. The basic surgical preparation and procedure were performed in accordance with 134 

previously described methods (Lai et al., 2008; Ji et al., 2012b). 135 

Primary Cortical Neuronal Cultures and an in Vitro TBI Model 136 

Cortices were isolated from embryonic day 17 Sprague–Dawley rats in an ice-cold medium. Briefly, 137 

the tissue was rinsed and triturated to obtain the primary neuron suspension. Primary cortical neurons were 138 

plated at a density of 3.5 mL/well (2.0 × 106 cells/mL) and were used to perform experiments at 7 days in 139 

vitro, according to the study protocol. TBI was produced via mechanical stretch of the neurons cultured on 140 

a flexible silastic membrane using a pneumatic pressure pulse as described previously (Ji et al., 2012a). 141 

GFP-LC3 Transgenic Rats 142 

GFP-LC3 transgenic rats were purchased from Beijing CasGene Biotech. Co., Ltd. After sacrifice, 143 

brains were perfused with 4% paraformaldehyde, followed by dehydration at increasing concentrations of 144 

sucrose (10–30%). Selected areas of the cortex and hippocampus were processed as 5-μm thick 145 

cryosections that were dried at room temperature and stained with mitochondria markers. Sections were 146 

observed under a light laser confocal microscope and analyzed using Image Pro-Plus 7.0 software. 147 
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Drug Administration 148 

To test the in vivo effect of different drugs after TBI, injured animals were randomly assigned to 149 

different groups receiving either vehicle (DMSO) or one of the other drugs being tested. Five μL of 150 

3-methyladenine (3-MA, 10 mg/ml, diluted in DMSO, sc-205596, Santa Cruz Biotechnology) or 151 

bafilomycin A1 (BAF-A1, 0.1 mg/ml, diluted in DMSO, sc-201550, Santa Cruz Biotechnology) was 152 

administered by a single intracerebroventricular injection 30 min before CCI. Mdivi-1 (1.5 mg/kg of 20 153 

mg/ml, diluted in DMSO, sc-215291, Santa Cruz Biotechnology) was administered to rats by 154 

intraperitoneal injection 15 min before CCI.  155 

SiRNA Administration  156 

For in vivo administration, 30 nmol of siRNA was infused through a surgically implanted brain 157 

infusion cannula (coordinates: −0.8 mm posterior to bregma, −1.5 mm lateral to midline, and −4.6 mm 158 

ventral to the skull surface) using an osmotic minipump (Alzet Model 1003D, Durect, Cupertino, CA) at a 159 

rate of 1.0 ul/day over 72 h. The siRNA targeting rat CLS and PLS3, as well as the negative control siRNA, 160 

were synthesized by GenePharm (GENEPHARM, Inc. Sunnyvale, CA). The efficacy of the knockdown of 161 

targeted proteins was evaluated by western blot. Primary neurons were transfected on day 4 with 45 nmol 162 

of targeted siRNA or control siRNA using Lipofectamine 3000 (Invitrogen). The knockdown efficacy was 163 

assessed by western blot. Experiments were performed 72 h after transfection. 164 

Mitochondrial cyt c release 165 

Samples (pericontusional area in rat brain after CCI) were washed in PBS and then incubated for 3 166 

min in lysis buffer (75mM NaCl, 8mM Na2HPO4, 1mM NaH2PO4, 1mM EDTA, and 350μg/mL digitonin). 167 

The lysates were centrifuged at 12,000 g for 1 min and the supernatant was collected for cytosolic cyt c 168 

analysis. The mitochondria-enriched fraction was resuspended in lysis buffer. The suspension was then 169 

incubated on ice and sonicated twice for 10 s with a 30-s interval. The final mitochondrial lysate was once 170 

again centrifuged at 400,000 g in an ultracentrifuge (Backman, Fullerton, CA) for 25 min and the 171 

supernatant collected for mitochondrial cyt c analysis. Cyt c was detected by western blot. 172 

Transmission Electron Microscopy 173 

To collect samples for microscopic examination, rats were euthanized using 10% chloral hydrate and 174 

perfused with 4% paraformaldehyde. The brain was extracted and cortices and hippocampi were isolated in 175 

ice-cold phosphate-buffered saline (PBS). Brain tissue was fixed in PBS (pH 7.4) containing 2.5% 176 

glutaraldehyde for at least 2 h at room temperature. After this step, both rat tissue and pre-fixed human 177 
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tissue samples were processed in the same way. Tissues were post-fixed in 1% osmium tetroxide for 1 h at 178 

4°C and dehydrated with an ethanol gradient, followed by embedding in epoxy resin. The ultrastructure of 179 

the tissue (100 nm ultrathin sections) was observed using a transmission electron microscope (Quanta 10, 180 

FEI Co.). The autophagic vacuoles containing damaged mitochondria were quantified by an investigator 181 

blinded to group assignment from 20 fields of view at 4800× direct magnification. Image analysis was 182 

performed using Image-J (Schneider et al., 2012). 183 

Confocal Microscopy 184 

Co-localization of the mitochondrial marker (MitoTracker Red) with GFP-LC3 was performed to 185 

ascertain the occurrence of mitophagy in accordance with previously described guidelines (Klionsky et al., 186 

2016). Primary cortical neurons were transfected with an adenovirus of GFP-LC3 to visualize LC3 puncta, 187 

followed by staining with MitoTracker Red to visualize mitochondria under Lipofectamine 2000 188 

(Invitrogen). GFP-LC3 transgenic rats were used to assess CCI-induced mitophagy in vivo. Fluorescence 189 

images were captured and viewed using a light laser confocal microscope. Multiple fields from one 190 

coverslip/well were selected to get an average at random and imaged for further analysis using Image 191 

Pro-Plus 7.0 software. Each experiment was repeated independently in triplicate or more. The following 192 

primary antibodies were used: Neu-N (1:1,000; Abcam, catalog no. ab104224), COXIV (1:200; Abcam, 193 

catalog no. ab16056). 194 

Immunoblot Analysis 195 

Extracts for immunoblotting were obtained from brain tissues and cells homogenized in RIPA buffer. 196 

In brief, proteins were separated by electrophoresis and then transferred to PVDF membranes by electro 197 

blotting, as described in standard immunoblot procedures. The primary antibodies were p62 (1:1,000; 198 

