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ABSTRACT   41 

Spinal cord injury (SCI) induces a centralized fibrotic scar surrounded by a reactive glial 42 

scar at the lesion site. The origin of these scars is thought to be perivascular cells entering 43 

lesions on ingrowing blood vessels and reactive astrocytes, respectively. However, two 44 

NG2-expressing cell populations (pericytes and glia) also may influence scar formation.  In 45 

the periphery, new blood vessel growth requires proliferating NG2+ pericytes; if also true 46 

in the CNS, then the fibrotic scar would depend on dividing NG2+ pericytes. NG2+ glial cells 47 

(also called oligodendrocyte progenitors) also proliferate after SCI and accumulate in large 48 

numbers among astrocytes in the glial scar. Their effect there, if any, is unknown. We show 49 

proliferating NG2+ pericytes and glia largely segregate into the fibrotic and glial scars, 50 

respectively; therefore, we used a thymidine kinase/ganciclovir paradigm to ablate both 51 

dividing NG2+ cell populations to determine if either scar was altered. Results reveal that 52 

loss of proliferating NG2+ pericytes in the lesion prevented intra-lesion angiogenesis and 53 

completely abolished the fibrotic scar. The glial scar was also altered in the absence of 54 

acutely dividing NG2+ cells, displaying discontinuous borders and significantly reduced 55 

GFAP density. Collectively these changes enhanced edema, prolonged hemorrhage and 56 

impaired forelimb functional recovery. Interestingly, after halting GCV at 14dpi, scar 57 

elements and vessels entered the lesions over the next 7d, as did large numbers of axons 58 

that were not present in controls. Collectively, these data reveal that acutely dividing NG2+ 59 

pericytes and glia play fundamental roles in post-SCI tissue remodeling.  60 

 61 

 62 

 63 
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SIGNIFICANCE STATEMENT:   64 

Spinal cord injury (SCI) is characterized by formation of astrocytic and fibrotic scars, both 65 

of which are necessary for lesion repair. NG2+ cells may influence both scar-forming 66 

processes. This study used a novel transgenic mouse paradigm to ablate proliferating NG2+ 67 

cells after SCI to better understand their role in repair. For the first time, our data show 68 

that dividing NG2+ pericytes are required for post-SCI angiogenesis, which in turn is 69 

needed for fibrotic scar formation. Moreover, loss of cycling NG2+ glia and pericytes caused 70 

significant multi-cellular tissue changes, including altered astrocyte responses and 71 

impaired functional recovery. This work reveals previously unknown ways in which 72 

proliferating NG2+ cells contribute to endogenous repair after SCI.  73 

  74 
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INTRODUCTION  75 

Traumatic spinal cord injury (SCI) is characterized by glial and fibrotic scars, extracellular 76 

matrix (ECM) deposition, and angiogenesis (Mautes et al., 2000; Loy et al., 2002; Jakeman 77 

et al., 2014; Zhu et al., 2015). The scars are essential for lesion repair, and eliminating 78 

either impairs wound closure and exacerbates tissue loss. The central fibrotic scar is 79 

composed of fibroblasts and dense ECM components (Jakeman et al., 2000; Goritz et al., 80 

2011; Soderblom et al., 2013). ECM deposition is a pre-requisite for wound healing, 81 

including within the spinal cord since spinal transection in the absence of fibrotic scars 82 

prevents wound closure (Klapka et al., 2005; Darby & Hewitson, 2007; Goritz et al., 2013). 83 

Previous SCI studies demonstrated that fibroblast progenitors produce this scar, including 84 

a subset of Glast+ pericytes (Goritz et al., 2011) and/or col1 1+ NG2-negative perivascular 85 

cells (Soderblom et al., 2013). It is thought that these progenitors “ride” blood vessels as 86 

they enter SCI lesions, after which they detach and differentiate into scar-producing 87 

fibroblasts. Thus, fibrotic scar formation likely depends on post-SCI angiogenesis. 88 

 89 

The glial scar encircles the fibrotic scar. Ablating proliferating astrocytes after SCI abolishes 90 

this scar, exaggerates tissue loss, and impairs functional recovery (Faulkner et al., 2004). 91 

While both scars are essential for lesion containment, they are mutually exclusive in terms 92 

of territory, with astrocytes and fibroblasts forming separate domains shortly after injury 93 

(Bundesen et al., 2003). 94 

 95 

We hypothesize that formation of both scars also depends on proliferating NG2+ cells, 96 

which include pericytes and glia. NG2+ pericytes are crucial for developmental and tumor-97 
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induced angiogenesis (Ozerdem & Stallcup, 2003; Huang et al., 2010); here we predict they 98 

are also required for angiogenesis and fibrotic scar formation. Our data verify NG2+ glia do 99 

not enter fibrotic lesions (as noted before, Hackett and Lee, 2016), and therefore are 100 

unlikely to influence fibrotic scars; however, they do accumulate within glial scars in 101 

rodents and human SCI (Tan et al., 2005; Tripathi & McTigue, 2007; Buss et al., 2009; Hesp 102 

et al., 2015; Hackett and Lee, 2016; Church et al, 2016). Their effect on glial scar dynamics, 103 

however, is unknown.  104 

 105 

Here, our data show important differences between dividing NG2+ glia and pericytes. 106 

Dividing NG2+ glia outnumber dividing NG2+ pericytes up to 30-fold but are restricted to 107 

the glial scar and spared tissue, while dividing NG2+ pericytes enter lesions concomitant 108 

with angiogenesis. Because of their separate domains and numbers, we used a thymidine 109 

kinase/ganciclovir (Tk/GCV) paradigm in NG2-Tk mice to eliminate both populations to 110 

address two questions: Are proliferating NG2+ pericytes necessary for intra-lesion 111 

angiogenesis and fibrotic scar formation? Does eliminating NG2+ glia (and a small subset of 112 

pericytes) alter glial scar formation?  113 

 114 

First, pericyte proliferation was tracked after unilateral cervical SCI, which revealed peak 115 

proliferation at 3dpi; interestingly, only ~30% of dividing pericytes expressed NG2 and 116 

would be vulnerable to GCV. Despite this low percentage, their ablation completely 117 

prevented intra-lesion angiogenesis and fibrotic scar formation.  The astrocytic scar was 118 

also altered by NG2+ cell ablation; astrocytic labeling was significantly less dense and glial 119 

scar boundaries were discontinuous rather than displaying sharp borders. Given the 120 
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abundance of proliferating NG2+ glia in this region by 7dpi, a time when dividing NG2+ glia 121 

outnumbered NG2+ pericytes >25-fold, the balance of glial scar changes likely results from 122 

NG2+ glia loss. Scar disruption enhanced edema and prolonged hemorrhage but did not 123 

exacerbate spared tissue loss. Notably, when GCV was stopped at 14dpi and tissue 124 

examined 7d later, lesions now contained blood vessels, fibrotic elements, NG2+ cells and, 125 

surprisingly, a significant number of axons. Thus, acute NG2+ cell ablation altered the 126 

lesion microenvironment in a way that enhanced subsequent axon growth in conjunction 127 

with formation of “looser” astrocytic and fibrotic scars, in contrast to control mice with few 128 

intra-lesion axons. Functionally, forelimb locomotion was persistently impaired in treated 129 

mice. Collectively these data reveal novel roles for proliferating NG2+ pericytes and glia in 130 

scar formation and lesion dynamics after SCI.   131 

 132 

METHODS 133 

Experimental Design 134 

Two SCI mouse experiments were used in this study. In the first experiment, a time course 135 

analysis on C5 unilateral SCI in wild type mice was conducted. In the second, wild type or 136 

NG2-Tk mice received a C5 unilateral SCI followed by intracerebroventricular delivery of 137 

GCV or saline for 7 - 14d. A subset of mice had intracerebral pumps removed at 14d and 138 

survived until 21d. The 7d and 21d groups include a set of replicate experiments, in which 139 

identical histological and behavioral results were observed in both studies. See Table 1 for 140 

experimental cohorts and group sizes, and Fig 2 for schematic representations of 141 

transgenic mouse experiments. Details of these procedures and experiments are described 142 

below.  143 
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 144 

Generation of transgenic mice. To selectively ablate dividing reactive NG2+ cells, a novel 145 

transgenic mouse line was generated in which cells expressing NG2 also express thymidine 146 

kinase (Tk) from herpes simplex virus (HSV) (NG2-Tk mice). Similar mouse paradigms have 147 

been used previously to ablate proliferating astrocytes (Faulkner et al., 2004) and CD11b+ 148 

microglia in vivo (Gowing et al., 2006). In this model, cells expressing thymidine kinase (Tk) 149 

convert the antiviral agent ganciclovir (GCV) from an inert pro-drug into a cytotoxic 150 

triphosphate, which is incorporated into the dividing genome causing cell cycle arrest and 151 

apoptosis (Tomicic et al., 2002). Thus, in these NG2-Tk mice, exposure to GCV ablates 152 

recombined proliferating NG2+ cells.  153 

 154 

NG2-tk BAC (bacterial artificial chromosome) transgenic mice were generated using the 155 

