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Abstract  33 

Chronic neuroinflammation with sustained microglial activation occurs following severe 34 

traumatic brain injury (TBI) and is believed to contribute to subsequent neurodegeneration and 35 

neurological deficits .  Microglia, the primary innate immune cells in brain, are dependent on 36 

colony stimulating factor 1 receptor (CSF1R) signaling for their survival.  In this pre-clinical 37 

study, we examined the effects of delayed depletion of chronically activated microglia on 38 

functional recovery and neurodegeneration up to three months post-injury.  A CSF1R inhibitor, 39 

PLX5622, was administered to adult male C57Bl/6J mice at one month after controlled cortical 40 

impact to remove chronically activated microglia, and the inhibitor was withdrawn 1-week later 41 

to allow for microglial repopulation.  Following TBI, the repopulated microglia displayed a 42 

ramified morphology similar to that of sham uninjured mice, whereas microglia in vehicle-43 

treated TBI mice showed the typical chronic posttraumatic hypertrophic morphology.  PLX5622 44 

treatment limited TBI-associated neuropathological changes at 3 months post-injury; these 45 

included a smaller cortical lesion, reduced hippocampal neuron cell death, and decreased NOX2- 46 

and NLRP3 inflammasome-associated neuroinflammation.  Furthermore, delayed depletion of 47 

chronically activated microglia after TBI led to widespread changes in the cortical transcriptome 48 

and altered gene pathways involved in neuroinflammation, oxidative stress, and neuroplasticity.  49 

Using a variety of complementary neurobehavioral tests, PLX5622-treated TBI mice also had 50 

improved long-term motor and cognitive function recovery through 3 months post-injury.  51 

Together, these studies demonstrate that chronic phase removal of neurotoxic microglia after 52 

TBI using CSF1R inhibitors markedly reduce chronic neuroinflammation and associated 53 

neurodegeneration, as well as related motor and cognitive deficits. 54 

 55 
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Significance Statement  56 

Traumatic brain injury (TBI) is a debilitating neurological disorder that can seriously impact the 57 

patient’s quality of life.  Microglial-mediated neuroinflammation is induced after severe TBI and 58 

contributes to neurological deficits and on-going neurodegenerative processes.  Here, we 59 

investigated the effect of breaking the neurotoxic neuroinflammatory loop at 1-month after 60 

controlled cortical impact in mice by pharmacological removal of chronically activated microglia 61 

using a CSF1R inhibitor, PLX5622.  Overall, we show that short-term elimination of microglia 62 

during the chronic phase of TBI followed by repopulation results in long-term improvements in 63 

neurological function, suppression of neuroinflammatory and oxidative stress pathways, and a 64 

reduction in persistent neurodegenerative processes.  These studies are clinically relevant and 65 

support new concepts that the therapeutic window for TBI may be far longer than traditionally 66 

believed if chronic and evolving microglial-mediated neuroinflammation can be inhibited or 67 

regulated in a precise manner.  68 
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Introduction  69 

Traumatic brain injury (TBI) is a major cause of morbidity and mortality world-wide 70 

(Maas et al., 2017).  Its high incidence and prevalence result in a large number of survivors with 71 

significant long-term disabilities (Bryant et al., 2010; Sabaz et al., 2014; Kumar et al., 2018).  72 

Traumatic insults to the brain produce tissue damage and related neurological dysfunction 73 

through both direct mechanical damage (primary injury) and more delayed mechanisms that 74 

result from secondary biochemical/metabolic alterations (Loane and Faden, 2010).  Recent 75 

clinical and experimental TBI studies have implicated chronic neuroinflammation as an 76 

important secondary injury mechanism that may be treatable (Simon et al., 2017). 77 

Following brain trauma, microglia become activated and undergo phenotypic and 78 

functional changes (Kumar et al., 2016a).  Microglial activation is an essential innate immune 79 

response that is required to protect the brain from central nervous system (CNS) injury (Salter 80 

and Stevens, 2017).  However, uncontrolled activation, or activation over extended periods, is 81 

detrimental and can contribute to neurodegenerative processes and related neurobehavioral 82 

dysfunction (Block et al., 2007).  Chronic microglial activation has been reported in TBI patients 83 

for many years after the initial brain trauma (Gentleman et al., 2004; Ramlackhansingh et al., 84 

2011; Johnson et al., 2013; Coughlin et al., 2015; Cherry et al., 2016; Coughlin et al., 2017), and 85 

is more broadly distributed than suggested by the primary lesion.  Moreover, it is involved in 86 

persistent white matter atrophy and related cognitive decline (Maxwell et al., 2006; Bendlin et 87 

al., 2008; Ramlackhansingh et al., 2011; Johnson et al., 2013; Coughlin et al., 2015; Wilson et 88 

al., 2017).  Experimental studies implicate NADPH oxidase (NOX2) as a common and necessary 89 

mechanism of microglia-mediated neurotoxicity during chronic neurodegeneration (Babior, 90 

1999; Qin et al., 2004; Block et al., 2007).  Additionally, we reported that inhibiting NOX2 91 
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activity after TBI in mice suppressed microglial neurotoxicity, resulting in reduced tissue loss 92 

and improved long-term functional recovery (Kumar et al., 2016a; Kumar et al., 2016b; Barrett 93 

et al., 2017). 94 

Microglia express colony stimulating factor 1 receptor (CSF1R) (Erblich et al., 2011; 95 

Nandi et al., 2012), and CSF1R signaling is essential for microglial development and their long-96 

term survival (Ginhoux et al., 2010; Erblich et al., 2011).  The recent discovery of CSF1R small-97 

molecule inhibitors has enabled selective elimination of microglia under both physiological 98 

(Elmore et al., 2014) and pathological conditions (Szalay et al., 2016; Jin et al., 2017; Li et al., 99 

2017).  Oral administration of CSF1R inhibitors rapidly deplete >95% of all microglia in the 100 

CNS within 7 days of treatment (Elmore et al., 2014).  Notably, in a mouse hippocampal lesion 101 

model, depletion of microglia by a 30-day treatment with a CSF1R inhibitor (PLX3397) 102 

improved cognitive recovery and reduced pro-inflammatory gene expression in the injured 103 

hippocampus (Rice et al., 2015).  Despite evidence that chronic and evolving microglial 104 

activation is detrimental following severe TBI (Byrnes et al., 2012; Loane et al., 2014; Pischiutta 105 

et al., 2018), prolonged inhibition of microglia is unlikely to be therapeutic because microglia 106 

perform critical functions such as synaptic pruning and restoration of tissue homeostasis after 107 

pathological insult (Salter and Stevens, 2017).  However, the withdrawal of CSF1R inhibitors in 108 

microglia-depleted mice results in rapid self-renewal and repopulation of microglia in the CNS 109 

(Elmore et al., 2014; Elmore et al., 2015), which can improve cognitive function recovery in 110 

hippocampal lesion studies (Rice et al., 2017).  Therefore, removing neurotoxic microglia by 111 

short-term treatment with CSF1R inhibitors may have a long-term effect on the lesion 112 

microenvironment and disrupt the chronic trajectory of neurodegeneration.   113 
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Here, we investigated whether short-term elimination of microglia during the chronic 114 

phase of TBI followed by repopulation can reduce posttraumatic neurodegeneration and limit 115 

long-term neurological dysfunction.  Our findings strongly implicate chronic neurotoxic 116 

microglial activation as a major pathophysiological factor in posttraumatic neurodegeneration 117 

and related neurological impairments after brain trauma.  118 
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Materials and Methods 119 

Animals: Studies were performed using adult male C57Bl/6J mice (10-12 weeks old; Taconic 120 

Biosciences Inc., Germantown, NY).  Mice were housed in the Animal Care facility at the 121 

University of Maryland School of Medicine under a 12-hour light-dark cycle, with ad libitum 122 

access to food and water.  All surgical procedures were carried out in accordance with protocols 123 

approved by the Institutional Animal Care and Use Committee (IACUC) at the University of 124 

Maryland School Of Medicine. 125 

Experimental design: C57Bl/6 mice (n=15-20/group) were subjected to either controlled 126 

cortical injury (CCI) or Sham surgery.  At 28 days post-injury (dpi), animals were placed on 127 

PLX5622 (1200 ppm; Plexxikon Inc.) or Vehicle chow for one week to deplete microglia (Fig. 128 

1A).  Animals were returned to a standard chow diet to allow for microglial repopulation, and 129 

were maintained on standard chow for the remainder of the study.  Following completion of 130 

comprehensive behavioural testing at 84 dpi, mice were anesthetized (100 mg/kg sodium 131 

pentobarbital, I.P.) and transcardially perfused with ice-cold 0.9% saline (100ml), followed by 132 

300 ml of 4% paraformaldehyde (PFA).  Brains were removed and post-fixed in 4% PFA 133 

overnight, cryoprotected in 30% sucrose, and were processed for histological outcome measures.  134 

A separate cohort of mice (n=8-9/group) underwent either CCI or Sham surgery.  At 28 dpi, 135 

animals were placed on PLX5622 or control chow as described above.  At 56 dpi, mice were 136 

anesthetized (100 mg/kg sodium pentobarbital, I.P.) and transcardially perfused with ice-cold 137 

0.9% saline (100ml), the ipsilateral brain tissue was rapidly dissected and processed for flow 138 

cytometry, or RNA/Nanostring analysis.  We chose to deplete microglia at 28 dpi because 139 

previous pre-clinical studies demonstrated the effectiveness of therapeutically targeting chronic 140 
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neuroinflammatory responses at 1-month after experimental TBI (Byrnes et al., 2012; Piao et al., 141 