Abcam, catalog no. ab56416, RRID:AB_945626), LC3 (1:1,000; Cell Signaling Technology, catalog no. 199 

2775s), TOM40 (1:1,000; Abcam, catalog no. ab51884, RRID:AB_883141), COXIV (1:1,000; Cell 200 

Signaling Technology, catalog no. 11967), MnSOD (1:1,000; Cell Signaling Technology, catalog no. 201 

13141), GAPDH (1:1,000; Cell Signaling Technology, catalog no. 5174, RRID:AB_10622025), CLS 202 

(1:1,000; Abcam, catalog no. ab156882), PLS3 (1:1,000; Abcam, catalog no. ab137128), and Cyt c 203 

(1:1,000; Abcam, catalog no. ab13575, RRID:AB_300470). 204 

Assessment of CL Externalized to the Mitochondrial Surface Using Flow Cytometry 205 

As previously described, an Annexin V-binding assay was used to assess the amount of CL on the 206 

surface of mitochondria (Kagan et al., 2016). . In brief, MitoTracker Red CMXRos (Life Technologies) 207 
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was utilized to label mitochondria prior to harvesting. Isolated crude mitochondria were incubated with 208 

FITC-labeled Annexin V to stain surface-exposed CL and then subjected to flow cytometry analysis 209 

(FACSCanto, Becton Dickinson). The FITC fluorescence from gated red fluorescent mitochondria 210 

(MitoTracker Red) events was determined to evaluate the binding of Annexin V to mitochondria. Data 211 

presented are the relative FITC fluorescence intensity compared with that of mitochondria isolated from 212 

control brains. 213 

TUNEL 214 

A terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay was used to assess 215 

apoptotic cell death according to the manufacturer’s instructions (#12156792910, Roche, Germany). The 216 

rats were sacrificed and perfused with 0.1 mM PBS (PH 7.4). In brief, coronal frozen sections were 217 

embedded onto the slides and incubated with 50 L TUNEL reaction mixture. The slides were observed 218 

and quantified using a Nikon fluorescent microscope. The apoptotic cells showed red fluorescence. The 219 

nuclei were stained with DAPI and showed blue fluorescence. Apoptosis was calculated as 220 

TUNEL-positive cells/DAPI. 221 

Cortical Lesion Volume 222 

Lesion size was assessed on day 7 post-CCI. One section was obtained every 0.5 mm through dorsal 223 

hippocampus for lesion volume measurement. Free-floating sections were washed three times in PBS. 224 

After blocking in 5% serum and 0.25% Triton X-100 in PBS for 60 min, the sections were incubated in 225 

blocking solution containing anti-NeuN antibody (ab177487,1:1500, Abcam) at 4°C overnight. After this 226 

primary antibody incubation, the sections were washed and incubated with a secondary anti-rabbit 227 

antibody for 60 min in blocking solution. Visualization was performed using a Vectorstain ABC kit 228 

(PK-6100, Vectorlab). Stained sections were mounted on glass slides. Necrotic divot and contralateral 229 

cortical areas and volumes were calculated by the Image analysis software. The area representing 230 

ipsilateral lesioned and contralateral healthy cortex was first calculated per section by multiplying the 231 

number of points counted per region. The volume (V) was estimated by multiplying the sum of areas (ΣA) 232 

by the periodicity (m) and the mean section thickness (t): V = (ΣA)mt. The cortical lesion volume in the 233 

ipsilateral cortex is expressed as a percentage of the volume of the entire contralateral cortex volume by 234 

the equation: %V = (Vdivot/Vcontra) × 100(Whalen et al., 1999; Scafidi et al., 2010). 235 

Assessments of Motor Function and Cognitive Performance 236 

Motor function was evaluated using beam balance, which was performed on post-injury days 1–5 by 237 
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the same experienced investigator blinded to the experimental group assignment. The beam balance test 238 

was used to assess gross vestibular-motor function. This test consists of placing the animal on a suspended, 239 

narrow wooden beam, and the animals are pre-trained so that each animal can stand on the beam for 60 240 

seconds before CCI. The amount of time for which rats could remain (in seconds, s) on the beam balance 241 

was recorded and analyzed using Prism Software 6.04 (GraphPad Software, Inc.). 242 

For the Morris water maze (MWM), the water was colored black and the temperature was maintained 243 

at 25 ± 2°C. To ensure recovery from motor deficits, hidden platform testing was performed on post-TBI 244 

days 11–15, and visible platform testing was performed on days 16–17. Rats were allowed a maximum of 245 

120 s to look for the submerged platform. If rats failed to reach the platform by 120 s, the experimenter 246 

placed them on the platform for 15 s. There was a minimum of 5 minutes between each trial. The latencies 247 

for rats to reach the platform were recorded and analyzed using tracking device and software (Chromotrack 248 

3.0, San Diego Instruments). 249 

In a separate group of rats, assessments of neurocognitive function were performed using a NOR test 250 

on days 18–19 after sham or CCI injury. Briefly, for the habituation phase, which was conducted 18 d after 251 

CCI injury; two similar objects were placed into the inner arena across from where the rat was placed. The 252 

rats were allowed to investigate for 35 min to become familiar with the objects. Exploration was defined as 253 

sniffing and/or touching the objects. The rats were returned to their home cages at the end of the 254 

habituation period, and 24 h later (that is, post-injury day 19) were again placed in the arena with the 255 

objects for 1 min before being returned briefly to their home cages. The recognition test was conducted 1 h 256 

later and consisted of one of the familiar objects being replaced with a novel object, followed by recording 257 

the time spent exploring the original versus novel object.  258 

Fluoro jade-C staining.  259 

Fluoro jade-C was purchased from Sigma-Aldrich (catalog number: AG325) and staining was 260 

performed as described previously (Shellington et al., 2011). Briefly, the slide-mounted tissue was stained 261 

with 0.001% FJC solution and dried in an oven in the dark for over 1 h. The dried tissue sections were then 262 

cleared by immersion in xylene for at least 1 min, covered in neutral gum, and cover-slipped. The slides 263 

were imaged under a fluorescent microscope. Nuclei were stained with DAPI and showed blue 264 

fluorescence. FJC-positive cells (green signal) were counted from five randomly chosen fields and the 265 

average number of cells was calculated. 266 

Caspase activity 267 
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Caspase-3 activity was quantified using a luminescence Caspase-Glo assay kit according to 268 

manufacturer’s instructions (Promega; Madison, WI, USA). Brain samples were transferred into ice-cold 269 