RPCI-23 C57Bl/6J mouse BAC clone in pBACe3.6 BAC vector that contained the entire 156 

33.97kb Cspg4 gene flanked by 60 kb and 114 kb of 5’ and 3’ flanking sequences, 157 

respectively. The DsRed coding sequence in the NG2-DsRed BAC building vector (Zhu et al., 158 

2008) was replaced with that of the HSV1-Tk coding sequence obtained from Dr. Michael 159 

Sofroniew (University of California, Los Angeles), as described in (Bush et al., 1998). The 160 

recombineered NG2-tk BAC was linearized and injected into fertilized oocytes using the 161 

Gene Targeting and Transgenic Facility at the University Connecticut Farmington. Details of 162 

the NG2tkBAC transgenic mice are described elsewhere (Jukkola et al., manuscript in 163 

preparation). 164 

Quantification of TK recombination efficiency.  3 month NG2-HSV:TK mice (n=3) were 165 

perfused with PLP fixative containing 4% paraformaldehyde and immunolabeled according 166 
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to previously published methods (Serwanski et al., 2017). 40μm transverse spinal cord 167 

sections were sectioned on a Leica 3050S cryostat and thaw-mounted onto microscope 168 

slides. Sections were immunostained using goat anti-platelet-derived growth factor alpha 169 

(anti-PDGFRα; R&D Systems Cat# AF1062; a marker of NG2 cells) and rabbit polyclonal 170 

anti-HSV-thymidine kinase (anti-TK; received from Dr. William Summers of Yale 171 

University, New Haven, CT) and coverslipped with Vectashield mounting media containing 172 

DAPI nuclear stain.  Confocal z-stack images (1 μm interval) were collected at 40X on a 173 

Leica SP8 confocal microscopy system using a resonant scanner.  Images were analyzed 174 

using maximum projection images of each collected microscope field using Leica software 175 

to mark PDGFRα+ cells with the TK channel hidden.  Then, with the TK channel revealed, 176 

the PDGFRα+ cells were scored for the presence of TK.  If the co-localization of PDGFRα and 177 

TK in any cell was unclear, orthogonal sections were used to examine the cell in each slice 178 

of the z-stack. Wildtype sections processed in parallel contained no TK immunolabeling. 179 

 180 

Ganciclovir treatment. In addition to CNS cells, visceral organs and vascular mural cells also 181 

express NG2. Therefore, GCV must be delivered directly into the CNS to avoid lethal 182 

systemic effects. Additionally, GCV must be delivered continually (versus daily injections) 183 

as NG2+ cells that proliferate outside the GCV half-life (~4hr) would rapidly replace lost 184 

cells. Thus, GCV was delivered at a rate of 50 mg/kg/day (dissolved in physiological saline) 185 

via Alzet minipumps (models 1002 or 1007D), which were connected to a plastic catheter 186 

and 26G delivery needle (2.5mm deep). Pumps were assembled according to 187 

manufacturer’s instructions and primed overnight at 37°C in physiological saline prior to 188 

implantation. To assess potential side effects of transgenic Tk expression or GCV delivery, 189 
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control groups included NG2-Tk mice receiving saline (Tg+Sal) and wild-type BL6 mice 190 

receiving GCV (Wt+GCV). Groups and time points are described in Table 1. 191 

 192 

Spinal cord injuries. All surgical and postoperative care procedures were performed in 193 

accordance with The Ohio State University Institutional Animal Care and Use Committee. 194 

On day 0, ~12 week old mice (30% male, 70% female) were anesthetized with a 195 

ketamine/xylazine mixture (120 and 10mg/kg ip, respectively) and the spinal cord 196 

exposed at the C5 vertebral level via a single-level laminectomy. A 0.6mm diameter probe 197 

(smaller than a standard midline contusion probe) directed perpendicular to the dorsal 198 

right side of the spinal cord was used to create a unilateral contusion (60 kDyne force) 199 

using the Infinite Horizons device (Precision Instruments). The muscles overlying the 200 

spinal cord were sutured and the incision closed with wound clips. In addition to the mice 201 

used in GCV studies, 20 adult female wild type mice received comparable unilateral SCIs 202 

and were randomly grouped into different survival time points for time course analyses; 4 203 

uninjured wild type mice served as naive controls. See Table 1 for all time points and 204 

group sizes. 205 

 206 

The C5 unilateral contusion model was selected after initial pilot studies using a T9 midline 207 

contusion showed no changes in lesion morphology following GCV delivery, while C5 208 

injured animals had significant alterations in the lesion environment (data not shown). 209 

This is likely due to differences in recombination efficiency between cervical (~41%) vs. 210 

thoracic (~16%) spinal regions (see results for more details).  211 

 212 
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Intracerebroventricular cannulation & pump implantation. Immediately after receiving a 213 

spinal cord injury, mice were randomly assigned to treatment groups. Mice were placed in 214 

a stereotaxic head frame and their skulls were exposed. A hole through the skull was 215 

created using a 26G needle at the coordinates -0.7mm posterior and -1.2mm lateral from 216 

bregma (coordinates of right lateral ventricle in mouse). Guide cannulas of assembled and 217 

primed minipumps were inserted through the hole into the brain at a depth of 2.5mm 218 

ventral, and the minipumps were placed into a subdermal pocket created on the upper 219 

back using a sterile cotton-tipped applicator to separate the skin and muscle. The skin 220 

behind the ears was closed using surgical clips, and the exposed skull and catheter tip were 221 

covered with Ortho-Jet fast-drying acrylic resin (Lang Dental, B1323). Animals were given 222 

2cc of saline and placed in warm recovery cages. Postsurgical care included 5d treatment 223 

with antibiotics (Gentomicin, 5 mg/kg) and daily saline (2cc) to maintain hydration, along 224 

with twice-a-day manual bladder expression until spontaneous voiding returned. Mice 225 

were regularly weighed to assess changes in body weight until time of sacrifice at 7d (n=6 226 

Tg+Sal; n=7 Tg+GCV), 11d (n=5 Tg+Sal; n=5 Tg+GCV; n=4 Tg+GCV) or 21dpi (n=8 Tg+Sal; 227 

n=8 Tg+GCV). The 7d and21d groups consist of two replicate studies in which identical 228 

results were obtained. A total of 5 mice were lost or sacrificed early and not included in 229 

analyses: one Tg mouse died during SCI surgery; one Tg+Sal mouse was removed early at 230 

8dpi due to a prolapsed penis; one Tg+GCV mouse was removed early at 10dpi from excess 231 

weight loss and dehydration; one Tg+GCV was found dead at 11dpi from intestinal issues; 232 

and one Tg+GCV mouse was removed early at 12dpi due to general declining health and 233 

lethargy.  234 

 235 
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Pump Removal. Mice surviving longer than 2 weeks post-injury were re-anesthetized at 236 

14dpi using isofluorane and the dorsal incision was re-opened to expose the base of the 237 

skull. Pumps were removed from their sub-dermal pocket and cut from their catheters. The 238 

exposed end of the plastic catheter was melted using a cautery pen and sealed shut using a 239 

hemostat for several seconds. Intraventricular cannulas remained in place. The skin was 240 

closed with surgical clips.  241 

 242 

Stepping analysis. To assess changes in forelimb step length, mice from the 21dpi groups, 243 

11dpi Wt+GCV mice, and naïve wild type were videotaped walking across a custom-made 244 

walkway. This setup consisted of a clear plastic platform enclosed by two clear plastic 245 

walls. A mirror was placed at an angle below the platform such that the video camera could 246 

capture both a side view and a view of paw placement from below in the same frame. Each 247 

mouse was recorded performing at least three passes of at least five consecutive steps at a 248 

consistent pace per recording session (0, 7, 11, and 21dpi, when applicable). An observer 249 

blinded to mouse group from each recorded pass and averaged together for each mouse 250 

measured step length. Data was analyzed using a 2-way repeated measures ANOVA where 251 

significance was reported when p<0.05. 252 

 253 

Perfusion and tissue processing. Mice were deeply anesthetized with ketamine and xylazine 254 

(1.5 surgery dose above) then perfused transcardially with PBS, followed by 4% 255 

paraformaldehyde (PFA) in PBS. Spinal cords & brains were removed, post-fixed for 2h at 256 