2013). 142 

Controlled cortical impact (CCI): Our custom-designed CCI injury device consists of a 143 

microprocessor-controlled pneumatic impactor with a 3.5 mm diameter tip.  Briefly, mice were 144 

anesthetized with isoflurane evaporated in a gas mixture containing 70% N2O and 30% O2 and 145 

administered through a nose mask (induction at 4% and maintenance at 2%).  A 10 mm midline 146 

incision was made over the skull, the skin and fascia were reflected, and a 4 mm craniotomy was 147 

made on the central aspect of the left parietal bone.  The impounder tip of the injury device was 148 

then extended to its full stroke distance (44 mm), positioned to the surface of the exposed dura, 149 

and reset to impact the cortical surface.  Moderate-level CCI was induced using an impactor 150 

velocity of 6 m/s and deformation depth of 2 mm (Loane et al., 2014; Kumar et al., 2016a; Henry 151 

et al., 2019).  Sham animals underwent the same procedure as TBI mice except for the 152 

craniotomy and impact. 153 

Plexxikon (PLX) 5622 administration:  PLX5622 was provided by Plexxikon Inc. (Berkley, 154 

CA) and formulated in AIN-76A rodent chow by Research Diets Inc. (New Brunswick, NJ) at a 155 

concentration of 1200 ppm (Spangenberg et al., 2019).  Standard AIN-76A diet was provided as 156 

vehicle control.  Mice were provided ad libitum access to PLX5622 or vehicle diet for 7 days to 157 

deplete microglia.  This dose and time resulted in depletion of 95% of microglia (Fig 1C).   158 

Neurobehavioral testing 159 

Beam walk:  Fine motor coordination was assessed using a beam walk test, as previously 160 

described (Kumar et al., 2016b; Henry et al., 2019).  Briefly, mice were placed on one end of a 161 

wooden beam (5 mm wide and 120 mm in length), and the number of foot faults of the right hind 162 
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limb were recorded over 50 steps.  Mice were trained on the beam walk for 3 d prior to Sham or 163 

CCI and tested weekly through 84 dpi. 164 

Accelerating rotorod:  Gross motor function and balance was assessed on the accelerating 165 

Rotorod at 84 dpi, as previously described (Doran et al., 2019).  On the day of testing, mice were 166 

placed on the rod which accelerated from 4-60 RPM with maximal speed reached within 20 sec.  167 

Latency to fall from the rod (or cling to and rotate with the rod for three consecutive rotations) 168 

was recorded for three trials.  A 5–10 min of rest period with access to food and water between 169 

was allowed between each trial.  Scores from the three trials were averaged to give a single score 170 

for each mouse.  171 

Y-maze maze:  The Y-maze was performed at 70 dpi to test spatial working memory in mice, as 172 

previously described (Kumar et al., 2016b; Henry et al., 2019).  The Y-maze (Stoelting Co., 173 

Wood Dale, IL) consisted of three identical arms, each arm 35 cm long, 5 cm wide, and 10 cm 174 

high, at an angle of 120° with respect to the other arms.  One arm was randomly selected as the 175 

“start” arm, and the mouse was placed within and allowed to explore the maze freely for 5 min.  176 

Arm entries (arms A–C) were recorded by analyzing mouse activity using ANY-maze software 177 

(Stoelting Co., Wood Dale, IL).  An arm entry was attributed when all four paws of the mouse 178 

entered the arm, and an alternation was designated when the mouse entered three different arms 179 

consecutively.  The percentage of alternation was calculated as follows: total alternations x 180 

100/(total arm entries − 2).  If a mouse scored significantly >50% alternations (the chance level 181 

for choosing the unfamiliar arm), this was indicative of spatial working memory. 182 

Novel object recognition (NOR):  NOR was performed on 77-78 dpi to assess non-spatial 183 

hippocampal-mediated memory, as previously described (Zhao et al., 2012).  Mice were placed 184 

in an open field (22.5 cm X 22.5 cm) and two identical objects were placed near the left and right 185 
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corners of the open field for training (familiar phase).  Mice were allowed to freely explore until 186 

they spent a total of 20 sec exploring the objects (exploration was recorded when the front paws 187 

or nose contacted the object).  The time spent with each object was recorded using Any-Maze 188 

software (Stoelting Co.).  After 24 h, object recognition was tested by substituting a novel object 189 

for a familiar training object (the novel object location was counterbalanced across mice).  190 

Because mice inherently prefer to explore novel objects, a preference for the novel object (more 191 

time than chance [15 sec] spent with the novel object) indicates intact memory for the familiar 192 

object. 193 

Morris water maze (MWM):  Spatial learning and memory was assessed using the MWM, as 194 

previously described (Byrnes et al., 2012; Zhao et al., 2012).  The MWM protocol included two 195 

phases: (1) hidden platform training (learning acquisition) and (2) a twenty-four-hour probe test 196 

(reference memory).  A circular tank (100 cm in diameter) was filled with water (23 ± 2°C) and 197 

was surrounded by various extra-maze cues on the wall of the testing area.  A transparent 198 

platform (10 cm in diameter) was submerged 0.5 cm below the surface of the water.  Starting at 199 

80 dpi, the mice were trained to find the hidden submerged platform located in the northeast 200 

(NE) quadrant of tank for 4 consecutive days (80-84 dpi).  The mice underwent four trials per 201 

day, starting from a randomly-selected release point (east, south, west, and north).  Each mouse 202 

was allowed a maximum of 90 sec to find the hidden submerged platform.  The latency to find 203 

the submerged platform was recorded using Any-Maze software (Stoelting Co.).  Reference 204 

memory was assessed by a probe test carried out 24 h after the final acquisition day.  The 205 

platform was removed and the mice were released from the southwest position, and the time in 206 

the target quadrant was recorded.  Search strategy analysis was performed, as previously 207 

described (Byrnes et al., 2012; Zhao et al., 2012).  Three strategies were identified using the 208 
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following categorization scheme: a) spatial search strategy was defined as swimming directly to 209 

platform with no more than 1 loop, or swimming directly to the correct target quadrant and 210 

searching for platform; b) non-spatial systematic strategy was defined as searching interior 211 

portion of or entire tank without spatial bias, including searching within incorrect target quadrant 212 

prior to finding platform; c) repetitive looping strategy was defined as circular swimming around 213 

the tank, swimming in tight circle, or swimming around the wall of tank before finding the 214 

submerged hidden platform.  The search strategies were analyzed during the MWM probe test, 215 

and percentage of each strategy in each group was calculated using a chi-square analysis.  Mice 216 

that remained immobile throughout the 90 sec trial in the MWM test were excluded from the 217 

analysis (Sham: n=2; TBI+Veh: n=3; TBI+PLX: n=2). 218 

Histology 219 

Lesion volume:  Lesion volume was measured on 60 μm coronal sections that were stained with 220 

cresyl violet (FD NeuroTechnologies, Baltimore, MD; n=8-12/group).  Quantification was based 221 

on the Cavalieri method using Stereoinvestigator Software (MBF Biosciences, Williston, VT), as 222 

previously described (Byrnes et al., 2012; Henry et al., 2019).  The lesion volume was quantified 223 

by outlining the missing tissue on the injured hemisphere using the Cavalieri estimator with a 224 

grid spacing of 0.1 mm.  Every 8th section from a total of 96 sections was analyzed beginning 225 

from a random start point. 226 

Neuronal loss:  For analysis of post-traumatic neuronal cell loss 60μm coronal sections were 227 

stained with cresyl violet, and the optical fractionator method of stereology using 228 

Stereoinvestigator Software (MBF Biosciences) was employed.  Neurons in the ipsilateral cortex 229 

were characterized according to previously described methods (Garcia-Cabezas et al., 2016).  230 

For neuronal loss in cortex and dentate gyrus (DG) region of the hippocampus, every fourth 60 231 
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μm section between -1.34 and -2.54 mm and -2.70 to -3.16 mm, respectively, from bregma was 232 

analyzed beginning from a random start point.  A total of 6 sections were analyzed.  The number 233 

of surviving neurons in each field was divided by the volume of the region of interest to obtain 234 

the cellular density expressed in counts/mm3.   235 

Microglia morphological analysis:  Immunohistochemistry was performed on 60 μm coronal 236 

sections to assess morphological activation states of microglia in the perilesional cortex, as 237 

previously described (Byrnes et al., 2012; Loane et al., 2014).  Sections were incubated 238 

overnight with rabbit anti-Iba-1 (1:5000; Wako Chemicals, Richmond, VA), washed in 1x PBS 239 

(three times), and incubated with biotinylated anti-rabbit IgG antibody (Vector Laboratories, 240 

Burlingame, CA) for 2 h at room temperature.  Sections were incubated in avidin-biotin-241 

horseradish peroxidase solution (Vectastain Elite ABC kit; Vector Laboratories) for 1 h and then 242 

reacted with 3,3¢-diaminobenzidine (Vector Laboratories) for color development.  Iba-1 stained 243 

sections were counterstained with Cresyl violet and mounted for immunohistochemical analysis 244 

using a Leica DM4000B microscope (Leica Microsystems; Exton, PA).  Stereoinvestigator 245 

Software (MBF Biosciences) was used to count and classify the number of cortical microglia for 246 

microglial morphologic phenotypes (ramified and hypertrophic/bushy) at 84 dpi, using the 247 

optical fractionator method (n=10-11/group). 248 

Immunofluorescence imaging:  Immunofluorescence imaging was carried out on 20 μm 249 

coronal brain sections at approximately -1.70 mm from bregma.  Standard immunostaining 250 

techniques were employed, as previously described (Henry et al., 2019).  Briefly, 20 μm brain 251 

sections were washed three times with 1x PBS, blocked for 1 h in goat serum containing 0.4% 252 

Triton X-100, and incubated overnight at 4°C with a combination of primary antibodies, 253 

including mouse anti-gp91phox (NOX2; 1:1000, BD Biosciences, San Jose, CA), rat anti-CD68 254 
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(1:1000, AbD Serotec Inc., Raleigh, NC), rabbit anti-Iba1 (1:1000, Wako Chemicals), rabbit 255 

anti-P2Y12 (1:1000, AnaSpec Inc., Fremont, CA), and chicken anti-GFAP (1:500, Abcam, 256 