Tris-HCl buffer solution. Samples were collected at 15,000 × g at 4°C for 10 min. The supernatant was 270 

assayed using Assay kit. Luminescence was established at the baseline and following 1 h of incubation at 271 

RT with a Fusion-a plate reader (Perkline Cop., Boston, MA, USA). Caspase-3 activity was indicated as 272 

the luminescence generated after 1 h of incubation per mg of protein. 273 

Statistical Analysis 274 

Results are reported as the mean ± standard deviation (SD) for immunoblots and fluorescence 275 

experiments. Gray levels were detected with ImageJ. Student’s t test was used to compare the differences 276 

between the two groups with Prism Software 6.04 (GraphPad Software, Inc.). For behavioral tests, data 277 

were expressed as the mean ± standard error mean (SEM). Motor and MWM data, which are continuous, 278 

were analyzed by two-way ANOVA for overall statistical significance, followed by Tukey’s post-hoc test 279 

for between-group comparisons. Significant differences were defined as P value < 0.05. 280 

 281 

Results 282 

Mitophagy is induced after clinical and experimental TBI. 283 

While general markers of autophagy have been shown to increase in the brain after experimental and 284 

clinical TBI (Clark et al., 2008; Cavallucci et al., 2014; Sarkar et al., 2014), the selective clearance of 285 

damaged mitochondria by mitophagy and its mechanisms merit additional exploration. We reasoned that 286 

mitophagy might play an important role in recovery after TBI. Using transmission electron microscopy 287 

(TEM), we first evaluated whether mitophagy occurred in the human brain after TBI. Contusional brain 288 

tissue resected from severe TBI patients with intractable intracranial pressure was compared to brain tissue 289 

resected from control patients. An increased amount of autophagic vacuoles containing damaged 290 

mitochondria was observed in TBI patients compared to controls (Figure 1A, B). Further, we used the ratio 291 

of mitochondrial DNA (mtDNA) to genomic DNA (gDNA) in the brain tissue to quantitate mitochondria 292 

in TBI and control patients. The brain tissue mtDNA/gDNA ratio was significantly decreased in TBI 293 

patients vs. controls (Figure 1C). The contents of mitochondrial marker proteins – COXIV in the inner 294 

mitochondrial membrane (IMM), TOM40 in the outer mitochondrial membrane (OMM), and MnSOD in 295 

the matrix - were also significantly decreased in TBI vs. control brain tissue (Figure 1D and E). Western 296 

blot analysis showed increased lipidated microtubule-associated protein light chain 3 (LC3-II) and 297 
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decreased p62 (SQSTM1) in TBI vs. control brain tissue (Figure 1D and E), consistent with the increased 298 

general autophagy. Using GFP-LC3 transgenic rats, we also observed increased co-localization of LC3 299 

with mitochondria in the cortex after CCI (Figure 1F and G). Ultrastructural examination of the neuronal 300 

morphology by TEM demonstrated engulfment of damaged mitochondria into vacuoles (Figure 1H and I). 301 

CCI decreased the contents of mitochondrial marker proteins from all three mitochondrial compartments: 302 

IMM, OMM, and matrix and this effect was reversed by bafilomycin A1 (Figure 1 J-L), which prevents 303 

autophagosome–lysosome fusion.  304 

To gain further insights into the role of mitophagy in TBI-induced damage, we utilized in vitro 305 

mechanical stretch model (Figure 2) and controlled cortical impact (CCI) model of in vivo TBI. Using 306 

primary cortical neurons that express GFP-LC3, we found that mechanical stretch injury resulted in the 307 

formation of LC3 puncta, an indicator of autophagosome formation. Stretch injury enhanced 308 

co-localization of GFP-LC3-positive puncta with MitoTracker Red, indicating an increased number of 309 

mitophagosomes (Figure 2A-B). Furthermore, injured neurons exhibited double-membrane 310 

autophagosomes with encapsulated mitochondria (Figure 2C-D) and decreased levels of OMM (TOM40), 311 

IMM (COXIV), and matrix (MnSOD) proteins (Figure 2E-H). Overall, these data demonstrate the 312 

clearance of mitochondria by autophagy after clinical and experimental TBI. 313 

 314 

Temporal course of mitophagy after CCI. 315 

Neuronal apoptosis is a well-known contributor to the CCI pathogenesis and our previous work 316 

established its association with CL oxidation catalyzed by the cyt c/CL complexes that precedes the release 317 

of cyt c into the cytosol (Kagan et al., 2005). Assuming the pro-survival nature of the autophageal 318 

elimination of damaged mitochondria, we next studied the time course of mitophagy and apoptosis after 319 

CCI. An increase in LC3-II/GAPDH and decrease in p62/GAPDH were observed as early as 1 h after CCI 320 

vs. control, and these changes persisted at 24 h post-injury (Figure 3A and B). The loss of mitochondrial 321 

proteins and the co-localization of LC3-II with mitochondria were also apparent as early as 1 h and 322 

persisted until 24 h after CCI in the injured cortex (Figure 3A and C). A similar time course for the 323 

selected biomarkers of mitophagy was observed in the CCI injured hippocampus (Figure 4A-E). In 324 

contrast, TUNEL positivity (Figure 3D and E) and cyt c release from the mitochondria (Figure 3F) were 325 

not observed until 6 h after CCI. These assessments indicate that mitophagy occurs before the injured cells 326 

commit to triggering the death program in response to trauma. 327 
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 328 

Phospholipid scramblase-3 (PLS3) deficiency attenuates TBI-induced mitophagy by inhibiting CL 329 

externalization. 330 

We have previously shown that the signaling function of CL in mitophagy is realized via its 331 

externalization to the surface of mitochondria, where it specifically interacts with the autophagic protein 332 

LC3(Kagan et al., 2005; Chu et al., 2013). Therefore, we next analyzed CL redistribution after TBI, using 333 

Annexin V-FITC externalization assay to monitor the content of accessible CL on the surface as described 334 

previously(Chu et al., 2013; Kagan et al., 2016). Robust externalization of CL on mitochondria was 335 

detected in the human brain after TBI as compared with the control group (Figure 5A). 336 