4°C in 4% PFA, and placed in 0.2 M PB overnight. The following day tissue was 257 

cryoprotected in 30% sucrose dissolved in 0.1M PBS at 4°C for 48 h. For tissue embedding, 258 
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spinal cords & brains were frozen on dry ice; spinal cords were cut into 1 cm blocks 259 

centered on the lesion site. After submersion in OCT compound (Electron Microscopy 260 

Sciences), blocks were frozen and cross-sections were cut at 10 m on a cryostat and 261 

mounted serially onto slides. Tissue was stored at -20°C until use.  262 

 263 

Immunohistochemistry. Sections were rinsed in 0.1M PBS and blocked for nonspecific 264 

antigen binding using 4% BSA/0.1% Triton-100/PBS (BP+) or 4% BSA/0.3% Triton-265 

100/PBS (BP3+) for 1 h. Next, sections were incubated in primary antibody overnight at 266 

4°C. Sections were rinsed and treated with biotinylated antiserum (1:800-1:2000 in BP+; 267 

Vector Laboratories) for 1 h at room temperature. After rinsing, endogenous peroxidase 268 

activity was quenched using a 4:1 solution of methanol/30% hydrogen peroxide for 15 min 269 

in the dark. Sections were then treated with Elite avidin–biotin enzyme complex (ABC; 270 

Vector Laboratories) for 1 h. Visualization of labeling was achieved using DAB or SG 271 

substrates (Vector Laboratories). For some sections, cell nuclei were visualized by 272 

counterstaining with Neutral Red for 10min. Sections were rinsed, dehydrated, and 273 

coverslipped with Permount (Fisher Scientific). See Table 2 for details on primary 274 

antibodies.  275 

 276 

Immunofluorescence Sections were rinsed in 0.1M PBS and blocked for nonspecific antigen 277 

binding using BP+ or BP3+ for 1h. Next, sections were incubated in primary antibodies 278 

overnight at 4°C. Sections were rinsed and incubated with an AlexaFluor secondary 279 

antibodies (1:500-1:1000; Invitrogen) for 1h. After rinses, sections were incubated with 280 

Draq5 (1:3000; Biostatus Cat# DR50050 RRID: AB_2314341) for 10-15min to label cell 281 
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nuclei. Slides were coverslipped with ImmuMount (Thermo Scientific). See Table 2 for a 282 

list of primary antibodies with RRID information. Immunofluorescent labeling was 283 

analyzed by laser scanning confocal microscopy (Leica TCS SP8) and LAS X software.  284 

 285 

Red blood cell labeling To visualize red blood cells, tissue sections were rinsed in 0.1M PBS 286 

and incubated with DAB for 10min without prior peroxide quenching.  287 

 288 

Cell Counts: A Zeiss Axioshop 2 Plus microscope with a Sony 970 three-chip color camera 289 

was used to analyze tissue immunolabeled by IHC. Cells double-labeled for NG2 or PDGFR  290 

and Ki-67 were manually counted from the entire ipsilateral spinal cord at high power 291 

(40X) in the epicenter and two consecutive sections rostral and caudal for each animal (-292 

0.3mm to +0.3mm) ipsilateral to the injury. Total counts are reported as a summation of 293 

the five consecutive sections. Cells were categorized by morphology (pericyte morphology 294 

or branched morphology) and location in the cord (spared tissue, lesion border, within 295 

lesion). Cell counts are expressed as cells per mm2. Cells were only included in the analyses 296 

if they possessed a clear Ki67+ nucleus, which was at least 75% surrounded by NG2 or 297 

PDGFR  labeling. A cell was classified as a pericyte if it demonstrated a crescent 298 

morphology and appeared to circumscribe a blood vessel. All other double-positive cells 299 

were classified as ‘branched’ if they possessed at least one extending process. Care was 300 

taken to avoid counting NG2+ macrophages, which are easily distinguished by their round 301 

morphology and space between the nucleus and membrane (Tripathi & McTigue, 2007). 302 

Data were analyzed using a 1-way ANOVA and post-hoc Bonferroni multiple comparisons 303 

test. 304 
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 305 

Quantification of NG2+ cells wrapping CD31+ blood vessels was conducted by 306 

immunofluorescent labeling and analyzed by laser scanning confocal microscopy (Leica 307 

TCS SP8) and LAS X software. Z-stacks at 40x magnification were collected for the entire 308 

ipsilateral spinal cord, and three non-overlapping sample boxes were placed randomly 309 

within the lesion, and evenly and systematically along the lesion border at the injury 310 

epicenter. Maximal projection images were used to quantify NG2+ profiles containing 311 

Draq5+ nuclei that completely encircled a CD31+ blood vessel and which did not extend 312 

additional processes beyond the blood vessel area. Data were analyzed by 2-way repeated 313 

measures ANOVA and post-hoc Bonferroni multiple comparisons test. 314 

 315 

In NG2-Tk tissue, NG2+ cells were quantified at the injury epicenter using Neutral Red 316 

counterstain to identify cell bodies. Cells were categorized by morphology (pericytes or 317 

branched) as described above. Three sample boxes at 40x magnification were evenly and 318 

systematically placed along the lesion border and also just outside of the lesion border in 319 

spared tissue. Cell counts from these sample boxes were summed and expressed as 320 

cells/mm2. Lesion border GST + OLs were quantified in a similar manner. A 2-way 321 

repeated measures ANOVA and post-hoc Bonferroni multiple comparisons test was used to 322 

analyze branched and pericytes-shaped NG2+ cells; OL counts were analyzed using a 2-way 323 

ANOVA and post-hoc Bonferroni multiple comparisons test.  324 

 325 

Neurons (NeuN+ cells) were quantified using the automated cell counter function within 326 

MCID image analysis software (InterFocus Imaging, Cambridge, England; 327 
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RRID:SCR_014278). Soma size and staining intensity thresholds were defined, and cells 328 

were quantified separately in dorsal (laminae I-IV), middle (between laminae IV and 329 

central canal), and ventral (below the central canal) gray matter. Data were analyzed with a 330 

two-tailed Student’s t-test.  331 

 332 

Lesion and Spared Tissue Area: Lesion area and ipsilateral spared white and gray matter in 333 

NG2-Tk and wild-type mice were assessed by staining myelin with Eriochrome cyanine 334 

(EC) and immunolabeling for neurofilament (NF), as previously described (Schonberg et al., 335 

2007). Digitized images of EC/NF-labeled cross-sections were captured using MCID image 336 

analysis software. The lesion area at the epicenter, defined as the region with the least 337 

ipsilateral intact myelin immunoreactivity, was digitally outlined and its target area was 338 

measured and expressed as mm2. Spared tissue area was calculated as the ipsilateral cross-339 

sectional area minus the lesion area. Data were analyzed using a 2-way ANOVA and post-340 

hoc Bonferroni multiple comparisons test.  341 

 342 

Intra-Lesion Quantification: To quantify intra-lesion area of immunoreactivity for NG2, NF, 343 

GFAP, Mac1, CD31, laminin, and PDGFR  at the epicenter, a template of the lesion area was 344 

generated from an immediately adjacent section stained by EC/NF and placed over the 345 

corresponding image. Using MCID, a minimum signal threshold for each label was 346 

determined and the total amount of intra-lesion labeling was measured. Proportional area 347 

of positive labeling was calculated by dividing total target area by lesion area and 348 

expressed as a percentage. This same method was used to quantify the proportional area of 349 
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CD31 labeling in spared gray and white matter. Data were analyzed using a 2-way ANOVA 350 

and post-hoc Bonferroni multiple comparisons test.  351 

 352 

Lesion Border and Extra-Lesion Quantification: The amount of lesion border NG2, GFAP, and 353 

Mac1 labeling was assessed by thresholding similar to intra-lesion analyses. For NG2 and 354 

GFAP, corresponding EC/NF-labeled sections were used as a guide to determine exact 355 

lesion borders, and three sample boxes were placed equidistant along the lesion border 356 

(one dorsal, one ventral, one mid) for each stain at the epicenter. For NG2 and Mac1, 357 

sample boxes were square measuring 0.002mm2. For GFAP, sample boxes were rectangular 358 

measuring 0.003mm2. For Mac1, the three samples boxes were placed in spared tissue; one 359 

box was placed just to the right of the central canal, one was placed above in gray matter, 360 

and the third was placed at an equidistant below. The total amount of labeling within 361 

sample boxes was measured and summed for each section to determine an overall 362 

percentage of labeling outside of the lesion. All data were analyzed using a 2-way ANOVA 363 

and post-hoc Bonferroni multiple comparisons test except CD31 data, which were analyzed 364 

using 2-way repeated measures ANOVA and Bonferroni post-hoc test.  365 

 366 

Data analyses  367 

An investigator blinded to group assignment performed all quantification. Significance is 368 

reported when p<0.05. Specific statistical analyses are given for each data section below. 369 