Eugene, OR).  Sections were washed with 1x PBS (three times), and incubated with appropriate 257 

Alexa Fluor conjugated secondary antibodies (Life Technologies, Carlsbad, CA) for 2 h at room 258 

temperature.  Sections were washed with 1x PBS (three times), counterstained with 4’, 6-259 

diamidino-2-phenylindole (DAPI; 1 g/ml; Sigma, Dorset, UK), and mounted with glass 260 

coverslips using Hydromount solution (National diagnostics, Atlanta, GA).  Images were 261 

acquired using a fluorescent Nikon Ti-E inverted microscope (Nikon Instrument Inc., Melville, 262 

NY), at 10x (Plan Apo 10X NA 0.45) or 20x (Plan APO 20X NA 0.75) magnification.  Exposure 263 

times were kept constant for all sections in each experiment.  All images were quantified using 264 

Nikon ND-Elements Software (AR 4.20.01).  Co-localization of NOX2 and CD68 in 265 

microglia/macrophage (Iba1+) was performed by binary operation intersection followed by 266 

thresholding.  12 positive regions of interest near the lesion site per mouse were quantified (with 267 

n=5 mice/group), and was expressed as NOX2+CD68+ cells/mm2.  For GFAP quantification, 268 

tiled images of each brain section were at 20x magnification (n=5-8 mice/group).  The 269 

background was subtracted using a specific reference region just outside each brain section.  The 270 

area of analysis was the ipsilateral perilesional region (proximal to the lesion site) and the 271 

corresponding site in sham animals.  A common threshold was selected for all images to identify 272 

the specific cellular GFAP immunostaining.  Astrocyte GFAP+ expression was quantified and 273 

presented as ratio of area of GFAP+ immunostaining in the perilesional region ( m2) or GFAP+ 274 

intensity (arbitrary units) in the perilesional region ( m2). 275 

Molecular and Cellular analysis 276 
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Nanostring analysis:  RNA was extracted from a frozen tissue punch from the perilesion 277 

cortical region using an RNA Plus Universal Mini Kit (Qiagen, Hilden, Germany).  Prior to 278 

analysis, RNA quality was determined by Bioanalyzer and all samples had an RNA integrity 279 

number (RIN) >7.5. RNA.  Total RNA (20 ng/ l) was multiplexed and run on an nCounter© 280 

Mouse Neuropathology panel (Nanostring Technologies, Seattle, WA) that profiled 770 genes 281 

across six fundamental themes in neurodegeneration, including neurotransmission, neuron-glia 282 

interaction, neuroplasticity, cell structure integrity, neuroinflammation, and metabolism.   283 

Partial Least Squares Discriminant Analysis (PLSDA) was performed with mixOmics v6.8.2 284 

(Rohart et al., 2017) using normalized gene counts.  All discriminant models were evaluated 285 

based on ROC curve using 100 iteration of cross-validation and bootstrap resampling with 286 

ROC632 v0.6 (Foucher and Danger, 2012).  Pairwise differential expression analyses were 287 

performed with NanoStringDiff (v3.6.0) (Wang et al., 2016) using raw gene counts along with 288 

positive and negative controls and housekeeping genes from NanoString nCounter.  Four 289 

comparisons were performed: 1) Sham+Veh vs Sham+PLX, 2) Sham+Veh vs TBI+Veh, 3) 290 

TBI+Veh vs TBI+PLX, and 4) TBI+PLX vs Sham+PLX.  Differentially expressed genes were 291 

defined as those with an adjusted p-value <0.1 for either comparison 1 or 3.  Results were plotted 292 

using p.heatmap v1.0.12 with hierarchical clustering of genes and experimental groups for all 293 

differentially expressed genes.  Gene expression was normalized across groups as z-scores.  294 

Heatmaps were also independently plotted and clustered by genes only on annotated subsets with 295 

defined functional classes.  MixOmics, ROC632, NanoStringDiff, and Pheatmap packages were 296 

all used in Rstudio v3.6.0.  Violin plots of normalized gene counts were generated using Prism 297 

v8.0.2 (Graphpad), and annotated by median and upper/lower quartiles.  Corresponding negative 298 
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log10 adjusted p-values were plotted for the pairwise comparisons shown as calculated by 299 

NanoStringDiff. 300 

Real-Time PCR:  Quantitative gene expression analysis in the perilesional cortex was 301 

performed using Taqman technology, as previously described (Barrett et al., 2017; Henry et al., 302 

2019).  Target mRNAs included TaqMan gene expression assays for Cybb (NOX2) 303 

Mm01287743_m1; Cyba (p22phox) Mm00514478_m1; Ncf1 (p47phox) Mm00447921_m1; Ncf4 304 

(p40phox) Mm00476300_m1; Il1b (IL-1β) Mm01336189_m1; Nlrp3 (NLRP3) 305 

Mm00840904_m1; Casp1 (Caspase-1) Mm00438023_m1; Gfap (GFAP) Mm01253033_m1; 306 

Gapdh (GAPDH) Mm99999915_g1; Applied Biosystems, Carlsbad, CA), and analysis was 307 

performed on ABI 7900 HT FAST Real Time PCR machine (Applied Biosystems).  Samples 308 

were assayed in duplicate in one run (40 cycles), which was composed of 3 stages: 50°C for 2 309 

min, 95°C for 10 sec for each cycle (denaturation), and a transcription step at 60°C for 1 min.  310 

Gene expression was normalized by GAPDH and compared to the control sample to determine 311 

relative expression values by 2−ΔΔCt method.   312 

Flow cytometry:  The ipsilateral hemisphere of each mouse was placed in complete Roswell 313 

Park Memorial Institute (RPMI) 1640 (Lonza Group, Basel, Switzerland) medium.  Brain tissue 314 

was mechanically digested using a razor blade to mince tissue and was passed through a 70-μm-315 

filter using RPMI.  CNS tissue was then enzymatically digested using DNAse (10 mg/mL; 316 

Roche, Mannheim, Germany), Collagenase/Dispase (1 mg/mL; Roche), and Papain (25 U; 317 

Worthington Biochemical, Lakewood, NJ) for 1 h at 37°C in a shaking CO2 incubator (200 rpm).  318 

Tissue homogenates were centrifuged at 1500 rpm for 5 min at 4°C.  The supernatant was 319 

discarded and the cells were resuspended in 70% PercollTM (GE Healthcare, Pittsburgh, PA) and 320 

underlayed in 30% PercollTM.  This gradient was centrifuged at 500 g for 20 min at 21°C.  321 
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Myelin was removed by suction and cells at the interface were collected.  Cells were washed and 322 

blocked with mouse Fc Block (Biolegend, San Diego, CA) prior to staining with primary 323 

antibody-conjugated fluorophores: CD45-eF450, CD11b-APCeF780, Ly6C-APC (all 324 

Biolegend).  For live/dead discrimination, a fixable viability dye, Zombie Aqua (Biolegend), was 325 

diluted at 1:100 in Hank's balanced salt solution (HBSS; Gibco).  Cells were briefly fixed in 2 % 326 

paraformaldehyde (PFA).  Data were acquired on a LSRII using FACSDiva 6.0 (BD 327 

Biosciences, San Jose, CA) and analyzed using FlowJo (Treestar Inc., San Carlos, CA).  The 328 

entirety of each sample was acquired on medium flow rate until zero events were obtained, 329 

providing absolute cell counts for each hemisphere.  Resident microglia were identified as the 330 

CD11b+Ly6C−CD45int population (Ritzel et al., 2019), whereas peripherally-derived immune 331 

cells were identified as CD45hi as previously described (Ritzel et al., 2018).  Tissue and cell type 332 

matched fluorescence minus one (FMO) controls were used to determine the gating for each 333 

antibody.  Prior to assessment on the cytometer, isolated cells were briefly probed to determine 334 

caspase-1 activity and IL-1β production.  Immediately following percoll separation, cells were 335 

washed with PBS, and incubated with 1x FLICA solution at 37 °C for 30 min according to the 336 

manufacturer’s instructions (ImmunoChemistry Technologies, Bloomington, MN).  Cells were 337 

washed in FACS buffer, blocked, stained, and fixed as above.  This assay employs the 338 

fluorescent inhibitor probe FAM-YVAD-FMK to label active caspase-1 enzyme in living cells 339 

(Lage et al., 2019).  For Intracellular cytokine production analysis, prior to staining 1 μl of 340 

GolgiPlug containing brefeldin A (BD Biosciences) was added to 800 μl complete RPMI, and 341 

cells were incubated for 2 hours at 37°C (5% CO2).  Cells were resuspended in Fc Block, stained 342 

for surface antigens, and washed in HBSS.  Cells were vortexed and resuspended in 100 μl of 343 

fixation/permeabilization solution (BD Biosciences) for 20 min.  Cells were then washed twice 344 
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in 300 μl permeabilization/wash buffer (BD Biosciences), re-suspended in IL-1β-PerCPeF710 345 

(Biolegend) for 30 min, washed, and subsequently fixed, as previously described (Ritzel et al., 346 

2018). 347 

Statistical analysis:  Blinding was performed as follows: a) individual who administered drugs 348 

was blinded to treatment group, and b) behavioral and stereological analyses were performed by 349 

individuals blinded to injury or treatment groups.  Quantitative data were expressed as mean  ± 350 

standard errors of the mean (s.e.m.).  Normality testing was performed and all data passed 351 

normality (D’Agostino & Pearson omnibus normality test), and therefore parametric statistical 352 

analysis was performed.  Beam walk and acquisition days of the MWM was analyzed by one-353 

way repeated measures ANOVA to determine the interactions of time and groups, followed by 354 

post-hoc adjustments using a Bonferroni’s multiple comparison test.  The MWM search strategy 355 

was analyzed using a chi-square analysis.  Y maze, NOR, Rotorod, the MWM Probe trial, qRT-356 

PCR, flow cytometry, microglia morphology and neuronal cell loss was analyzed by one-way 357 