Phospholipid scramblase-3 (PLS3) was reported to act as a mitochondrial enzyme responsible for 337 

translocating CL from the IMM to the OMM in vitro(Liu et al., 2008) with the accompanying 338 

phosphorylation of PLS3 at threonine 21 (Liu et al., 2003a; He et al., 2007). Immunoprecipitation with a 339 

PLS3 antibody followed by Western blot with an anti-phosphothreonine antibody showed that PLS3 was 340 

phosphorylated after trauma both in vitro and in vivo (Figure 5B and G). In order to determine the role of 341 

PLS3 in TBI-induced CL externalization and mitophagy, we continuously administered anti-PLS3 siRNA 342 

or non-targeted siRNA intraventricularly for 72 h to rats before CCI. PLS3 expression was significantly 343 

decreased by the targeted siRNA vs. nontargeted siRNA in the injured cortex (Figure 5D). Notably, 344 

deficiency of PLS3 markedly suppressed CL externalization induced by trauma both in vitro and in vivo 345 

(Figure 5C and H). Furthermore, PLS3 knockdown prevented CCI-induced loss of mitochondrial proteins 346 

without affecting general autophagy markers (Figure 5D–F).  347 

 348 

Knockdown of CL synthase attenuates mitophagosome biogenesis after TBI. 349 

To further evaluate the role of CL in the recognition of injured mitochondria for mitophagy after TBI, 350 

we utilized RNAi against CL synthase (CLS) in vitro and in vivo. The RNAi knockdown of CLS resulted 351 

in a significantly decreased CLS protein level, but did not affect the expression of COXIV or TOM40 in in 352 

vitro and LC3-II in in vivo (Figure 6). Importantly, we observed that CLS deficiency attenuated 353 

mechanical stretch-induced loss of mitochondrial proteins (Figure 6A-C). 354 

To evaluate the effect of CLS knockdown on TBI-induced mitophagy in vivo, we continuously 355 

infused anti-CLS or non-targeted control siRNA into the ventricular system of rats for 72 h before CCI. 356 

CLS expression was significantly decreased (Figure 6D) by targeted siRNA treatment. Thus achieved CLS 357 



 

13 
 

knockdown prevented TBI-induced loss of mitochondrial marker proteins, but not general autophagy 358 

proteins markers (Figure 6E-F).  359 

To evaluate mitophagosome formation after TBI, we utilized GFP-LC3 transgenic rats and assessed 360 

the co-localization of GFP-LC3 with mitochondria by confocal microscopy. Anti-CLS siRNA 361 

administration markedly decreased CCI-induced mitophagosome formation in the injured cortex vs. 362 

non-targeting siRNA controls (Figure 6G, H). 363 

 364 

Mitophagy is beneficial after TBI by preventing apoptotic death 365 

Mitochondrial fragmentation is essential in mitophagic processing, in which dynamin-related protein 366 

1 is a key regulator of mitochondrial fission and subsequent elimination by autophagy(Twig et al., 2008; 367 

Zhang et al., 2013). We found that mdivi-1, an inhibitor of dynamin-related protein 1, significantly 368 

reversed CCI-induced mitophagy, but did not affect general autophagy (Figure 7A-C). 369 

Since mitochondrial quality control is essential for neuronal health, we reasoned that impaired 370 

mitophagy might trigger or enhance neuronal death after TBI. In line with this notion, treatment of rats 371 

with mdivi-1 or 3-MA significantly increased the number of TUNEL-positive cells and markedly 372 

up-regulated cleaved caspase-3 expression in the injured cortex (Figure 7 D–F). To further evaluate the 373 

effect of mdivi-1, we examined the lesion volume and neurocognitive outcomes. Cortical lesion volume 374 

was larger in the mdivi-1-treated rats in comparison to the rats that received the vehicle (Figure 7G). The 375 

results of beam balance and MWM tests revealed that the TBI + mdivi-1 group of rats performed markedly 376 

worse than the TBI + vehicle group (Figure 7H and I). To further assess memory retention, we used the 377 

novel object recognition (NOR) test. We found that mdivi-1 treated rats spent significantly less time 378 

exploring the novel object than the vehicle-treated rats (Figure. 7J) suggesting that inhibition of 379 

mitophagy after TBI has a detrimental effect on cognitive function. Motor function before surgery and 380 

performance in the visible platform test did not differ between groups. Since both 3-MA and mdivi-1 have 381 

off-target effects (Wu et al., 2010; Qian et al., 2013), we employed in vivo PLS3 knock-down protocol to 382 

assess the role of CL-mediated mitophagy in the outcome after TBI. The efficacy of PLS3 knockdown was 383 

evaluated by western blot (Figure. 8B). We utilized fluoro-jade C (FJC) staining, which detects 384 

degenerating neurons, to assess lesion evolution in the sub-acute period (1week after the injury). PLS3 385 

knockdown increased FJC–positivity after CCI compared to non-targeted control siRNA group (Figure. 386 

8A–B). We measured caspase-3 activity in pericontusional region to evaluate apoptotic markers 387 
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downstream of mitochondria-mediated apoptosis. Greater caspase-3 activity was observed in PLS3 388 

knockdown vs non-targeted control siRNA group after CCI (Figure. 8C). Meanwhile, lesion volume in 389 

both cortical and hippocampal tissues was larger PLS3 down-regulation in comparison to the siRNA ctrl 390 

(Figure 8D). After injury, a significant improvement in motor performance was observed on days 4–5 in 391 

the CCI + siRNA Ctrl group compared to the CCI + siRNA PLS3 group (Figure. 8E). The results of the 392 