Depending on the statistical test, p- , q-, or t-values are reported where appropriate. Plates 370 

were constructed using Adobe Photoshop (RRID:SCR_014199) and all images within a plate 371 

adjusted equally to improve contrast when needed. 372 
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 373 

RESULTS  374 

Differential NG2+ glia and pericyte proliferation over the first 2 weeks after C5 unilateral 375 

contusion in wild type mice. 376 

NG2+ glia are known to proliferate after SCI and accumulate in the glial scar where they 377 

interdigitate with astrocytes (Fig 1A). NG2+ pericyte proliferation has not been quantified 378 

after SCI to our knowledge, but pericytes likely divide, since new pericytes would be 379 

needed for post-SCI angiogenesis; therefore, both dividing NG2+ cell populations could be 380 

ablated in our study. To determine when proliferating NG2+ glia and pericytes would be 381 

vulnerable to ganciclovir-induced death in our model, a time course study after C5 382 

unilateral contusion in wild type mice was performed. Spinal cord cross-sections from the 383 

injury site were double-labeled for NG2 and Ki-67 (expressed by dividing cells) in naïve, 1d, 384 

3d, 7d, 11d, and 14d post-injury (dpi) tissue, and the number of NG2+ cells expressing Ki67 385 

ipsilateral to the injury was quantified at each time point. Dividing NG2+ cells were 386 

categorized as glia or pericytes based on branched vs. crescent-shaped morphology, 387 

respectively. Examples of both phenotypes are shown in Fig 1B.  388 

 389 

As expected, the number dividing NG2+ glia robustly increased ipsilateral to the injury at 390 

3d, 7d, and 11dpi compared to naïve, with peak levels of ~22 cells/mm2 at 7dpi (Fig 1C). 391 

Notably, the vast majority of proliferating NG2+ glia was located in proximal spared tissue 392 

and lesion border with only a rare NG2/Ki67 cell in the frank lesion itself (0-1cell/section). 393 

To determine if NG2+ cells within the frank lesion were oligodendrocyte progenitors, 394 

sections were double-labeled for NG2 and Olig2, which is expressed by oligodendrocyte 395 
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lineage cells. While NG2/Olig2 double-labeled cells were abundant in the glial scar area, 396 

they were completely absent in the frank lesion (data not shown), revealing that dividing 397 

NG2+ glia accumulate in the glial scar area but do not enter the lesion core after SCI in mice. 398 

 399 

Compared NG2+ glia, NG2+ pericyte proliferation peaked earlier and at a lower level. Peak 400 

proliferation of NG2+ pericytes reached ~1-2cells/mm2 at 3dpi (Fig 1D). Only a subset of 401 

pericytes expresses NG2. Thus, to quantify proliferation of all pericytes, adjacent sections 402 

were immunolabeled for Ki67 and PDGFR , expressed by all pericytes. This verified peak 403 

pericyte proliferation was at 3dpi, with dividing PDGFR + cell numbers reaching ~5 404 

cells/mm2 (Fig 1D). Thus, ~30% of dividing pericytes express NG2 at 3dpi, which is when 405 

most would be vulnerable to GCV-induced ablation, while NG2+ glia would be vulnerable 406 

from 3d – 11dpi. Overall, the number of dividing NG2+ glia outnumbered proliferating 407 

NG2+ pericytes 10- to 30-fold between 3-11dpi. Numerical averages for each quantification 408 

are provided in Fig 1E. Compared to naïve, degrees of freedom (df) and q-values for each 409 

significant measurement are: Branched NG2/Ki67 (df = 5; 3dpi q=15.62; 7dpi q=22.79; 410 

11dpi q=12.88); Pericyte NG2/Ki67 (df = 5; 3dpi q=8.98; 7dpi q=5.084); Pericyte PDGFR / 411 

Ki67 (df = 5; 3dpi q=15.93; 7dpi q=5.612).  412 

 413 

To confirm that cells classified as NG2+ pericytes wrapped blood vessels, and to further 414 

characterize changes in the NG2+ pericyte population, tissue was immunolabeled for NG2 415 

and CD31 (PECAM-1), counterstained with Draq5, and analyzed with confocal microscopy 416 

(Fig 1F). Quantification of NG2+ pericytes encircling CD31+ vessels revealed a complete 417 

loss in the lesions at 1dpi, followed by a rise within lesions to ~2-fold greater than naïve by 418 
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7dpi (df = 5; q=3.264) (Fig 1G). Within lesion borders, cell numbers were unchanged at 419 

1dpi, but increased >3-fold by 7dpi (Fig 1G). Thus, peak pericyte proliferation at 3d yields 420 

increased NG2+ pericytes in lesions and spared tissue by 7dpi. NG2+ pericytes encircling 421 

vessels subsequently decline, especially within the lesion, which may be due to vessel 422 

remodeling and down-regulation of NG2 by pericytes after vessel formation. 423 

 424 

Quantification of TK recombination efficiency 425 

Immunostaining confirmed that HSV-TK was present in NG2 cells labeled with anti-426 

PDGFRα.  TK was expressed at high levels in the cell soma, but was also visible in proximal 427 

cell processes of many NG2 cells (not shown).   In spinal cord sections from 3 month mice, 428 

an average of 22% of PDGFRα+ cells expressed TK (188/853 cells). The percentage of TK+ 429 

cells was higher in anterior spinal cord compared to more posterior regions (41%, 16%, 430 

and 12% in the cervical, thoracic, and lumbar regions, respectively). 431 

 432 

Experimental design of NG2+ cell ablation 433 

To ablate proliferating NG2+ cells within the CNS after SCI, GCV was infused into the right 434 

lateral ventricle of NG2-Tk mice, beginning immediately after a C5 unilateral contusion (Fig 435 

2A). Since most NG2+ cells proliferated between 3-11dpi, we examined GCV-infused tissue 436 

at 7 and 11dpi. To investigate tissue response after removal of GCV, a third group of NG2-Tk 437 

mice received GCV for 14d and then survived an additional 7d (without GCV) until 21dpi 438 

(Fig 2B). Control groups included transgenic mice infused with saline (Tg+Sal) and wild 439 

type mice infused with GCV (Wt+GCV). See Table 1 for a summary of animal numbers, 440 

experimental groups, and time points. 441 
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 442 

Successful ablation of proliferating NG2+ cells in NG2-Tk mice following GCV infusion.  443 

To confirm that intraventricular GCV infusion into NG2-Tk mice ablates proliferating NG2+ 444 

cells, the brains of Tg+GCV and Tg+Sal mice were collected at 7dpi and immunolabeled for 445 

NG2 at the cannulation site. Cannulation produces mild but transient inflammation and 446 

gliosis, and, as expected, NG2 cells increased in the area immediately around the 447 

cannulation site in NG2-Tk treated with vehicle (Tg+Sal) compared to adjacent tissue (Fig 448 

2C). In contrast, NG2-Tk mice given GCV had a near complete loss of proliferating NG2+ 449 

cells in the area (Fig 2D). Brain sections were also immunolabeled for astrocytes with 450 

GFAP. Tg+Sal tissue showed a robust accumulation of GFAP+ cells at the site of cannulation 451 

(Fig 2E), indicative of transient gliosis, whereas Tg+GCV mice had visibly lower GFAP 452 

labeling in this region (Fig 2F). 453 

 454 

GCV infusion in NG2-Tk mice reduces spinal cord NG2+ cells acutely after SCI  455 

To assess NG2+ cell responses in GCV- and saline-treated mice, spinal cord cross-sections 456 

were immunolabeled for NG2. At 7dpi, Tg+Sal mice had stereotypical accumulation of 457 

NG2+ cells around and within lesion borders (Fig 3A). In contrast, NG2 was markedly 458 

reduced in Tg+GCV spinal cords around the lesion. Cell counts revealed a significant ~40% 459 

reduction in NG2+ glia and ~50% reduction in pericytes in the lesion border and adjacent 460 

spared tissue in GCV-treated mice (Branched p=0.0447; Pericyte p=0.0377) (Fig 3B-C). 461 

Within the lesions of these mice, there was a striking loss of tissue integrity (Fig 3B), which 462 

rendered lesion size analysis unreliable.  463 

 464 
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Despite continued GCV infusion, at 11dpi the percent area of NG2 immunoreactivity along 465 

lesion borders was significantly increased in Tg+GCV mice compared to controls (df = 2; 466 

q=4.532) (Fig 3D-F). These data suggest that proliferation of the ~60% of non-recombined 467 

NG2+ cells (which would not be susceptible to GCV) likely compensated for the earlier loss 468 

of dividing NG2+ cells.   469 

 470 

A separate group of NG2-Tk mice received GCV or saline for 14dpi, and then survived an 471 

additional week to 21dpi. By this time, NG2 in the glial scar/lesion border area had 472 

declined significantly compared to 11dpi and was comparable to control levels (Fig 2F). 473 