ANOVA, followed by post-hoc adjustments using a Bonferroni’s multiple comparison test.  358 

Stereological data for lesion volume and immunofluorescence staining was analyzed using a 359 

Student t test.  Statistical analyses were performed using GraphPad Prism Program, Version 8 for 360 

Windows (GraphPad Software, San Diego, CA, USA).  A p<0.05 was considered statistically 361 

significant.  362 

  363 
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Results  364 

Delayed depletion of microglia with CSF1R inhibitor after TBI improves long-term motor 365 

and cognitive function recovery  366 

Microglia are critically dependent on CSF1R signaling for their survival (Elmore et al., 367 

2014).  PLX5622 is an orally bioavailable, brain-penetrant CSF1R inhibitor, that is able to 368 

achieve robust brain-wide microglia elimination (Spangenberg et al., 2019).  To demonstrate its 369 

utility in our pre-clinical study, PLX5622 (1200 ppm) was formulated in rodent chow and 370 

administered to adult male C57Bl/6J mice for 7 days.  When compared to control levels in 371 

vehicle-treated mice, oral PLX5622 treatment led to almost complete microglial elimination 372 

(95% reduction) within 7 days, as demonstrated by loss of microglial staining by flow cytometry 373 

(CD11b+/CD45int) and immunofluorescence (P2Y12+) analyses (Fig. 1B, 1C).  Returning 374 

PLX5622-treated mice to normal chow resulted in microglial repopulation in the brain within 7 375 

days, such that numbers of repopulated microglia were not different to levels in vehicle-treated 376 

control brain (Fig. 1C).   377 

To investigate the effect of temporary depletion of microglia during the chronic stages of 378 

TBI on long-term neurological recovery, sham and moderate-level CCI mice were orally 379 

administered PLX5622 (1200 ppm) or vehicle in chow for 1-week starting at 4 weeks post-380 

injury.  All mice were returned to normal chow at 5 weeks post-injury to allow for microglial 381 

repopulation, and comprehensive motor and cognitive functional testing was performed from 8 382 

to 12 weeks post-injury (Fig. 1A).  Microglial depletion does not negatively affect animal 383 

behavior in non-injured mice, including tests of anxiety, motor-function, and cognition (Rice et 384 

al., 2015; Spangenberg et al., 2019).  Our neurobehavioral testing confirmed that Sham+vehicle 385 
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and Sham+PLX6522-treated C57Bl/6J mice had equal performance in beam walk, Y-maze, 386 

novel object recognition and Morris water maze tests (Table 1).  Therefore, vehicle- and 387 

PLX5622-treated sham mice were combined (denoted sham) for all behavioral analyses. 388 

TBI induces long-term deficits in fine motor coordination in a beam walk task.  Prior to 389 

microglia depletion at 4 weeks post-injury, TBI mice had 42.8 ± 2.0 footfaults (ff; mean ± s.e.m.) 390 

when compared to 7.1 ± 1.4 ff in sham mice (p<0.001vs Sham; Fig. 2A).  Sham and TBI mice 391 

were then randomized into cohorts that received PLX5622 or vehicle for 1-week to deplete and 392 

subsequently repopulate microglia, and mice were tested weekly through the end of study.  TBI-393 

induced deficits in motor coordination persisted in vehicle-treated TBI mice at 12 weeks post-394 

injury (TBI+Veh = 45.7 ± 1.4 ff vs Sham = 10.6 ± 1.5 ff; TBI effect, F(2,611)=633.4, p<0.001; 395 

p<0.001 vs Sham; Fig. 2A).  PLX5622 treatment significantly improved post-injury beam walk 396 

performance (F(24,611)=6.93, p<0.001).  When compared to deficits in vehicle-treated TBI mice, 397 

TBI+PLX5562-treated mice had reduced footfaults at 8 (TBI+Veh = 43.0 ± 3.1 ff vs TBI+PLX = 398 

30.6 ± 4.4 ff; p=0.04), 10 (TBI+Veh = 44.6 ± 1.6 ff vs TBI+PLX = 28.8 ± 5.1 ff; p=0.04), and 12 399 

(TBI+Veh = 45.7 ± 1.4 ff vs TBI+PLX = 30.7 ± 4.7; p=0.04) weeks post-injury.  Motor balance 400 

was also evaluated using an accelerating rotarod task at 12 weeks post-injury.  Vehicle-treated 401 

TBI mice spent less time on the accelerating rotorod than sham mice (TBI+Veh = 57.0 ± 7.2 sec 402 

vs Sham = 76.9 ± 3.2 sec; Fig. 2B).  In contrast, PLX5622-treated TBI mice spent more time on 403 

the rotarod (TBI+PLX = 70.3 ± 10.6 sec) than vehicle-treated TBI mice, but differences did not 404 

reach statistical significance.  405 

We next investigated cognitive function using a Y-maze task that assesses hippocampal-406 

dependent working memory.  When compared to the % spontaneous alternations in sham mice 407 

(71.3% ± 2.3%), vehicle-treated TBI mice had decreased spontaneous alternations in the task, 408 
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indicative of working memory deficits (60.4 ± 3.6%; TBI effect, F(2,48)=3.926; p=0.02 vs Sham; 409 

Fig. 3A).  In contrast, PLX5562-treated TBI mice (68.5 ± 3.4) had similar performance as sham 410 

mice, indicating improved spatial working memory following PLX5622 treatment.  Non-spatial 411 

hippocampal-mediated memory was also tested using a novel object recognition task at 11 weeks 412 

post-injury.  During the familiar phase of the test, there was no difference between sham, 413 

vehicle-treated or PLX5622-treated TBI mice with regards to time spent with either the right or 414 

left objects, indicating no side preference (Fig. 3B).  Twenty-four hours later, mice were retested 415 

with a novel object.  When compared to sham mice (78.0 ± 5.3%), vehicle-treated TBI mice 416 

spent significantly less time with the novel object (46.0 ± 6.0%; TBI effect, F(2,28)=5.914; 417 

p=0.007 vs Sham; Fig. 3B).  PLX5622-treated TBI spent an increased amount of time with the 418 

novel object (59.0 ± 7.6) when compared to the vehicle-treated TBI group; however, differences 419 

did not reach statistical significance.   420 

We performed the Morris Water Maze at 12 weeks post-injury to assess spatial learning 421 

and memory.  One-way repeated measures ANOVA revealed an effect of time (acquisition day, 422 

AD; F(3,208)=7.868, p<0.001), and PLX5622 treatment (F(2,208)=41.63, p<0.001), and an 423 

interaction between both factors on latency to the escape platform during the test (F(6, 208)=2.756, 424 

p=0.04).  When compared to sham mice, both vehicle-treated and PLX5622-treated TBI mice 425 

had increased latency times during AD2 (p=0.01 vs Sham), AD3 (p-=0.04 vs Sham), and AD4 426 

(p<0.001 vs Sham) (Fig. 3C).  There were no differences in escape latencies between vehicle-427 

treated and PLX5622-treated TBI mice at any time point.  Twenty-four hours later, retention 428 

memory was assessed using a probe trial.  There was a significant effect of PLX5622 treatment 429 

on % time spent in the escape quadrant during the probe trial (F(2,47)=11.14, p<0.001; Fig. 3D).  430 

Vehicle-treated TBI mice spent less time in the escape quadrant than sham mice (p<0.001 vs 431 
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Sham).  In contrast, PLX5622 treatment reversed TBI-induced retention memory deficits, and 432 

PLX5622-treated TBI mice spent more time in the escape quadrant than vehicle-treated TBI 433 

mice (p=0.04 vs TBI+Veh; Fig. 3D).  There were no differences between groups for swim 434 

speeds (Fig. 3E), indicating that cognitive improvements were independent of deficits in gross 435 

locomotor activity.  Finally, to investigate search strategies used by mice to find the hidden 436 

platform, the swim pattern for each mouse was analyzed and assigned a search strategy (i.e. 437 

spatial, non-spatial systematic, or repetitive looping) as previously described (Brody and 438 

Holtzman, 2006; Byrnes et al., 2012; Zhao et al., 2012).  Vehicle-treated TBI mice primarily 439 

used repetitive looping search strategies (70%) to find the submerged platform when compared 440 

to sham mice (25% looping strategy; Fig. 3F).  In contrast, sham and PLX5622-treated TBI mice 441 

predominantly used a systematic search strategy (Sham = 65%; TBI+PLX = 47% ) when 442 

compared to vehicle-treated TBI mice (30% systematic search strategy; p<0.001, x2=38.43).  443 

Delayed depletion of microglia with CSF1R inhibitor after TBI reduces histological 444 

markers of neurodegeneration and chronic microglial activation   445 

To investigate the effect of temporary depletion of microglia during the chronic stages of 446 

TBI on neuropathology, lesion volume and neuronal loss was quantified at 3 months post-injury.  447 

As expected, TBI produced a large cortical lesion in the vehicle-treated group (7.26 ± 0.76mm3; 448 

Fig. 4A,B).  In contrast, PLX5622 treatment reduced the cortical lesion (5.55 ± 0.52mm3; 449 

t(19)=1.744, p=0.04 vs TBI+Veh).  TBI also induced significant neuronal loss in the ipsilateral 450 

cortex (F(2,21)=9.560, p<0.001; Fig. 4C) and the dentate gyrus (DG) of the hippocampus 451 

(F(2,19)=6.417, p=0.007; Fig. 4D).  Post-hoc analysis revealed that TBI resulted in neuronal loss 452 

in cortex (p=0.003 vs Sham) and DG (p=0.02 vs Sham), and that PLX5622 treatment reduced 453 

neuronal loss in both the cortex (p=0.05 vs TBI+Veh; Fig. 4C) and DG (p=0.03 vs TBI+Veh; 454 
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Fig. 4D) at 3 months post-injury. 455 

We next performed stereological assessment of Iba1+ cells to quantify microglial cell 456 

number and activation state in the perilesional cortex at 3 months post-injury, as previously 457 

described (Byrnes et al., 2012; Loane et al., 2014).  Despite having an equal number of total 458 