MWM task revealed that rats in the CCI + siRNA Ctrl group performed better than those in the CCI + 393 

siRNA PLS3 group on days 14–15 (Figure. 8F). PLS3 siRNA treated rats spent less time with the novel 394 

object compared to non-targeted siRNA controls (Figure. 8G). These data are compatible with a beneficial 395 

role of mitophagy - leading to the clearance of damaged mitochondria and inhibition of downstream 396 

apoptosis - after TBI (Figure. 8H). 397 

 398 

Discussion 399 

Primary injury to the brain in the setting of severe TBI in the highly organized and cybernetic 400 

machinery of the brain triggers sophisticated repair mechanisms(Park et al., 2008). The complexity of 401 

mitochondria as bioenergetic and signaling platforms in neurons makes them particularly vulnerable to 402 

mechanical injury that, combined with their high oxidant generating potential, necessitates activation of 403 

urgent repair mechanisms. Here we demonstrate, for the first time, that mitophagy is involved in the 404 

elimination of damaged organelles as an early TBI response of the injured human and rat brain. This 405 

response includes translocation of CL from the IMM to the surface of the OMM where externalized CL 406 

mediates targeted LC3-mediated autophagy of damaged mitochondria. Our data targeting PLS and CLS in 407 

genetically manipulated cells and animals strongly support the essential role of CL and its externalization 408 

mechanisms in the endogenous reparative plasticity of injured brain cells. We further show that successful 409 

execution and completion of mitophagy is beneficial in the context of preservation of cognitive functions 410 

after TBI thus suggesting that mechanisms and pathways of CL externalization may represent new targets 411 

for drug discovery. 412 

 413 

Mitophagy as a regulator and precursor of apoptosis has previously been documented in TBI and 414 

other CNS disorders(Tang et al., 2016; Liu et al., 2017b; Wang et al., 2017; Wu et al., 2017). A number of 415 

studies have reported presence of abnormal mitochondria early after acute injury, possibly associated with 416 

energy depletion and/or disturbed Ca2+ homeostasis(Cheng et al., 2012). Within this context autophagy of 417 
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mitochondria might play an important positive homeostatic role of in endogenous metabolic rebalancing in 418 

acute injury, especially in TBI(Smith et al., 2011). In line with this, the induction of autophagy using 419 

rapamycin inhibited an important mitochondrial cell death pathway with decreased cytochrome C (cyt C) 420 

release and caspase 3 activation(Tang et al., 2016; Wang et al., 2017; Wu et al., 2017), while inhibition of 421 

mitophagy by mdivi-1 induced cyt c release and caspase 3 activation(Zuo et al., 2014). In addition to TBI, 422 

dramatically increased mitophagy was observed within hours after reperfusion in both middle cerebral 423 

artery occlusion (MCAO) and oxygen and glucose deprivation (OGD) experiments(Zhang et al., 2013).  424 

 425 

Both beneficial and detrimental effects of autophagy or mitophagy have been reported after TBI(Galluzzi 426 

et al., 2016; Feng et al., 2017; Gao et al., 2017; Huang et al., 2017; Liu et al., 2017a). To better understand 427 

mitophagy and cell death after TBI, we performed a time-course assessment of mitochondrial protein 428 

content and TUNEL immunofluorescence. We found that after an early period of mitophagy (1 h, 3 h), 429 

cells underwent significant cell death with cyt c release from 6 h to 24 h. This early onset of mitophagy 430 

may reflect the attempts of cells to eliminate the injured mitochondria to circumvent the necessity to 431 

engage a more drastic cell response, apoptosis. To experimentally test this idea, we used 3-MA and 432 

mdivi-1 as autophagy and mitophagy inhibitors respectively, as well as PLS3 siRNA to specifically block 433 

mitophagy in a rat CCI model. Mdivi-1 is a mitochondrial fission inhibitor that blocks mitophagy via 434 

decreased fragmentation of mitochondria (Smith and Gallo, 2017). In line with this, Fischer et al. showed 435 

that mdivi-1 blocked CCI-induced decrease in mitochondrial length and mito-fragmentation in the 436 

hippocampus (Fischer et al., 2016; Rosdah et al., 2016). They observed that administration of Mdivi-1 437 

starting 30 min post-injury, and subsequently at 24 and 48 h post-injury improved NOR performance after 438 

CCI. These results differ from our findings. One possible explanation for this difference could be the 439 

timing of Mdivi-1 administration --post-injury vs. pre-injury. Preau showed that the mitochondrial 440 

fragmentation is essential in mitophagic processing (Preau et al., 2016). However, other studies indicate 441 

that mitochondrial fission is not required for mitophagy (Yamashita et al., 2016; Burman et al., 2017). It is 442 

possible that the beneficial vs. detrimental effects of mitophagy after TBI depend on timing after injury. 443 

3-MA, an autophagy inhibitor, has been also tested as a response modifier after TBI (Luo et al., 2011) with 444 

conflicting results (Wang et al., 2012; Jin et al., 2016). However, the harmful effects of long-term 445 

autophagy and continued activation of LC3 cannot be completely excluded by our study focused on the 446 

early time points - from 1 h to 24 h- after TBI(Kroemer and Levine, 2008; Liu and Levine, 2015). This is 447 
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an important unanswered question given that Sarkar et al. demonstrated the persistence of autophagy over 448 

the period of 1 week after TBI (Sarkar et al., 2014). We also found a transient motor deficit affecting their 449 

beam balance performance on day 1 after surgery in sham group. These deficits resolve by day 2 after 450 

surgery. Sham operated rats undergo craniotomy and anesthesia and it is possible that these procedures 451 

influence beam balance performance on day 1 after surgery. Previous studies have shown that craniotomy 452 

alone can cause mild transient neurological dysfunction.  Nevertheless it is thought that the effects of 453 

surgery are best controlled by including surgical sham control groups (Cole et al., 2011; Osier and Dixon, 454 

2016). 455 

 456 

Our previous studies showed that mitochondria are important determinants of the ultimate fate of cells 457 

after TBI (Bayir et al., 2007; Ji et al., 2012a). We demonstrated that cyt c release from mitochondria 458 

triggered by stretch injury in primary neurons was causatively linked with selective oxidation of CL(Kagan 459 

et al., 2009). While translocation of CL from the inner to the outer mitochondrial membrane is required by 460 

both apoptosis and mitophagy, its oxidation by the cyt c/CL complex in the presence of hydrogen peroxide 461 

is essential for mitochondrial apoptosis(Kagan et al., 2005). Appearance of CL on the surface of damaged 462 

mitochondria acts as an eat me signal for the autophageal machinery via recognition of externalized CL by 463 

LC3 (Chu et al., 2013; Chu et al., 2014). Availability of CL likely represents a key factor for its 464 

externalization. In line with this possibility, our data showed that knockdown of CL synthase, the enzyme 465 

responsible for its de novo synthesis, reduced mitophagy. Importantly, quantification of LC3/GAPDH 466 

showed no significant difference between groups treated with either siRNA-control or siRNA-CL, 467 

suggesting that overall autophagy was not affected by CLS deletion.  468 

 469 

Another protein that plays an important role in the translocation of CL from the inner to the outer 470 

mitochondrial membrane during mitophagy is PLS3 (Liu et al., 2003b). It has been shown that lipid 471 

transfer activity of PLS3 is increased by phosphorylation of its Thr 21 by Protein Kinase C (PKC)-delta 472 