The pattern of NG2 expression within the lesions, however, was different. Tg+Sal spinal 474 

cords had thick NG2+ bands adjacent to the glial scar border and traversing the fibrotic 475 

scars, which were completely absent in Tg+GCV tissue. In these sections, NG2+ cells were 476 

more diffuse and evenly distributed and did not form thick bands throughout the fibrotic 477 

lesion (Fig 3G,H) (see Fig 11 for additional examples).  Thus, the signals regulating NG2+ 478 

cell distribution and accumulation must change between 11d – 21dpi.  479 

 480 

Since dividing NG2+ cells produce new oligodendrocytes after injury, oligodendrocyte 481 

numbers may have been altered by NG2+ cell ablation. To examine this, oligodendrocytes 482 

in 11dpi and 21dpi tissue were immunolabeled with anti-GST  antibody and the cells 483 

quantified in lesion borders – the typical area of greatest new oligodendrocyte 484 

accumulation after SCI (Tripathi and McTigue, 2007). Similar to increased NG2 expression 485 

in lesion borders at 11dpi, the number of GST + oligodendrocytes in this region was 486 

significantly higher in Tg+GCV tissue at 11dpi compared to Tg+Sal tissue (df = 1; t=2.871). 487 
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By 21dpi, oligodendrocyte numbers had risen in controls to reach numbers comparable to 488 

the Tg+GCV group (Fig 3I).  489 

 490 

Thus, this model effectively reduced proliferating NG2+ cells in the first week post-injury. 491 

Early loss of proliferating NG2+ glia and pericytes resulted in delayed NG2+ cell 492 

accumulation and a chronic change in the distribution of these cells within spared and 493 

lesioned tissue.  494 

 495 

Ablating proliferating NG2+ cells acutely after SCI causes intraspinal edema, lesion swelling, 496 

and prolonged hemorrhage   497 

Lesion morphology was assessed in epicenter sections labeled for myelin (eriochrome 498 

cyanine, EC) and neurofilament (NF). At 7dpi, Tg+Sal sections had stereotypical tissue and 499 

lesion border morphology (Fig 4A). In contrast, Tg+GCV spinal cords showed a profound 500 

lack of tissue integrity in and around lesions, with large edema-like holes and enlarged 501 

lesion cavities that were filled with debris (Fig 4B).  502 

 503 

Upon dissection at 7dpi, the epicenters of Tg+GCV cords were visibly red compared to 504 

control spinal cords, suggesting sustained hemorrhage in this tissue (Fig 4C). This was 505 

confirmed by staining for red blood cells (RBCs) with DAB, which showed that lesions of 506 

Tg+Sal mice contained no RBCs at 7dpi, as expected (Fig 4D). In contrast, RBCs filled 507 

lesions of Tg+GCV mice at 7dpi, indicating that killing dividing NG2+ cells over the first 508 

7dpi led to prolonged bleeding and/or delayed clearance of RBCs (Fig 4D). 509 

 510 
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At 11dpi, control Tg+Sal tissue was similar to 7dpi with well-defined lesion borders and 511 

lack of myelin and axons in the lesions (Fig 4E). Tissue from control wild type mice treated 512 

with GCV (Wt+GCV) was indistinguishable from Tg+Sal tissue, demonstrating that GCV by 513 

itself was not responsible for the altered phenotype of Tg+GCV mice; thus, for the 514 

remainder of this study, Tg+Sal and Wt+GCV will be collectively referred to as ‘control 515 

mice’ unless otherwise noted (see Fig 11 for images of Wt+GCV tissue).  516 

 517 

At 11dpi, Tg+GCV lesions still displayed reduced integrity, swelling and debris, although 518 

less than at 7dpi (Fig 4F). No blood was present in the lesions at this time, suggesting 519 

hemorrhage had stopped and RBC’s were cleared between 7 – 11dpi. Quantification 520 

revealed significantly larger ipsilateral area in Tg+GCV epicenters compared to controls at 521 

11dpi (df = 1; t=2.605) (Fig 4G). The increased ipsilateral tissue area was due to 522 

significantly increased lesion size in Tg+GCV mice (df = 1; t=3.113), with no difference in 523 

spared gray or white matter area compared to control at 11dpi (Fig 4H,I) or in the number 524 

of neurons (data not shown). Thus, loss of proliferating NG2+ cells caused intra-lesion 525 

swelling, but not lesion expansion into intact spared tissue.  526 

 527 

To examine long-term changes in SCI lesions after acute loss of dividing NG2+ cells, tissue 528 

from mice receiving vehicle or GCV for 14dpi then surviving to 21dpi was examined. In this 529 

group, lesion morphology in control mice was similar to 11dpi (Fig 4J). In Tg+GCV tissue, 530 

signs of edema and swelling had diminished and lesions had contracted (Fig 4K); as a 531 

result, lesion area and total ipsilateral tissue area were now the same as controls (Fig 532 
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4H,I). Collectively, these data show loss of proliferating NG2+ cells after SCI causes excess 533 

edema, lesion swelling, and prolonged hemorrhage over the first week post-injury. 534 

 535 

Loss of proliferating NG2+ pericytes prevents blood vessel growth into SCI lesions 536 

Angiogenesis after SCI results in new blood vessels penetrating into and throughout the 537 

fibrotic lesions. Since NG2+ pericytes are required for peripheral angiogenesis, and our 538 

time course data show NG2+ pericytes (but not NG2+ glia) increase in lesions over 7dpi 539 

(see Fig 1G), the consequence of ablating proliferating NG2+ pericytes on blood vessel 540 

growth was examined by quantifying CD31 immunolabeling in lesions and spared tissue 541 

(DeLisser et al., 1997; Matsumura et al., 1997; Zhou et al., 1999). In control mice at 7dpi, 542 

lesions already contained scattered CD31+ vessels (Fig 5A), which increased through 543 

11dpi and then remained stable through 21dpi (Fig 5C, E, G). Comparable CD31 544 

upregulation between 7 and 11dpi was observed in wild-type time course tissue (data not 545 

shown). In contrast, CD31+ vessels were virtually absent in lesions of Tg+GCV mice at 7d 546 

and 11dpi (Fig 5B, D), revealing that the abundance of NG2 cells along lesion borders at 547 

11dpi had not translated into new blood vessel growth. When GCV was removed at 14dpi 548 

and mice survived to 21dpi, CD31+ vessels had increased significantly within the Tg+GCV 549 

lesions, although there were still significantly fewer vessels than in control lesions (Fig 5F, 550 

G)(df = 1; 11dpi t=4.220; 21dpi t=3.208). CD31 labeling in spared white and gray matter 551 

was not different between groups at any time, revealing that loss of dividing NG2+ 552 

pericytes (and glia) had no effect on blood vessels in spared tissue (Fig 5H, I). These 553 

observations indicate that acute ablation of proliferating NG2+ cells completely inhibited 554 

angiogenesis within SCI lesions, and that lesion revascularization commenced after GCV 555 
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removal, which allowed dividing NG2+ cells to survive. Since NG2+ glia do not enter 556 

lesions, it is likely that loss of dividing NG2+ pericytes prevented blood vessel growth into 557 

the lesions.  These data also suggest that despite pericyte proliferation typically peaking at 558 

3dpi (Fig 1), pericytes remained responsive to proliferative cues, at least to a limited 559 

extent, such that new vessels were formation was initiated between 11d – 21dpi. 560 

 561 

Ablating proliferating NG2+ cells causes a complete loss of PDGFR  and laminin in the lesions  562 

Since the fibrotic scar is thought to arise from fibrotic progenitors entering lesions along 563 

ingrowing blood vessels and these vessels did not form in NG2-tk mice for at least 11dpi, 564 

we next examined markers of tissue fibrosis within lesions. First, PDGFR  labeling was 565 

evaluated as this is expressed by scar-forming fibroblasts after SCI (Soderblom et al., 2013). 566 

As expected, control mice demonstrated robust dense PDGFR  labeling within the fibrotic 567 

scar by 7dpi that remained elevated through 21dpi. Lesions were filled with PDGFR + 568 

profiles, which often formed dense bands that abutted the glial scar region and traversed 569 

lesions at 7, 11, and 21dpi and occupied ~35-40% of the lesion area (Fig 6A, C, E). In stark 570 

contrast, Tg+GCV lesions were completely devoid of PDGFR  labeling at 7 and 11dpi; 571 

quantification of PDGFR  in the 11dpi lesions showed a drastic and significant reduction in 572 