Iba1+ cells in each group (data not shown), there was an effect of TBI on the number of ramified 459 

(F(2,30)=4.718, p=0.01; Fig. 4E) and hypertrophic/bushy microglia (F(2,19)=6.884, p=0.005; Fig. 460 

4E).  There were reduced numbers of Iba1+ ramified microglia in the ipsilateral cortex of 461 

vehicle-treated TBI mice compared to sham mice (p<0.05; Fig. 4E).  In contrast, PLX5622 462 

treatment increased numbers of ramified microglia in the injured cortex (p=0.04, TBI+PLX vs 463 

TBI+Veh; Fig. 4E).  Similarly, TBI increased the numbers of Iba1+ hypertrophic/bushy 464 

microglia in the ipsilateral cortex of vehicle-treated TBI mice compared to sham mice (p=0.03 vs 465 

Sham; Fig. 4E).  Notably, PLX5622 treatment reduced the numbers of numbers of 466 

hypertrophic/bushy Iba1+ microglia in the injured cortex when compared to vehicle-treated TBI 467 

mice (p=0.03, TBI+PLX vs TBI+Veh; Fig. 4E). 468 

Delayed depletion of microglia with CSF1R inhibitor alters cortical transcription patterns 469 

related to neuroinflammation, oxidative stress, apoptosis, and neuroplasticity  470 

We then sought to define network-level changes in key components of the cortical 471 

transcriptome after TBI by analyzing perilesional cortical tissue using a Nanostring 472 

Neuropathology panel that evaluates gene expression across fundamental pathways of 473 

neurodegeneration, including neurotransmission, neuron-glia interaction, neuroplasticity, cell 474 

structure integrity, neuroinflammation and metabolism.  Partial least squares discriminant 475 

analysis (PLSDA) and hierarchical clustering were used to identify differentially expressed 476 
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genes between the four treatment groups.  PLSDA allows for semi-supervised classification of 477 

different treatment groups and determination of signature genes of each experimental variable.  478 

In our model, principal component (PC1) captured the variation caused by TBI, while PC2 479 

captured variation caused by PLX5622 treatment (Fig. 5A).  The PLSDA scores plot shows that 480 

gene expression signatures from PCs 1-2 clustered mice from each of the 4 treatment groups as 481 

expected: group 1 (Sham+Vehicle), group 2 (TBI+Vehicle), group 3 (Sham+PLX5622), and 482 

group 4 (TBI+PLX5622; Fig. 5A).  The signature genes for each PC are shown in extended data 483 

(Fig. 5-1A), and the loadings indicated the influence of each gene on signatures of TBI (PC1) or 484 

PLX5622 treatment (PC2).  Genes with more positive loadings on PC1 were upregulated with 485 

TBI while negative loadings on PC1 were downregulated by TBI.  Overall model performance 486 

was very good for all treatment groups (Fig. 5-1B) with classification errors ranging from 487 

84.56% (group 1) to 98.58% (group 4).  Group 4 was the least effectively classified due to the 488 

large intragroup variance in gene expression, suggesting that TBI+PLX5622 outcomes were 489 

more heterogeneous at the level of gene expression.  The high classification accuracies for all 4 490 

experimental groups indicated that two PCs captured key signature genes of changes due to TBI 491 

and PLX5622 treatment. 492 

Differential expression analyses were performed using NanoStringDiff to identify 493 

statistically significant differences in gene expression between groups.  We focused on 494 

differences in Sham+vehicle vs Sham+PLX5622 groups, and TBI+vehicle vs TBI+PLX5622 495 

groups.  Analysis of inflammation and immune related genes identified a cluster of microglial-496 

related genes (MgC1) that were elevated in TBI+vehicle compared to Sham+vehicle and 497 

Sham+PLX5622 groups (Fig. 5B).  Critically, the TBI+PLX5622 group had reduced expression 498 

of MgC1 genes compared to TBI+vehicle.  MgC1 upregulated genes included inflammatory 499 
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receptors (e.g., Cd33, Cx3cr1, Cd44 and Cxcr4), the IFNγ-induced immunoproteasome gene 500 

Psmb9, and the TGFβ-dependent microglia-specific gene Fcrls.  The NADPH oxidase-related 501 

genes, Cybb and Ncf1, were also up-regulated in TBI+vehicle group, and attenuated in the 502 

TBI+PLX5622 group.  We next examined 2 clusters of genes involved in oxidative stress 503 

responses that were changed by PLX5622 treatment (Fig. 5C).  The first cluster (OxC1) included 504 

genes upregulated by TBI, with highest expression in TBI+vehicle group that was decreased by 505 

PLX5622 treatment (e.g., Nme5, Gsr, Hgf, Hfe2l2).  Another cluster (OxC2) of genes (Ppargc1a, 506 

Nos3, Gucy1b3, Atp7a) demonstrated an inverse trend: they had increased expression in the 507 

TBI+PLX5622 group when compared to the TBI+vehicle group.  Apoptosis-related genes were 508 

also evaluated (Fig. 5D).  Broadly, each experimental group had a distinct pattern of apoptotic 509 

gene expression.  PLX5622 acted partially by reducing expression of key caspases (Casp6, 510 

Casp7) in injured cortex.  Treatment with PLX5622 also decreased the upstream pro-apoptotic 511 

genes Bax, a mitochondrial membrane permeator.  Neuroplasticity genes were also assessed 512 

(Fig. 5E).  The most highly expressed genes in Sham+vehicle were most downregulated in the 513 

TBI+PLX5622 group, indicating that PLX5622 treatment does not return neuroplasticity gene 514 

expression to a pre-injured state.   515 

Finally, focused analysis of transcript counts for selected genes related to NLRP3 516 

inflammasome (Il1r1, Casp1, P2rx7, Nlrp3) and NADPH oxidase (Cybb, Ncf1) pathways 517 

demonstrated that key genes in both inflammatory pathways are reduced by PLX5622 treatment 518 

during chronic TBI (Fig. 5F).  We confirmed these microglial-related inflammatory pathways in 519 

injured cortex using real-time PCR and immunofluorescence imaging.  Short-term depletion and 520 

subsequent repopulation of microglia during the chronic stages of TBI by PLX5622 treatment 521 

decreased TBI-induced upregulation of NLRP3 inflammasome related genes (Nlrp3, Casp1, and 522 
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Il1b; Fig. 6A), and NADPH oxidase genes (Cybb, Cyba, Ncf1, Ncf4; Fig. 6B) in RNA isolated 523 

from the perilesional cortex.  Immunofluorescence imaging confirmed NADPH oxidase 524 

(NOX2+) expression in reactive microglia (Iba1+/CD68+) in the injured cortex at 3 months post-525 

injury (Fig. 6C).  Notably, the number of NOX2+/CD68+ reactive microglia was reduced in the 526 

injured cortex of PLX5622-treated TBI mice (t(11) = 2.189; p=0.03 vs TBI+Veh; Fig. 6C). 527 

Delayed depletion of microglia with CSF1R inhibitor reduced the inflammatory status of 528 

microglia at 2 months post-injury  529 

To better understand the cellular correlates related to chronic transcriptional changes in 530 

the cortex, we evaluated inflammatory responses in microglia using flow cytometry.  TBI 531 

increased absolute numbers of live CD11b+/Ly6C-/CD45int microglia at 2 months post-injury 532 

when compared to sham levels (Fig. 7A); PLX6522 treatment had no effect on microglial cell 533 

numbers at this time point.  The total number of infiltrating CD45hi leukocytes were also 534 

increased by TBI when compared to sham levels (Fig. 7A), but relative numbers were low (291 535 

± 44 CD45hi cells) compared to numbers of resident microglia (48474 ± 3108 CD45int cells).  536 

Again, PLX5622 treatment had no effect on infiltrating CD45hi cell numbers.  Microglial 537 

morphological features were examined including analysis of microglial size by forward scatter 538 

(FSC) and microglial cellular granularity by side scatter (SSC).  Consistent with histological 539 

findings for hypertrophic/bushy Iba1+ microglia (Fig. 4E), TBI increased microglial cell size 540 

(FSC+; F(2,15)=10.02, p=0.04 vs Sham) and granularity (SSC+; F(2,19)=21.34, p=0.01 vs Sham) 541 

when compared to levels in sham mice (Fig. 7B).  PLX5622 treatment reduced both size and 542 

granularity parameters in microglia (FSC+: p=0.005 vs TBI+Veh; SSC+: p<0.001 vs TBI+Veh).  543 

Assembly of NLRP3 inflammasome leads to caspase-1-dependent release of pro-inflammatory 544 

IL-1β (Heneka et al., 2018), so we assessed caspase-1 activity and IL-1β expression in microglia.  545 
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Consistent with mRNA analysis (Fig. 6A), TBI increased caspase-1 activity (F(2,10)=5.608, 546 

p=0.02 vs Sham; Fig. 7C) and IL-1β production (F(2,11)=14.01, p<0.001 vs Sham; Fig. 7D) in 547 

microglia when compared to levels in sham mice.  Notably, PLX5622 treatment reduced 548 

microglial caspase-1 activity and IL-1β production (p=0.007 vs TBI+Veh).  Therefore, delayed 549 

depletion of microglia using PLX5622 attenuates key markers of NLRP3 inflammasome 550 

activation in microglia during chronic stages of TBI. 551 

Delayed depletion of microglia with CSF1R inhibitor does not affect post-traumatic 552 

astrocytic responses  553 

Astrocytes tune their reactivity to varying degrees of axonal injury, vascular disruption, 554 

ischemia, and inflammation (Burda et al., 2016).  Furthermore, astrocytes and microglia 555 

communicate via cytokines and cell-surface markers during aging, neurodegeneration and CNS 556 

injury (Villacampa et al., 2015; Liddelow et al., 2017).  Therefore, to determine the effect of 557 

delayed PLX5622 treatment after chronic TBI on astrocytes in the cortex we evaluated GFAP 558 

expression, a canonical marker of astrocytes.  TBI increased GFAP mRNA expression in the 559 

cortex (F(2,19)=4.644, p=0.02) when compared to levels in sham mice (p=0.02 vs Sham; Fig. 8A).  560 