(He et al., 2007). Previous studies have shown enhanced expression of PLS3 in hippocampal mitochondria 473 

and co-localization of PLS3 with PKC-delta after cerebral ischemia reperfusion (Kowalczyk et al., 2009). 474 

Our result in the CCI model also show increased phosphorylation of PLS3 accompanied by markedly 475 

elevated levels of CL in OMM fractions isolated from injured brain. As overexpression of PLS3 has been 476 

shown to enhance CL translocation and increase sensitivity to apoptosis (Liu et al., 2003b), we reasoned 477 
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that PLS3 also played a role in mitophagy after TBI. Indeed, we demonstrated that anti-RNAi injection in 478 

vivo resulted in knockdown of PLS3 and downregulated mitophagy in the CCI model. Acting as a 479 

multi-factorial regulator of both the number and function of mitochondria, CL can also interact with the 480 

autophagy protein beclin 1, the immunity-related GTPase IRGM, and NLRP3 (Geisler et al., 2010; Sun et 481 

al., 2012; Iyer et al., 2013). Overall, our results show that CL signaling is essential for the quality control 482 

of mitochondria via the mitophageal elimination of TBI damaged organelles. 483 

 484 

 There are several limitations to our study. First being focused on the involvement of CL in the 485 

mitophageal elimination of damaged mitochondria, this study did not explore the possible contribution of 486 

PINK1/Parkin (Mukhida et al., 2005; Zhang et al., 2013; Wang et al., 2017) to TBI-induced mitophagy in 487 

the brain. Second, we utilized a developmental TBI model in juvenile rats whereas the clinical samples 488 

were obtained from adult patients. Related to clinical samples, epilepsy patients were used as controls and 489 

were thus not true normal naïve controls, but represented the best available source of control samples given 490 

that resection of brain tissue from normal healthy controls is unethical. Furthermore, clinical TBI tissues 491 

were mostly frontal, while all control tissues were temporal. In addition, the mean age of the controls was 492 

younger than in the TBI patients. Nevertheless, these are extremely valuable human samples that represent 493 

the best available control tissue for our studies. 494 

 495 

In summary, we report that activation of CL-dependent mitophagy is an essential component of the 496 

responses elicited by clinical and experimental TBI. Suppression of TBI-induced mitophagy worsens the 497 

overall outcome likely via increased apoptosis. Our findings are important for better understanding of the 498 

mechanisms of secondary injury after TBI and could guide the discovery of new small molecule 499 

modulators of mitophagy that could serve as potential novel therapeutics for TBI and other acute CNS 500 

insults. 501 
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Figure 1. Mitophagy induction after traumatic brain injury. 720 
(A-B) Representative TEM images of neurons from human brains. Mitochondria within 721 
autophagosome-like structures, such as a double membrane (arrow), were observed in TBI brain 722 
tissue. A significant difference in the number of autophagic vacuoles containing mitochondria per 723 
neuron (obtained from TEM images) was observed between TBI (n = 5) and Ctrl (Ctrl n = 3, TBI n= 5; 724 
mean ± SD; t = 6.723; *p < 0.05 vs. Ctrl by t test). (C) The ratio of mtDNA/gDNA was assessed by 725 
real-time PCR, reflecting the relative number of mitochondria in human samples (Ctrl n = 3, TBI n= 5, 726 
mean ± SD; t = 8.534; *p < 0.05 vs. Ctrl by t test). (D-E) Western blot of autophagic and 727 
mitochondrial markers obtained from TBI (n = 5) and control (n = 3) patients. GAPDH was used as 728 
the loading control. Bar graphs show the results of analysis (by band density analysis) of p62, LC3-II, 729 
TOM40, MnSOD, and COXIV (Ctrl n = 3, TBI n= 5, mean ± SD; p62 t= 3.325, LC3-II t= 7.364, 730 
TOM40 t= 4.127, MnSOD t= 2.633, COXIV t= 3.172; *p < 0.05 vs. Ctrl by t test). (F-G) TEM images 731 
of neurons in the rat brains 1 h after CCI; note that mitochondria were engulfed by autophagic 732 
vacuoles, Scale bar = 0.1 μm, quantification of autophagic vacuoles containing damaged mitochondria 733 
(Ctrl n = 3, TBI n= 5; mean ± SD; t = 4.571; *p < 0.05 vs. Ctrl by t test). (H-I) Detection of 734 
mitophagy in the injured cortex of the rat after CCI (in vivo TBI model). CCI increased colocalization 735 
of GFP-LC3 and mitochondria (arrows) vs. control (n = 5; mean ± SD; F(4, 20) = 20.317; *p < 0.05 736 
vs. Ctrl by one-way ANOVA and Tukey’s post-hoc test; scale bar = 10 μm). (J-L) CCI-induced 737 
decrease of mitochondrial markers (TOM40, MnSOD, and COXIV) was partially reversed by 738 
Baf-A1-mediated inhibition of autophagosomal-lysosomal degradation; GAPDH was set as the 739 
standard (n = 3; mean ± SD;p62 F(4, 8) = 9.532,TOM40 F(4,8)=7.332;  P 0.05 versus control; # P740 