Tg+GCV mice (df = 2; 11dpi t=9.796) (Fig 6B, D, G). At 21dpi in mice that had GCV removed 573 

at 14dpi, ~6% of lesion area was now occupied by sparse PDGFR + profiles in Tg+GCV 574 

lesions, but the overall amount was still ~75% less than in control lesions (df = 1; 21dpi 575 

t=11.71) (Fig 6F, G).  576 

 577 
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Considering the complete loss of PDGFR  and CD31 labeling GCV-treated NG2-Tk mice at 7 578 

and 11dpi, sections were immunolabeled for laminin as a second indicator of fibrotic scar 579 

formation (and blood vessels). In control mice, laminin accumulated more slowly in lesions 580 

compared to PDGFR . Laminin profiles were scattered throughout lesions in control mice 581 

at 7dpi, then consolidated by 11dpi and increased significantly at 21dpi to occupy ~45% of 582 

the lesion area (Fig 7A, C, E, G). Similar to PDGFR , Tg+GCV mice had sparse intra-lesion 583 

laminin at 7 and 11dpi (Fig 7B, D). By 21dpi, laminin had increased significantly to 33% of 584 

the lesion area in Tg+GCV lesions, but its distribution was distinct from that in controls; it 585 

was visibly less compact and did not form the dense bands present in control lesions (Fig 586 

7F, G; df = 2;11dpi t=4.001).  587 

 588 

Ablation of proliferating NG2+ cells alters astrocytic glial scar density  589 

After SCI, proliferating NG2+ glia (and a small number of NG2+ pericytes) accumulate 590 

within the glial scar, which surrounds the fibrotic scar.  To determine if ablating 591 

proliferating NG2+ cells altered astrocytic glial scar formation, 11dpi and 21dpi tissue was 592 

immunolabeled for GFAP (glial scar boundaries are still consolidating at 7dpi, so this time 593 

point was not used for analysis). At 11dpi, the glial border of control animals displayed a 594 

sharp continuous edge, as expected (Fig 8A, A’). In contrast, Tg+GCV lesions had less well-595 

defined GFAP+ borders with reduced overlapping contacts between cells (Fig 8B, B’), 596 

similar to brain tissue surrounding the cannulation site displaying reduced GFAP in Tg-GCV 597 

mice (see Fig 2). At 21dpi (7d after infusions), the sharp GFAP+ border in control Tg+Sal 598 

mice was similar to 11dpi (Fig 8C, C’). After withdrawal of GCV in Tg+GCV mice at 14dpi, 599 

lesion borders had begun to condense by 21dpi, although portions of astrocytes along the 600 
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edge still displayed a less-compact phenotype (Fig 8D, D’). This was confirmed by 601 

quantifying GFAP immunoreactivity within the glial scar, which revealed that GFAP labeling 602 

in lesion borders was significantly reduced in Tg+GCV at 11d and 21dpi mice compared to 603 

controls (df = 2, t=3.169; 21dpi df = 1, t=3.287) (Fig 8E).  604 

 605 

While the decreased astrocyte area at 11dpi could have been due to the significantly higher 606 

NG2 cells distributed in this area at that time, this would not explain the remaining “open 607 

spaces” in the glial scar at 21dpi since the NG2 cell number had declined to baseline. 608 

Labeling for GFAP and CD68 revealed that the GFAP-negative spaces in Tg+GCV were 609 

mostly filled with macrophages (Fig 8F,G), which normally abut the astrocytic border but 610 

do not accumulate within the glial scar. Thus, acute loss of dividing NG2+ cells altered the 611 

distribution of astrocytes in the lesion edge, resulting in a more discontinuous and less 612 

dense astrocyte border, which was infiltrated by macrophages. 613 

 614 

Ablating proliferating NG2+ cells acutely after SCI enhances axon growth into the lesion  615 

Examination of the myelin/axon immunolabeled tissue suggested NG2+ cell ablation 616 

resulted in greater axon penetration into the lesions by 21dpi (Fig 9A, B). To verify this, 617 

21dpi tissue was immunolabeled for neurofilament (NF) and the area of axon labeling 618 

within the lesions was quantified.  As expected, lesions in control tissue contained few 619 

axons at 21dpi (Fig 9A’, A’’). Sections from Tg+GCV mice, however, contained numerous 620 

NF+ axons throughout the lesions (Fig 9B’, B’’). Axons were especially abundant adjacent 621 

to the lesion border/glial scar (Fig 9B, B’’), although rigorous tracing studies are needed to 622 

verify axon origin.  623 
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 624 

Quantification verified that significantly more axons were present in lesions of Tg+GCV 625 

mice compared to controls at 21dpi (p=0.0011) (Fig 9C). These axons were not present in 626 

11dpi lesions (not shown) indicating the axon ingrowth occurred between 11d – 21dpi.  627 

Axons did not co-localize with GFAP or grow along astrocytic processes at 21dpi (not 628 

shown).  629 

 630 

In prior work we noted that axons often associate with NG2 cells and processes in rat SCI 631 

lesions (McTigue et al., 2006). Thus, 21dpi sections here were co-labeled for neurofilament 632 

and NG2. In lesion borders of both Tg+Sal and Tg+GCV mice, axons were commonly in 633 

contact with NG2+ processes (Fig 9D,E). Additionally, axons penetrating the lesions of 634 

Tg+GCV mice commonly associated with NG2+ cells, and some completely surrounded 635 

NG2+ cell bodies and appeared to travel along NG2+ processes (Fig 9E, F). These results 636 

show enhanced axon growth into lesions occurred between 11d – 21dpi after removal of 637 

GCV at 14dpi, suggesting the glial and fibrotic scars were more growth permissive during 638 

this time compared to controls. This is potentially due to the increased NG2 cells and 639 

processes along lesions borders at 11dpi and/or the less dense glial and fibrotic scars in 640 

Tg+GCV mice. Indeed, as shown in Figures 6 and 7, in control sections PDGFR  and laminin 641 

both form dense bands adjacent and perpendicular to the glial scar, which may present a 642 

less growth-permissive terrain.  643 

 644 

Summary: Low magnification comparison demonstrates profound multi-cellular disruption by 645 

loss of proliferating NG2+ cells after SCI 646 
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For a holistic overview of how the noted cellular changes relate to one another, low 647 

magnification images of serial sections at the epicenter are presented in Fig 10, which 648 

shows adjacent sections from one representative mouse in each group (Wt+GCV, Tg+Sal, 649 

and Tg+GCV) at 11d and 21dpi.  650 

 651 

From this view it is clear that acute loss of proliferating NG2+ cells caused a profound 652 

disruption of major cell populations by 11d after SCI (comparable changes occurred at 7d, 653 

not shown). The lesion border as demarcated by EC/NF, GFAP, and NG2 was altered, and 654 

there was a near complete loss of intra-lesion angiogenesis and fibrotic scar as shown by 655 

lack of CD31, PDGFR , and laminin labeling at 11dpi. At 21dpi (one week after GCV 656 

removal) in GCV-treated tissue, the lesion border and glial scar were more distinct and a 657 

significant amount of laminin had been deposited in the lesions, although blood vessels and 658 

PDGFR  labeling were still reduced compared to controls. The partial recovery of cell and 659 

tissue dynamics by 21dpi in Tg+GCV mice demonstrate that the acute presence of 660 

proliferating NG2+ cells either directly or indirectly affects the response of astrocytes, new 661 

blood vessels, axons, and fibrotic cells after SCI.  662 

 663 

Notably, the amount of macrophages in the lesions was not different. Although the low 664 

power image of Mac1 at 11dpi appears to show reduced macrophages, the lesions are 665 

larger at this time and quantification revealed that the overall level of CD68 in the lesions 666 

at this time and at 21dpi was comparable between groups.  We did note, however, that 667 

microglial reactivity was significantly greater in spared gray matter adjacent to the lesion 668 

in Tg-GCV tissue (data not shown). 669 
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 670 

A few additional trends can be noted from the low-power serial sections: (1) labeling for 671 

GFAP and NG2 share similar domains along the lesion border, although the pattern for 672 

intra-lesion NG2 labeling is more akin to that of PDGFR  and laminin, particularly along the 673 

fibrous bands that traverse the lesion in control animals; (2) the glial scar is distinctively 674 

different from and abuts the fibrotic scar (as noted before); (3) intra-lesion labeling for 675 

PDGFR  and laminin demonstrate a near complete overlap at 11d and 21dpi, except at 676 

21dpi in Tg+GCV tissue where laminin labeling far exceeds that of PDGFR . This is notable 677 

since laminin accumulation was delayed compared to PDGFR  deposition in control mice 678 

yet it accumulated more rapidly in lesions of Tg-GCV mice. Thus, the origin of each 679 

molecule and signals driving their deposition must be different based on time post-injury 680 

and presence or absence of acute NG2+ cells. 681 

 682 

Acute ablation of proliferating NG2+ cells impairs forelimb step length recovery after cervical 683 