GFAP mRNA expression was also increased in PLX5622-treated TBI mice.  In situ analysis of 561 

GFAP+ astrocytes in the perilesional cortex at 3 months post-injury confirmed that TBI 562 

increased astrocyte cellular area (F(1,18)=29.99, p=0.04; Fig. 8B) and GFAP expression 563 

(F(1,18)=21.36, p=0.003; Fig. 8B).  However, PLX5622 treatment did not alter TBI-induced 564 

changes in GFAP cellular distribution or expression levels.  565 
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Discussion  566 

Recent clinical studies have revised the outdated concept that TBI is an acute 567 

neurological disorder (Wilson et al., 2017).  Instead, persistent and diffuse posttraumatic 568 

neuroinflammation can continue for many years in TBI patients (Ramlackhansingh et al., 2011; 569 

Johnson et al., 2013; Coughlin et al., 2015; Cherry et al., 2016; Coughlin et al., 2017).  Microglia 570 

undergo changes in their activation profile during chronic neuroinflammation that may 571 

contribute to neurological deficits in many neurodegenerative diseases (Perry et al., 2010; 572 

Heneka et al., 2015).  Epidemiological studies show that a prior history of TBI is associated with 573 

an increased incidence of Alzheimer’s disease (AD) and non-AD forms of dementia (Mortimer 574 

et al., 1985; Dams-O'Connor et al., 2013; Gardner et al., 2014; Nordstrom et al., 2014; Wilson et 575 

al., 2017).  Experimental evidence suggests that such neurodegeneration is associated with 576 

maladaptive transformation of microglia from a neurorestorative or neuroprotective phenotype to 577 

a dysfunctional neurotoxic phenotype (Loane and Kumar, 2016).  Thus, chronic release of 578 

neurotoxic molecules from microglia, including reactive oxygen species and pro-inflammatory 579 

cytokines, may cause chronic progressive neuronal loss and/or white matter degeneration after 580 

TBI (Faden and Loane, 2015; Simon et al., 2017). 581 

The present study demonstrates that short-term depletion and subsequent repopulation of 582 

microglia during the chronic phase of experimental TBI reduces chronic neuroinflammation, 583 

improves neurological recovery (sensori-motor and cognitive function), and decreases 584 

neurodegeneration.  These findings provide further evidence that the therapeutic window for 585 

targeting chronic neurodegeneration and improving functional recovery after TBI may be far 586 

longer than traditionally believed (i.e. hours post trauma) (Faden et al., 2016).  One-week 587 

treatment with the CSF1R inhibitor, PLX5622, beginning at 1-month post-TBI removed pro-588 
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inflammatory microglia from the chronically injured brain, and repopulated microglia had an 589 

altered phenotype that was markedly less inflammatory.  Stereological assessments demonstrated 590 

that the repopulated microglia in the injured cortex displayed a more ramified morphology, 591 

similar to that of uninjured sham controls.  In contrast, vehicle-treated TBI mice had cortical 592 

microglia with typical chronic posttraumatic hypertrophic morphology (Loane et al., 2014).  593 

Delayed short-term microglial depletion significantly improved neurological recovery through 3 594 

months post-injury, as demonstrated by a variety of complementary motor and cognitive function 595 

tests.  Improved functional outcomes were associated with decreased cortical lesion volume and 596 

neuronal cell loss in the hippocampus.  Thus, short-term depletion of microglia relatively late 597 

after TBI largely eliminates the destructive neurotoxic microglial phenotype that appears to 598 

contribute importantly to chronic posttraumatic neurodegeneration and associated neurological 599 

dysfunction.   600 

Small-molecule CSF1R inhibitors have recently been used to investigate microglial 601 

dynamics under physiological and pathological conditions (Han et al., 2019).  The latest 602 

generation CSF1R inhibitor, PLX5622, has desirable pharmacokinetic properties, including oral 603 

bioavailability with a >20% brain penetrance, and it rapidly eliminates microglia (>95%) in brain 604 

(Spangenberg et al., 2019).  Despite microglia playing a crucial role in maintaining CNS 605 

homeostasis and synaptic plasticity (Salter and Stevens, 2017), depletion of microglia in adult 606 

mice using CSF1R inhibitors did not result in cognitive or motor function impairments (Elmore 607 

et al., 2014).  Similarly, we found that PLX5562 treatment of non-injured sham control mice 608 

performed similar to vehicle-treated sham control (non-depleted) mice in complex cognitive, 609 

motor and affective behavioral tasks.  Remarkably, short-term elimination of microglia late after 610 

TBI followed by repopulation markedly reduced impairments in sensori-motor function up to 3 611 
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months post-injury, exemplified by decreased numbers of footfalls on the beam walk task and 612 

reduced disability on a rotorod test.  In addition, PLX5622-treated TBI mice had improved 613 

spatial and working memory, as shown by improved performance in the Morris water maze, Y-614 

maze, and novel object recognition tests compared to vehicle-treated TBI mice.  The observed 615 

improvements in cognitive function recovery by the delayed PLX5622 treatment mimics long-616 

term recovery trajectories mediated by a CSF1R inhibitor (PLX3397) in a hippocampal lesion 617 

model (Rice et al., 2015).   618 

Previous work from our laboratory demonstrated that severe TBI induces chronic 619 

microglial activation up to one year post-injury and contributes to progressive lesion expansion, 620 

hippocampal neurodegeneration, and white matter damage (Loane et al., 2014).  We reported 621 

that inhibiting chronic NOX2 activity after TBI suppressed microglial neurotoxicity, reduced 622 

chronic tissue loss and improved long-term motor and cognitive function recovery (Loane et al., 623 

2013; Kumar et al., 2016a; Kumar et al., 2016b; Barrett et al., 2017).  We also found that 624 

inhibition of chronic microglial activation beginning 1-month after TBI using either mGluR5 625 

agonists or delayed aerobic exercise, reduced neurodegeneration and improved long-term 626 

neurological recovery (Byrnes et al., 2012; Piao et al., 2013).  Both interventions significantly 627 

reduced NOX2 expression in chronically activated microglia.  These, and other pre-clinical 628 

studies (Ferguson et al., 2017), provide additional evidence for an expanded therapeutic window 629 

for TBI by targeting chronic post-traumatic neuroinflammatory responses. 630 

We used a Nanostring Neuropathology panel, which evaluates gene expression across 631 

fundamental pathways of neurodegeneration, to define network-level changes in the injured 632 

cortex after chronic TBI.  This whole tissue RNA analysis revealed that the neuroprotective 633 

effect of delayed PLX5622 treatment during chronic TBI were mediated by several beneficial 634 
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mechanisms, including reconditioning the lesion microenvironment to be less pro-inflammatory, 635 

and reducing oxidative stress sensing and chronic NOX2 gene expression.  Although our 636 

approach provides a global overview of gene expression changes in the injured cortex, it does not 637 

quantify the contribution of different cell types in the mixture to outcomes.  Therefore, single 638 

cell studies will be required to identify cell-specific transcriptional programs in microglia that are 639 

modified by PLX5622 treatment, as well as changes that occur in other injured cells within the 640 

lesion microenvironment (i.e. neurons and astrocytes). 641 

 Given that activation of NLRP3 inflammasome has been linked to chronic 642 

neurodegeneration (Heneka et al., 2018) and TBI pathophysiology (Adamczak et al., 2012; Liu 643 

et al., 2013; Kerr et al., 2018; Xu et al., 2018; Kuwar et al., 2019), and that NOX2 may be an 644 

important upstream regulator of NLRP3 inflammasome activation (Dostert et al., 2008), we also 645 

examined molecular and cellular markers of this pathway.  Key genes involved in NLRP3 646 

inflammasome activation and function were chronically upregulated after TBI and reduced by 647 

PLX5622 treatment - including Il1r1 and Casp1.  Importantly, the inflammatory profile of 648 

repopulated microglia at 2 months post-injury showed decreased microglial IL-1  and caspase-1 649 

activation.  Ma et al., recently reported robust activation of NLRP3 inflammasome in the injured 650 

cortex following experimental TBI, and that NOX2 inhibition markedly attenuated its activity 651 

(Ma et al., 2017).  Whereas Ma et al., reported changes during the subacute phase after TBI (14 652 

days post-injury (Ma et al., 2017)), we demonstrated chronic NLRP3 activation (active caspase-1 653 

and IL-1  expression) in microglia at 2 months post-injury.  Thus, PLX5622 treatment confers 654 

neuroprotection after TBI, in part, by removing chronic NLRP3 inflammasome activation in 655 

microglia. 656 

To assess the effect of depletion and subsequent microglial repopulation on other glial 657 
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cells, we examined GFAP, a marker of astrocyte activation.  Astrocyte reactivity depends on 658 

varying degrees of axonal injury, vascular disruption, ischemia and inflammation (Burda et al., 659 

2016).  Repopulated microglia did not significantly affect the TBI-induced increase in GFAP 660 

expression or reactivity (morphology) in perilesional cortex at 3 months post-injury.  Although 661 

previous data regarding the effects of microglial depletion on acute GFAP changes after TBI are 662 

conflicting (Witcher et al., 2018), we did not observe significant changes in GFAP expression or 663 

morphology at chronic timepoints post-TBI.  Reported differences of PLX5622 treatment on 664 

posttraumatic astrocyte reactivity may reflect differences in the injury model (midline fluid 665 

percussion vs controlled cortical impact), time-points examined (3 days vs 3 months post-injury), 666 

or the treatment paradigm employed (pre-treatment vs late posttrauma treatment).  In addition, 667 