0.05 versus CCI by one-way ANOVA and Tukey’s post-hoc test). Ctrl, control; CCI, controlled 741 
cortical impact; Baf-A1, bafilomycin A1; mt, mitochondria. TEM, transmission electron microscopy. 742 
 743 
Figure 2 TBI-induced mitophagy in vitro.  744 
(A–B) Trauma increased the colocalization of GFP-LC3 and mitochondria (arrows) in primary 745 
cortical neurons subjected to stretch injury (in vitro TBI model). (Scale bar = 10 μm; n = 5; mean ± 746 
SD; t = 6.712; *p < 0.05 vs. Ctrl by t test). (C–D) Representative electron-micrographs of primary 747 
cortical neurons. The arrow indicates mitochondria engulfed by vacuolar structures (Scale bar = 0.2 748 
μm; n = 3; mean ± SD; t = 3.425; *p < 0.05 versus control by t test). (E-H) Western blot of general 749 
autophagy markers and mitochondrial proteins in primary cortical neurons subjected to stretch injury. 750 
β-Actin was used as the loading control ((E) n = 3; mean ± SD; F(4, 10) = 4.362; p < 0.05 versus 751 
control by one-way ANOVA and Tukey’s post-hoc test), ((G) n = 3; mean ± SD; F(4, 10) = 12.143; p 752 
< 0.05 versus control by one-way ANOVA and Tukey’s post-hoc test), ((H) n = 3; mean ± SD; F(4, 10) 753 
= 7.336; p < 0.05 versus control by one-way ANOVA and Tukey’s post-hoc test).  754 
 755 
Figure 3. Temporal course of mitophagy and apoptosis after TBI. 756 
(A–C) Both general autophagy assessed by LC3-II expression and mitophagy assessed by loss of 757 
OMM (TOM 40), IMM (COX IV), and matrix (MnSOD) proteins were induced in the cortex as early 758 
as 1 h after CCI and persisted for 24 h after injury (B) (n = 5; mean ± SD; F(4, 20) = 16.334; *p < 759 
0.05 vs. Ctrl by one-way ANOVA and Tukey’s post-hoc test) (C) (mean ± SD; F(4, 20) = 7.617; *p < 760 
0.05 vs. Ctrl by one-way ANOVA and Tukey’s post-hoc test). (D–F) Apoptosis assessed by TUNEL 761 
staining (n = 5) and release of cytochrome c (cyt c) from mitochondria to cytosol in contusional cortex 762 
did not occur until 6 h after CCI (n = 5; mean ± SD; F(4, 20) = 23.143; *p < 0.05 vs. Ctrl by one-way 763 
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ANOVA and Tukey’s post-hoc test; scale bar = 100 μm). Ctrl, control. CCI, controlled cortical impact. 764 
CYTO, cytosolic fraction. MITO, mitochondrial fraction. 765 
 766 
Figure 4. Mitophagy in the hippocampus after TBI. 767 
(A) Representative electron-micrographs of injured and sham neurons at 1 h after injury. A 768 
mitophagosome containing partially degraded mitochondria is indicated by the arrow, Scale bar = 0.1 769 
μm. (B) Mitophagosome number was increased after CCI in comparison to control (n = 3; mean ± SD; 770 
t = 13.761; *p < 0.05 versus control by t test). (C-E) The levels of autophagic and mitochondrial 771 
markers were assessed by western blot after TBI ((D)n = 3; mean ± SEM; F(4, 10) = 5.417; p < 0.05 772 
versus control by one-way ANOVA and Tukey’s post-hoc test) ((E)n = 3; mean ± SEM; F(4, 10) = 773 
13.672; p < 0.05 versus control by one-way ANOVA and Tukey’s post-hoc test). 774 
 775 
Figure 5. PLS3 knockdown inhibits TBI-induced mitophagy. 776 
(A) Exposure of CL on mitochondrial surface and phosphorylation of PLS3 (B) are increased in 777 
human brains after TBI. (Ctrl n = 3 and TBI n = 5; mean ± SD; t =2.534; p < 0.05 vs. Ctrl by t test) (C) 778 
PLS3 knockdown significantly attenuated CCI-induced CL externalization (n = 5; mean ± SD; F(2, 12) 779 
= 10.530; *p < 0.05 vs. control and #p < 0.05 vs. control by one-way ANOVA and Tukey’s post-hoc 780 
test). (D–F) CCI elicited increases in LC3-II levels and decreases in mitochondrial protein content, 781 
which was reversed by siRNA knockdown of PLS3. Note that PLS3 knockdown had no effect on the 782 
expression of the general autophagy marker LC3-II (n = 5). (E) (mean ± SEM; F(4, 20) = 3.513; *p < 783 
0.05 versus Ctrl and p > 0.05 CCI+siRNA PLS3 versus CCI+siRNA Ctrl by one-way ANOVA and 784 
Tukey’s post-hoc test) (F) (mean ± SEM; F(4, 20) = 13.835; *p < 0.05 versus Ctrl and #p < 0.05 785 
versus CCI+siRNA Ctrl by one-way ANOVA and Tukey’s post-hoc test). (G) Traumatic stimuli 786 
activated PLS3 phosphorylation and (H) increased surface exposure of CL at 3h after injury in stretch 787 
model (n = 5; mean ± SEM; F(2, 12) = 23.153; *p < 0.05 versus Ctrl and #p < 0.05 versus 788 
CCI+siRNA Ctrl by one-way ANOVA and Tukey’s post-hoc test). Ctrl, control. TBI, traumatic brain 789 
injury. CCI, controlled cortical impact. PT, phosphothreonine. IP, immunoprecipitation. IB, 790 
immunoblotting. 791 
 792 
Figure 6. Analysis of CL-mediated mitophagy in response to traumatic injury. 793 
(A-C) TBI-induced decrease of mitochondrial proteins was reversed by siRNA targeting CLS in in 794 
vitro experiment. (B) (n = 5; mean ± SD; F(4, 20) = 13.732; *p < 0.05 vs. 1 h with siRNA CLS and #p 795 
< 0.05 vs. 0.5 h with siRNA CLS by one-way ANOVA and Tukey’s post-hoc test). (C) (n = 5; mean ± 796 
SEM; F(4, 20) = 9.538; *p < 0.05 vs. 1 h with siRNA CLS and #p < 0.05 vs. 0.5 h with siRNA CLS 797 
by one-way ANOVA and Tukey’s post-hoc test). (D–F) Knockdown of cardiolipin synthase (CLS) 798 
attenuated mitophagy after CCI. Both general autophagy assessed by LC3-II expression and 799 
mitophagy assessed by loss of OMM (TOM 40) and IMM (COX IV) proteins were induced in cortex 800 