SCI  684 

To assess changes in forelimb locomotor recovery after cervical unilateral contusion, right 685 

and left forelimb step length was measured in uninjured wild-type mice, Wt+GCV, Tg+Sal, 686 

and Tg+GCV mice. At 7dpi, all injured mice displayed a significant decrease in forelimb step 687 

length bilaterally compared to naïve, revealing the deficits were injury-induced and not due 688 

to GCV (RIGHT: df = 4; Wt+GCV t=3.987; Tg+Sal t=4.163; Tg+GCV  t=4.374. LEFT: df = 4; 689 

Wt+GCV t=4.002; Tg+Sal t=4.104; Tg+GCV  t=4.117) (Fig 11A, B). In Tg+Sal control mice, 690 

step length in both forelimbs recovered over time and was not significantly different from 691 

uninjured mice at 11d or 21dpi. In contrast, forelimb step length in Tg+GCV remained 692 
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significantly decreased at 11dpi and shortened further by 21dpi when it became 693 

significantly different from Tg+Sal and naïve (RIGHT: df = 4; 11dpi t=5.135; 21dpi Tg+Sal 694 

t=4.193; 21dpi Naïve t=6.373; LEFT: df = 4; 11dpi t=4.895; 21dpi Tg+Sal t=4.894; 21dpi 695 

Naïve t=6.626) (Fig 11A, B). This significant reduction in step length at 21dpi was 696 

observed in two replicate studies. Thus, reducing proliferating NG2+ cells after cervical 697 

unilateral contusion persistently impaired recovery of forelimb step length.  698 

 699 

DISCUSSION  700 

The role of astrocytes and fibroblasts in post-SCI scar formation has received much 701 

attention. Here we predicted that NG2+ glia and pericytes also influence scar formation. 702 

NG2+ glia accumulate along the lesion border but do not enter lesions in mice, so their 703 

direct influence is likely restricted to glial scars. NG2+ pericytes are ~10-fold less 704 

abundant, but also proliferate after SCI and do enter lesions where they increase >20-fold 705 

between 1d-7dpi. Given the disparate number and distribution of NG2+ glia and pericytes, 706 

we took advantage of an NG2-Tk mice to examine both scars after ablating dividing NG2+ 707 

cells.  708 

 709 

Our model reduced NG2+ cells ~40% by 7dpi, which, interestingly, corresponds with the 710 

41% recombination rate in cervical spinal cord. NG2+ cell loss exacerbated edema and 711 

prolonged hemorrhage, revealing that NG2+ cells (likely pericytes) are important for acute 712 

hemostasis. Over the next four days, NG2+ cell numbers rebounded along lesion borders to 713 

greater than control levels despite ongoing GCV treatment, suggesting that non-714 

recombined NG2 cells underwent rapid replacement between 7d-11dpi. This is consistent 715 
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with work showing the rapidity with which NG2+ glial cells replace lost neighbors (Hughes 716 

et al., 2013). Increased lesion border NG2+ cells at 11dpi correlated with 30% more 717 

oligodendrocytes compared to controls, likely a “side effect” of robust NG2+ glia 718 

accumulation (Rosenberg et al., 2008).  Despite excess NG2+ cells at 11dpi, lesions were 719 

still larger due to edema, and contained no blood vessels or fibrotic scar elements. Mice 720 

that had GCV discontinued at 14dpi and survived until 21dpi to determine the tissue 721 

responses revealed NG2 cell number in the glial scar normalized and lesions contracted to 722 

control levels. However, several striking differences in the tissue remained, revealing that 723 

early loss of dividing NG2+ cells set a different course for cellular reactions that was not 724 

reversed by NG2 cell replacement, at least not through 21dpi. Specific details are described 725 

next. 726 

 727 

Post-injury angiogenesis depends on proliferating NG2+ pericytes 728 

Pericytes are mural cells embedded within the vascular basement membrane. They migrate 729 

ahead of endothelial cells and guide sprouting vessels by secreting VEGF (Bergers & Song, 730 

2005). Here, pericyte proliferation peaked at 3dpi, of which 30% expressed NG2 and would 731 

be vulnerable to GCV. Since pericytes are critical for BBB integrity, their loss likely 732 

mediated the sustained intra-spinal bleeding and edema (Ozerdem et al., 2001; Armulik et 733 

al., 2010; Bell et al., 2010).  734 

 735 

NG2+ pericytes are required for neovascularization in development and tumors (Ozerdem 736 

& Stallcup, 2003; Huang et al., 2010). Our data extend these findings, showing that post-SCI 737 

lesion revascularization also requires proliferating NG2+ cells.  Since NG2+ glia did not 738 
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enter lesions, NG2+ pericytes must mediate this angiogenesis. While NG2+ glia regulate 739 

developmental angiogenesis through Wnt signaling (Yuen et al., 2014), blood vessel 740 

number in spared tissue was unaffected by NG2+ cell loss or replacement. This suggests 741 

altered NG2+ glial numbers did not affect spared (or new) vessels within the lesion border. 742 

Although pericytes may influence NG2+ glia formation after demyelination (De La Fuente et 743 

al., 2017), the similar loss of NG2+ glia and pericytes at 7dpi and large rebound by 11dpi 744 

makes it impossible to discern the relationship between these cell populations in the 745 

current model. 746 

 747 

NG2+ cell-dependent angiogenesis regulates fibrotic scar formation 748 

Frisén’s lab demonstrated that Glast+ “Type A” pericytes produce scar fibroblasts (Goritz et 749 

al., 2011). Using a spinal transection model, they reported pericytes increase by 5dpi, and 750 

inhibiting Glast+ pericyte proliferation abolished the fibrotic scar. They postulate that 751 

pericytes enter lesions upon growing blood vessels, then detach and differentiate into 752 

fibrotic PDGFR + cells.   753 

 754 

Another study characterized fibrotic scar progenitors as PDGFR + col1 1-expressing NG2-755 

negative perivascular fibroblasts; they hypothesized that these are the Glast+ pericytes in 756 

the above study (Soderblom et al., 2013). In combination with our results, this suggests 757 

that two populations of pericytes are needed for scar formation: NG2+ pericytes required 758 

for angiogenesis and NG2-negative PDGFR + pericytes that become scar-forming 759 

fibroblasts. This is consistent with the greater PDGFR  in lesions compared to NG2 noted 760 

here (see summary plate), and is also consistent with the peak in NG2+ vessel-wrapping 761 
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pericytes in lesions and robust PDGFR  profiles by 7dpi noted here. We posit that ablating 762 

dividing NG2+ pericytes prevented vessel growth into lesions thereby abolishing the 763 

physical structure on which the scar-forming cells enter lesions. Accordingly, it was only 764 

after blood vessels formed in GCV-treated lesions that fibrotic components were deposited, 765 

showing a strong correlation between post-SCI angiogenesis and fibrosis.  766 

 767 

Recent work suggests fibrotic scar formation depends on hematogenous macrophages 768 

rather than angiogenesis (Zhu et al., 2015). Here, lesions of GCV- and saline-treated mice 769 

had similar macrophage density at 11dpi. Despite this, fibrotic scar and blood vessels had 770 

not formed in GCV-treated mice, revealing macrophages alone were insufficient. Other 771 

work suggests fibrosis requires macrophages and angiogenesis (Wynn & Vannella, 2016). 772 

Therefore, angiogenesis appears to be a pre-requisite for post-SCI fibrosis, and perhaps a 773 

minimum number of macrophages are needed before fibrotic scar formation commences.  774 

 775 

Proliferating NG2+ cell loss alters glial scar density 776 

Proliferating NG2+ cell loss rendered glial scars less dense with less distinct borders at 11d 777 

– 21dpi, which could be due to reduced fibrosis and/or fewer NG2+ glia at 7dpi. Glial and 778 

fibrotic scars segregate via bidirectional signaling between astrocytes and fibroblasts, 779 

producing a sharp boundary between them (Bundesen et al., 2003). Here, loss of the 780 

fibrotic scar would eliminate this signaling and could impair strict glial scar boundaries. 781 

However, compact glial scars can form without fibrotic scars, suggesting additional 782 

mechanisms are involved (Goritz et al., 2011). For instance, NG2+ glia release -catenin, 783 

which promotes post-SCI astrocyte hypertrophy (Rodriguez et al., 2014). Significantly 784 
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reduced NG2+ glia at 7dpi may have lowered acute -catenin sufficiently to affect 785 

subsequent astrocyte responses. Since NG2+ glia can release other mediators such as 786 

cytokines (Moyon et al., 2015), they may influence stereotypical glial scar formation 787 

through multiple mechanisms. 788 

 789 

Reactive astrocytes “corral” fibroblasts and macrophages, and loss of post-SCI astrocytes 790 

allows macrophages to penetrate spared tissue (Faulkner et al., 2004; Wanner et al., 2013).  791 