Witcher et al. reported that depletion of microglia prior to TBI did not reduce axonal injury in the 668 

cortex at 7 days post-injury (Witcher et al., 2018).  In contrast, our study demonstrates that 669 

delayed depletion of microglia during the chronic stages of TBI significantly reduce neuronal 670 

cell loss in cortex and hippocampus.  Again, such differences may reflect treatment timing or 671 

model. 672 

Microglia depletion strategies are now regarded as promising translational therapies for 673 

neurological disorders (Han et al., 2019).  Accumulating evidence indicates that microglial 674 

depletion has a broad range of neuroprotective effects in neurological diseases by reducing 675 

neuroinflammation.  For example, in experimental models of Multiple Sclerosis microglial 676 

depletion reduces EAE progression (Nissen et al., 2018) and enhances remyelination in a 677 

cuprizone demyelination model (Beckmann et al., 2018).  Furthermore, selective removal of 678 

microglia in AD models improves cognitive function, reduces neuronal loss, and partially 679 

prevents the progression of AD pathology, but has no effects on amyloid levels and plaque loads 680 
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(Asai et al., 2015; Dagher et al., 2015; Olmos-Alonso et al., 2016; Spangenberg et al., 2016).  681 

However, microglial depletion has also been shown to exacerbate brain neurotoxicity in models 682 

of Parkinson’s disease and coronavirus encephalitis (Wheeler et al., 2018; Yang et al., 2018).  683 

Further, microglial depletion in experimental stroke models exacerbates postischemic 684 

inflammation and acute brain injury (Szalay et al., 2016; Jin et al., 2017).  Therefore, further 685 

research is needed to identify the mechanisms by which microglial depletion confers 686 

neuroprotection before targeted microglial depletion strategies are translated to the clinic for 687 

neurological diseases.  Another significant issue is that small-molecule CSF1R inhibitors 688 

(including PLX5562) might have off-target effects and deplete cell populations other than 689 

microglia.  Other tissue resident macrophages express CSF1R (Hume et al., 2019), suggesting 690 

that PLX5622 treatment may also affect peripheral immune responses.  Therefore, cautious 691 

interpretation of pure microglial depletion effects using systemic delivery of currently available 692 

small-molecule CSF1R inhibitors is warranted. 693 

Taken together, our pre-clinical studies strongly support the concept that chronic 694 

microglial activation contributes to posttraumatic neurodegeneration and related neurological 695 

dysfunction after TBI.  The neuroprotective effects of short-term depletion of chronically 696 

activated microglia late after TBI likely reflect multi-factorial mechanisms- including less 697 

NOX2-mediated neurotoxic inflammation associated with altered oxidative stress responses, and 698 

reduced expression of the NLRP3 inflammasome in reactive microglia and release of pro-699 

inflammatory IL-1 .  These studies support new concepts that the therapeutic window for TBI 700 

may be far longer than traditionally believed if chronic and evolving neuroinflammation can be 701 

inhibited or regulated in a precise manner (Faden and Loane, 2015).  Furthermore, they suggest 702 
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that additional investigation of CSF1R inhibitors as a clinically feasible approach to limit 703 

posttraumatic neurodegeneration and neurological dysfunction following TBI is required. 704 
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 951 

Table Legends 952 

Table 1. Microglial depletion and repopulation do not negatively affect animal behavior in 953 

non-injured mice, including tests of anxiety, motor, and cognitive function.  954 

Neurobehavioral testing confirmed that Sham+Vehicle and Sham+PLX6522-treated C57Bl/6J 955 

mice had equal performance in beam walk, Y-maze, novel object recognition and Morris water 956 

maze tests.  Summary statistical data and p values are shown for each neurobehavioral test 957 

(n=10/group).  Abbreviations: BW = beam walk; WPI = week post-injury; ff = footfaults; NOR 958 

= novel object recognition; MWM = Morris water maze; MCT = Multiple comparisons test. 959 

 960 

Figure legends 961 

Figure 1. Experimental timeline and in vivo characterization of the CSF1R inhibitor, 962 

PLX5622.  (A) Experimental timeline: adult male C57Bl/6 mice underwent CCI/Sham surgery.  963 

At 4 weeks after CCI/Sham surgery mice were placed on PLX5622 (1200 ppm) or normal chow 964 

(Vehicle) for 1 week, following which mice were returned to normal chow for the remainder of 965 

the study.  One cohort of mice were sacrificed at 8 weeks post-injury and samples were collected 966 

for flow cytometry and nanostring analysis.  A separate cohort of mice underwent a battery of 967 

neurobehavioral tasks (beam walk, Y maze, Novel object recognition, Morris water maze) 968 
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through 12 weeks post-injury, and samples were collected for histological analysis (Stereology).  969 

(B) Representative immunofluorescence images of P2Y12+ microglia demonstrated that oral 970 

administration of PLX5622 (1200 ppm) in chow for 7 days leads to an almost complete depletion 971 

of microglia (P2Y12+, red) in the mouse brain.  Scale bar = 200μm.  (C) Flow cytometry 972 

analysis of microglia (CD11b+/CD45int) demonstrated that 7-day PLX5622 treatment resulted in 973 

approximately 95% depletion of microglia counts in the mouse brain.  Returning animals to 974 

normal chow feed resulted in repopulation of microglia in mouse brain within 7 days of 975 

removing PLX5622 chow.  Data expressed as mean ± s.e.m. (n=3/group).  976 

Figure 2. Delayed depletion of microglia starting at 4 weeks post-TBI improves long-term 977 

motor function recovery.  (A) Delayed depletion of microglia using the CSF1R inhibitor, 978 

PLX5622, significantly reduced long-term TBI-induced fine-motor impairments (number of 979 

footfalls in a beam walk task) at 8, 10, and 12 weeks post-injury.  (B) At 12 weeks post-injury, 980 

TBI+Vehicle-treated animals spent less time on the accelerating rod when compared to sham 981 

counterparts.  ****p<0.0001 vs sham; +p<0.05, ++p<0.01 vs TBI + Vehicle.  Data expressed as 982 

mean ± s.e.m. (n=7-20/group). 983 

Figure 3. Delayed depletion of microglia starting at 4 weeks post-TBI improves cognitive 984 

function recovery.  (A) At 10 weeks post-injury, TBI significantly decreased % spontaneous 985 

alterations in the Y-maze task in TBI+Vehicle-treated animals, when compared to sham.  986 

TBI+PLX5622-treated animals had increased % spontaneous alterations, equal to levels in sham.  987 

(B) At 11 weeks post-injury, TBI significantly decreased % time spent with the novel object in a 988 

novel object task in TBI+Vehicle-treated animals, when compared to sham.  TBI+PLX5622-989 

treated animals spent increased time with the novel objects, similar to levels of  sham.  (C) In the 990 

MWM task at 12 weeks post-injury, TBI+Vehicle- and TBI+PLX5622-treated animals required 991 
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significantly increased time to locate the hidden submerged escape platform on acquisition days 992 

2-4, when compared to sham.  There was no significant difference in escape latencies between 993 

TBI+Vehicle- and TBI+PLX5622-treated animals.  (D) In the probe trial, TBI+Vehicle-treated 994 

animals spent significantly less time in the escape quadrant, when compared to sham.  995 

TBI+PLX5622-treated animals spent significantly more time spent in the escape quadrant, when 996 

compared to TBI+Vehicle-treated animals.  (E) TBI+Vehicle-treated and TBI+PLX5622-treated 997 

animals had similar swim speeds to that of sham animals during the acquisition days of the 998 

MWM.  (F) Escape strategy used during the probe trial was assessed, and the percent 999 

composition for each strategy (spatial, systematic, and looping) demonstrated that TBI+Vehicle-1000 

treated animals used increased looping strategies, and decreased systematic and spatial search 1001 

strategies when compared to sham and TBI+PLX5622-treated animals.  *p<0.05, ***p<0.001, 1002 

****p<0.0001 vs sham; +p<0.05, ++p<0.01 vs TBI+Vehicle.  Data expressed as mean ± s.e.m. 1003 

(n=7-20/group). 1004 

Figure 4. Delayed depletion of microglia starting at 4 weeks post-TBI reduces chronic 1005 

neurodegeneration and alters microglial morphology.  (A) Representative images of the 1006 

cortical lesion in TBI+Vehicle- and TBI+PLX5622-treated animals at 3 months post-injury.  (B) 1007 

Stereological analysis demonstrated that TBI+PLX5622-treated animals had a decreased lesion 1008 

volume, when compared to TBI+Vehicle-treated animals.  (C) Stereological analysis 1009 

demonstrated that TBI significantly increased neuron loss in ipsilateral cortex, when compared to 1010 

sham.  PLX5622 treatment prevented cortical neuron loss such that TBI+PLX5622-treated 1011 

animals had increased numbers of surviving neurons in cortex compared to TBI+Vehicle-treated 1012 

animals.  (D) Representative images of cresyl violet stained neurons in the dentate gyrus (DG) of 1013 

hippocampus.  Stereological analysis demonstrated that TBI increased DG neuron loss, when 1014 
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compared to sham.  In contrast, TBI+PLX5622-treated animals had increased numbers of 1015 

surviving neurons in DG compared to TBI+Vehicle-treated animals.  (E) Representative images 1016 

of Iba1+ microglia displaying ramified, hypertrophic, and bushy cellular morphologies.  1017 

Stereological analysis demonstrated that TBI+Vehicle-treated animals had decreased numbers of 1018 

ramified and increased hypertrophic/bushy Iba1+ microglia in injured cortex, when compared to 1019 

sham.  In contrast, TBI+PLX5622-treated animals had increased ramified and decreased 1020 

hypertrophic/bushy Iba1+ microglia when compared to TBI+Vehicle-treated animals.  *p<0.05, 1021 

**p<0.01 vs sham; +p<0.05, ++p<0.01 vs TBI+Vehicle.  Data expressed as mean ± s.e.m. (n=8-1022 

12/group).  1023 

Figure 5. Delayed depletion of microglia during chronic TBI alters neuroinflammation, 1024 

oxidative stress, apoptosis, and neuroplasticity pathways in the cortex.  A Nanostring 1025 