at 1 and 3 h after injury (n = 3). (E) (mean ± SEM; F(4, 10) = 10.679; *p < 0.05 versus Ctrl and p > 801 
0.05 CCI+siRNA PLS3 versus CCI+siRNA Ctrl by one-way ANOVA and Tukey’s post-hoc test). (F) 802 
(mean ± SEM; F(4, 10) = 15.139; *p < 0.05 versus Ctrl and #p < 0.05 versus CCI+siRNA Ctrl by 803 
one-way ANOVA and Tukey’s post-hoc test). (G–H) Mitophagy was assessed by colocalization of 804 
GFP-LC3 with mitochondrial protein COX-IV (n = 5) in GFP-LC3 transgenic rats transfected for 72 h 805 
with CLS siRNA or control siRNA i.c.v. Neuronal nuclei were stained with anti-NeuN antibody in 806 
blue. (Scale bar = 10 μm; mean ± SD; F(4, 20) = 25.460; *p < 0.05 vs. control by t test; #p < 0.05 vs. 807 
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CCI + siRNA Ctrl by one-way ANOVA and Tukey’s post-hoc test). i.c.v, intracerebroventricular. CCI, 808 
controlled cortical impact. 809 
 810 
Figure 7. Suppression of mitophagy worsens TBI-induced neuronal injury and behavioral 811 
deficits. 812 
(A and B) Mdivi-1 did not affect general autophagosome biogenesis induced by CCI at 1 h 813 
post-injury (n = 3; mean ± SD; F(3, 8) = 22.742; p < 0.05 versus control and p > 0.05 CCI versus 814 
CCI+Mdivi-1 by one-way ANOVA and Tukey’s post-hoc test). (A and C) The loss of mitochondrial 815 
proteins induced by CCI was partly reversed by mdivi-1. GAPDH was used as the loading control (n 816 
= 3; mean ± SD; F(3, 8) = 12.583; p < 0.05 versus control and #p < 0.05 versus CCI by one-way 817 
ANOVA and Tukey’s post-hoc test). (D and E) Apoptotic cell death was assessed by TUNEL staining 818 
from five random fields in the injured cortex (n = 5; mean ± SD; F(5, 24) = 40.362; #p < 0.05 vs. CCI, 819 
1 h by t test; scale bar = 100 μm. (F) 3-MA or mdivi-1 increased the level of cleaved-caspase-3 after 820 
CCI. (G) Analysis of cortical lesion volume 7 days after TBI in Sprague-Dawley rats (n = 5; mean ± 821 
SD; F(2, 15) =4.163; *p < 0.05 vs. CCI+V by one-way ANOVA and Tukey’s post-hoc test). (H) Time 822 
spent (seconds, s) on the balance beam apparatus before and after CCI or sham (n = 8–12; mean ± SD; 823 
F(5, 300) = 54.362; *p < 0.05 vs. CCI + Vehicle by one-way ANOVA and Tukey’s post-hoc test). (I) 824 
Latency (seconds) till rats locate a hidden (submerged) and visible platform on post-TBI days 11–15 825 
(n = 8–12; mean ± SD; F(5, 300) = 72.128;*p < 0.05 vs. CCI+Vehicle by one-way ANOVA and 826 
Tukey’s post-hoc test). (J) Novel Object Recognition (NOR) task performance 19 d after sham or CCI 827 
injury (n = 8–12 per group; mean ± SEM; F(5, 36) = 9.714;*p < 0.05 versus CCI+Vehicle by one-way 828 
ANOVA and Tukey’s post-hoc test). Ctrl, control. CCI, controlled cortical impact. 3-MA, 829 
3-methyladenine. V, vehicle. 830 
 831 
Figure 8. PLS3 knockdown exacerbates neuronal injury and behavioral deficits after TBI.  832 
(A) Assessment of neurodegeneration by fluoro-jade C (FJC) staining. Neurodegeneration observed in 833 
the injured cortex 1 week after CCI was exacerbated by PLS3 downregulation (Scale bar = 100 μm). 834 
(B) Quantification of FJC staining showed significantly higher neurodegeneration in the CCI + siRNA 835 
PLS3 group (n = 5; mean ± SD; F(3, 16) = 32.461; *p < 0.05 vs. CCI + siRNA Ctrl by one-way 836 
ANOVA and Tukey’s post-hoc test). Rats were transfected with control or PLS3 siRNA 72 h before 837 
CCI and measurements were obtained 24 h after injury. Insert: The efficacy of PLS3 knockdown 838 
evaluated by western blot, n=5/group. (C) Caspase-3 activity of pericontusional cortex (n = 5; means 839 
± SD; F(3, 16) =17.227 *p <0.05 vs. CCI + siRNA Ctrl by one-way ANOVA and Tukey’s post-hoc 840 
test). (D) Analysis of lesion volume (both cortical and hippocampal areas using H&E staining) 7 days 841 
after CCI (scale bar: 500μm; n = 5; mean ± SD; F(3, 16) = 10.325; *p < 0.05 vs. CCI + V by one-way 842 
ANOVA and Tukey’s post-hoc test). (E) Time spent (in seconds) on the balance beam apparatus 843 
before and after CCI or sham injury (n = 8–12; mean ± SD; F(3, 200) = 72.671; *p < 0.05 vs. CCI + 844 
siRNA Ctrl by one-way ANOVA and Tukey’s post-hoc test). (F) Latency (in seconds) till rats locate a 845 
hidden (submerged) platform on post-TBI days 11–15 (n = 8–12; F(3, 200) = 14.271; *p < 0.05 vs. 846 
CCI+ siRNA Ctrl by one-way ANOVA and Tukey’s post-hoc test). (G) NOR task performance 19 d 847 
after sham or CCI injury (n = 8–12; mean ± SEM; F(3, 36) =45.461;*p < 0.05 vs. CCI 9+ siRNA Ctrl 848 
by one-way ANOVA and Tukey’s post-hoc test). (H) Schematic diagram summarizing the proposed 849 
role of CL in mitophagy after TBI. 850 
 851 



 
Table 1. Clinical information of human brain specimens. 

 
 
Ctrl, control; TBI, traumatic brain injury; h, hour.  
 
 

No. of 
patient 

Gender Age Diagnosis Time to 
injury 

Site Outcome 

Ctrl             

    1 male 52 epilepsy — right temporal lobe no disability 

    2 male 21 epilepsy — right temporal lobe no disability 

    3 male 58 epilepsy — left temporal lobe mild disability 

TBI             

    1 male 54 TBI 3 h left frontal lobe severe disability 

    2 male 68 TBI 5 h left frontal lobe death 

    3 male 61 TBI 8 h right frontal lobe severe disability 

    4 male 62 TBI 3 h right temporal lobe death 

    5 male 56 TBI 6 h left temporal lobe mild disability 


