Neuropathology Panel was used to assess cortical transcriptional patterns at 2 months post-1026 

injury.  (A) A partial least squares discriminant analysis (PLSDA) model was generated to 1027 

classify each of the 4 treatment groups: group 1 (Sham+Vehicle), group 2 (TBI+Vehicle), group 1028 

3 (Sham+PLX5622), and group 4 (TBI+PLX5622).  Principal components (PC) 1 and 2 1029 

identified key genes changed by TBI and PLX5622 treatment, respectively.  (B) Hierarchical 1030 

clustering of differentially expressed genes was performed on different functional annotations.  1031 

TBI induced a large microglial-related gene cluster (MgC1) associated with inflammation and 1032 

immune function, representing the inflammatory state induced by TBI.  (C) Analysis of 1033 

oxidative stress genes identified 2 clusters of genes altered by PLX5622 treatment.  The first 1034 

cluster (OxC1) included genes that were increased after TBI, and were significantly reduced by 1035 

TBI+PLX5622 treatment.  The other cluster (OxC2) was significantly increased in 1036 

TBI+PLX5622 animals when compared to the TBI+Vehicle animals.  (D) Clustering analysis of 1037 
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apoptosis-related genes showed that TBI increased expression of the mitochondrial membrane 1038 

permeator, Bax, which was decreased by PLX5622 treatment.  (E) Clustering analysis of 1039 

neuroplasticity genes showed that the most highly expressed neuroplasticity genes in 1040 

Sham+Vehicle were downregulated by TBI, including in TBI+PLX5622 treated animals.  This 1041 

indicated that PLX5622 treatment did not return neuroplasticity gene expression to a pre-injured 1042 

state.  (F) Analysis of transcript counts (Violin plots and -log10 adjusted P value assessment) for 1043 

selected genes related to NLRP3 inflammasome (Il1r1, Casp1, Il1b P2rx7, Nlrp3) and NADPH 1044 

oxidase (Cybb, Ncf1) pathways demonstrated that key genes in both inflammatory pathways 1045 

were upregulated by TBI, and subsequently reduced by PLX5622 treatment.  (n=8-9/group).  1046 

(Figure 5-1, available on-line). 1047 

Figure 6. Delayed depletion of microglia during chronic TBI decreases NLRP3 1048 

inflammasome and NOX2 expression in the injured cortex.  (A) Analysis of ipsilateral 1049 

cortical tissue at 2 months post-injury demonstrated that TBI increased Nlrp3, Casp1, and Il1b 1050 

mRNA.  The TBI-induced increase in Nlrp3 mRNA was significantly reduced by PLX5622 1051 

treatment.  (B) TBI increased NADPH oxidase subunits, Cybb, Cyba, Ncf1, and Ncf4 mRNA in 1052 

injured cortex.  The TBI-induced increase in Cybb mRNA was significantly reduced by 1053 

PLX5622 treatment.  (C) Immunofluorescence analysis of reactive microglia (NOX2+, red; 1054 

CD68+, cyan; Iba1+, green) in the injured cortex at 3 months post-injury demonstrated that 1055 

delayed depletion of microglia decreased the number of NOX2+ reactive microglia when 1056 

compared to levels in TBI+Vehicle-treated animals.  The dotted line represents the lesion 1057 

boundary.  Scale bar = 100μm.  *p<0.05, **p<0.01, ***p<0.001 vs sham animals; +p<0.05, 1058 

++p<0.01 vs TBI+Vehicle-treated animals.  Data expressed as mean ± s.e.m. (n=6-9/group)  1059 
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Figure 7. Delayed depletion of microglia during chronic TBI reduces expression of NLRP3 1060 

inflammasome components in microglia.  (A) Flow cytometry analysis and representative dot 1061 

plots show populations of resident CD45int microglia and infiltrating peripherally derived CD45hi 1062 

myeloid cells in the ipsilateral cortex at 2 months post-injury.  There was no difference in 1063 

absolute microglial numbers between sham, TBI+Vehicle-treated, and TBI+PLX5622-treated 1064 

groups.  TBI increased numbers of infiltrating CD45hi myeloid cells in brain in TBI+Vehicle-1065 

treated animals, but numbers were small in comparison to numbers of resident microglia.  (B) 1066 

Assessment of microglial cell size as measured by forward scatter (FSC), and microglial 1067 

granularity as measured by side scatter (SSC), demonstrated that TBI increased microglial cell 1068 

size and granularity when compared to levels in sham microglia.  PLX5622 treatment reduced 1069 

both markers in microglia.  (C) Representative dot plots show resident CD45int microglia 1070 

expressing active caspase-1.  TBI increased active caspase-1 in microglia, when compared to 1071 

levels in sham.  Levels of active caspase-1 were decreased by PLX5622 treatment, but failed to 1072 

reach statistical significance.  (D) TBI  increased IL-1  production in microglia, when compared 1073 

to levels in sham.  Levels of microglial IL-1  was decreased in TBI+PLX5622-treated animals.  1074 

*p<0.05, ***p<0.001, vs Sham; ++p<0.01, +++p<0.001, ++++p=0.000 vs TBI+Vehicle-treated 1075 

animals.  Data expressed as mean ± s.e.m. (n=5-9/group) 1076 

Figure 8.  Delayed depletion of microglia during chronic TBI does not alter astrocyte 1077 

reactivity in the cortex.  (A) Analysis of ipsilateral cortical tissue at 2 months post-injury 1078 

demonstrated that TBI increased Gfap mRNA.  TBI-induced increase in Gfap mRNA was not 1079 

altered by PLX5622 treatment.  (B) In situ analysis of astrocytes in the perilesional cortex at 3 1080 

months post-injury.  TBI increased astrocyte cellular area and GFAP expression when compared 1081 

to levels in sham.  PLX5622 treatment did not change post-traumatic GFAP cellular distribution 1082 
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or expression.  (C) Representative images of GFAP (green) in the perilesional cortex at 3 months 1083 

post injury.  The dotted line represents the lesion boundary.  Scale bar = 100μm.  *p<0.05, 1084 

**p<0.01 vs sham. Data expressed as mean ± s.e.m. (n=5-8/group). 1085 

Figure 5-1.  PLSDA model gene loadings and performance.  Plot of the top 20 upregulated 1086 

(blue) and downregulated (red) genes for PC1 and 2 (A).  The loadings indicated the influence of 1087 

each gene on signatures of TBI (PC1) or PLX5622 treatment (PC2).  Genes with more positive 1088 

loadings on PC1 were upregulated with TBI, while negative loadings on PC1 were 1089 

downregulated by TBI.  Genes with negative loadings on PC2 were upregulated by PLX5622 1090 

treatment, while positive loadings were downregulated.  Classification performance per group 1091 

was determined by bootstrap resampling.  Receiver operating characteristic (ROC) curves 1092 

showed overall model performance for each treatment group with average performance reported 1093 

(B). 1094 

  1095 



 

 48 

Table 1 1096 

Sham + Vehicle (n=10) Sham + PLX5622 (n=10) p value 

BW WPI 0 (ff) 3.4 ± 1.5 1.7 ± 0.9 
p>0.999 
Sidak’s MCT 

BW WPI 1 (ff) 2.8 ± 0.9 5.7 ± 2.9 
p=0.9937 
Sidak’s MCT 

BW WPI 2 (ff) 5.2 ± 2.1 8.7 ± 2.4 
p=0.9677 
Sidak’s MCT 

BW WPI 3 (ff) 2.0 ± 1.2 5.2 ± 2.3 
p=0.9822 
Sidak’s MCT 

BW WPI 4 (ff) 5.6 ± 1.5 8.7 ± 2.4 
p=0.9884 
Sidak’s MCT 

BW WPI 5 (ff) 4.3 ± 1.5 10.8 ± 1.4 
p=0.2911 
Sidak’s MCT 

BW WPI 6 (ff) 5.9 ± 2.7 6.6 ± 1.9 
p>0.999 
Sidak’s MCT 

BW WPI 7 (ff) 5.6 ± 2.1 9.6 ± 3.1 
p=0.9151 
Sidak’s MCT 

BW WPI 8 (ff) 4.4 ± 2.3 11.6 ± 2.3 
p=0.1688 
Sidak’s MCT 

BW WPI 9 (ff) 8.9 ± 1.9 12.2 ± 1.8 
p=0.9770 
Sidak’s MCT 

BW WPI 10 (ff) 8.8 ± 1.2 11.2 ± 1.8 
p=0.9988 
Sidak’s MCT 

BW WPI 11 (ff) 10.4 ± 2.8 10.9 ± 2.0 
p>0.999 
Sidak’s MCT 

BW WPI 12 (ff) 10.2 ± 2.3 75.1 ± 4.4 
p>0.999 
Sidak’s MCT 

Y maze 
(% spontaneous alternation) 71.1 ± 3.7 71.4 ± 3.0 

p=0.9507 
Mann Whitney test 

NOR 
(% preference index) 78.0 ± 6.4 68.3 ± 3.6 

p=0.2532 
Mann Whitney test 
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MWM Acquisition Day 1 
(Time to escape) 73.9 ± 4.1 75.1 ± 4.4 

p>0.999 
Sidak’s MCT 

MWM Acquisition Day 2 
(Time to escape) 46.1 ± 7.7 56.0 ± 6.9 

p=0.996 
Sidak’s MCT 

MWM Acquisition Day 3 
(Time to escape) 56.4 ± 6.9 58.1 ± 4.9 

p>0.999 
Sidak’s MCT 

MWM Acquisition Day 4 
(Time to escape) 48.6 ± 6.2 40.1 ± 5.6 

p>0.999 
Sidak’s MCT 

MWM Probe test 
(Time in escape quadrant) 26.7 ± 4.1 23.2 ± 2.9 

p=0.3218 
Unpaired t test 
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