Our results show NG2+ cell ablation produced astrocytic scars in which GFAP-negative 792 

areas were largely filled with macrophages. This did not reduce spared tissue area, 793 

however, in contrast to proliferating astrocyte ablation (Faulkner et al., 2004), revealing a 794 

subtler effect of NG2+ cell loss.  795 

 796 

NG2+ cell ablation increased axon growth into lesions 797 

Unexpectedly, ablating proliferating NG2+ cells acutely promoted subsequent axon growth 798 

into lesions. This is likely an indirect effect, since NG2+ cells were greater than in controls 799 

by 11dpi, but axons did not enter lesions until after that time. Many axons appeared to 800 

sprout in/around the glial scar and entered lesions closely associated with NG2+ profiles 801 

that increased in lesions along the same time, reminiscent of work using rat SCI models 802 

(McTigue et al., 2006, Busch et al., 2010). Some studies suggest NG2 inhibits neurite growth 803 

and that NG2+ cells form synaptic contacts with axons that prevent further growth (Ughrin 804 

et al., 2003; Petrosyan et al., 2013; Filous et al., 2014), while others suggest that NG2+ cells 805 

stabilize dystrophic axons and promote axon growth in vivo (de Castro et al., 2005; Yang et 806 
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al., 2006; Busch et al., 2010). Here dense NG2 in lesion borders at 11dpi clearly did not 807 

prevent axons from entering the lesions. 808 

 809 

Increased neurite growth in Tg+GCV mice may result from the disrupted glial scars over 810 

the first 11d, allowing axons to initially penetrate lesions (Menet et al., 2003), followed by 811 

formation of a less fibrous laminin-rich lesion core. Reducing (but not eliminating) post-SCI 812 

fibrosis promotes axon growth (Klapka & Müller, 2003; Zhu et al., 2015), suggesting a 813 

similar situation may have arisen in our model. Future work is needed to verify axon 814 

source and specific mechanisms inducing their growth.  815 

 816 

Proliferating NG2+ cells are necessary for functional recovery  817 

A compelling observation was persistent deficits in forelimb function. Forelimb step length 818 

decreased in control mice at 7dpi but recovered to baseline by 11dpi, whereas it continued 819 

to worsen in Tg+GCV mice, even after GCV removal. This is surprising since tissue sparing 820 

and neuron number were comparable to controls. Persistent locomotor deficits may reflect 821 

neuronal dysfunction, possibly due to altered microglial reactivity, as we noted 822 

significantly enhanced microglial reactivity in Tg-GCV spared tissue (not shown). Since 823 

microglia can induce neurotoxicity through factors like TNF  (Furling et al., 2000; Olmas & 824 

Llado, 2014; Li et al., 2017), the local environment may have had aberrant neurochemistry 825 

that impaired neuron function. Whatever the mechanism, it is clear that losing proliferating 826 

NG2+ cells acutely after SCI induced sufficient cellular dysfunction to cause persistent 827 

motor deficits. 828 

 829 
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Summary 830 

These data emphasize that NG2+ cells, directly or indirectly, influence multiple aspects of 831 

the post-SCI milieu, including hemorrhage, angiogenesis, fibrotic scar formation, laminin 832 

deposition, astrocyte responses and axon growth. The different distribution and number of 833 

proliferating NG2+ glia and pericytes provides some indications about their functions, but 834 

future studies manipulating each population independently are needed to further clarify 835 

specific roles. Clearly, intercellular interactions in the damaged CNS between glia, 836 

fibroblasts and blood vessels are complex and will require further study to completely 837 

unravel. 838 

 839 

FIGURES LEGENDS: 840 
 841 

FIGURE 1: Proliferation of NG2+ and PDGFR + cells after C5 unilateral contusion in wild 842 

type mice. A, Single channel and merged confocal images show that NG2 and GFAP are 843 

upregulated along lesion borders, where NG2+ cells (red) and GFAP+ cells (green) 844 

intermingle by 11 days post-injury (dpi). Nuclei are labeled by Draq5 (blue). Asterisks 845 

denote lesion core. Boxed area in A shown at higher power in A’.  B, Example of a branched 846 

(black arrow) and pericyte-shaped (arrowhead) NG2/Ki67+ cell from 7dpi spared tissue. C, 847 

Quantification of branched NG2/Ki67+ cells/mm2 in the injured ipsilateral spinal cord; 848 

proliferation was significantly increased compared to naïve tissue at 3, 7, and 11dpi. D, 849 

Quantification of pericyte-shaped NG2/Ki67+ cells/mm2 and PDGFR /Ki67+ cells/mm2 in 850 

the injured ipsilateral spinal cord. Proliferation of both populations was significantly 851 

increased at 3dpi compared to naive. Note, y-axis is same as in C to facilitate comparisons. 852 
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E, Data table of cell quantification averages shown in C and D. Asterisks denote values that 853 

are significantly increased from naïve levels. F, Confocal image of NG2+ pericytes (red) 854 

encircling CD31+ blood vessels (green) along the lesion border at 11dpi. Nuclei are labeled 855 

by Draq5 (blue). G, Fold-change in vascular-wrapping NG2+ pericytes within lesions and 856 

along lesion borders after SCI compared to naïve (dotted line).  Scale bars = 50 m (A); 857 

20 m (B, F). * = p<0.05; *** = p<0.001 858 

 859 

FIGURE 2: Experimental design and successful ablation of proliferating NG2+ cells in NG2-860 

Tk mice following GCV infusion. A, Schematic of C5 unilateral contusion injury and 861 

minipump implantation paradigm in mice. B, Timeline of experimental design. Different 862 

cohorts of mice received continuous intraventricular GCV or saline infusion until sacrifice 863 

at 7d (divided into two replicates) or 11d post-injury (dpi). A third cohort (divided into two 864 

replicates) had pumps removed at 14dpi and were sacrificed one week later. C-F, 865 

Intraventricular cannulation triggered transient yet robust NG2+ and GFAP+ cell 866 

accumulation around the cannulation site in control mice; this accumulation was prevented 867 

in GCV-infused mice. Scale bars = 50 m (C-F). 868 

 869 

FIGURE 3: Changes in spinal cord NG2 expression over time following proliferating NG2+ 870 

cell ablation. A-B, Representative images of NG2/neutral red immunolabeling at 7d post-871 

injury (dpi) in Tg+Sal and Tg+GCV spinal cords. Insets show regions in red boxes at higher 872 

power. C, Quantification of NG2+ glia and NG2+ pericytes at 7dpi in Tg+Sal verses Tg+GCV 873 

C5 spinal cord sections. Branched NG2+ glia were significantly reduced ~40% and NG2+ 874 

pericytes were significantly reduced ~50% in Tg+GCV mice compared to Tg+Sal mice. D-E, 875 
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Representative images of NG2 immunolabeling at 11dpi in Tg+Sal and Tg+GCV spinal 876 

cords. F, The percent area of NG2 immunoreactivity in lesion border of Tg+GCV mice was 877 

significantly increased compared to control mice at 11dpi, then decreased significantly to 878 

control levels by 21dpi. G-H, Representative images of NG2 immunolabeling at 21dpi in 879 

Tg+Sal and Tg+GCV spinal cords. I, Oligodendrocytes immunolabeled for GST  in 11d and 880 

21dpi tissue were quantified in lesion borders. At 11dpi, Tg+GCV lesion borders had 881 

significantly more oligodendrocytes compared to Tg+Sal.  Asterisks in images indicate 882 

lesions. Scale bars = 100 m (A, B); 50 m (D-H). * = p<0.05; ** = p<0.01 883 

 884 

FIGURE 4: Ablating proliferating NG2+ cells after SCI causes intraspinal edema, lesion 885 

swelling, and prolonged hemorrhage. A-B, Representative images of myelin (blue) and 886 

axon (brown) labeling at 7d post-injury (dpi) in Tg+Sal and Tg+GCV spinal cords reveal 887 

greater tissue loss in Tg+GCV lesions. C, At 7dpi, spinal cords of Tg+GCV mice were visibly 888 

bloody in the injury site; blood was absent in Tg+Sal mouse cords. D, Infiltrating red blood 889 

cells (RBCs) were cleared by 7dpi in Tg+Sal mice, but large numbers of RBCs remained in 890 

the lesions of Tg+GCV mice. Lesions in images indicated by asterisks. E-F, Representative 891 

images of myelin/axon labeling at 11dpi in Tg+Sal and Tg+GCV spinal cords. G-I, 892 

Quantification of ipsilateral cross-section area (G), lesion area (H), and spared tissue area 893 

(I) in control and Tg+GCV mice at 11 and 21dpi. The total ipsilateral and lesion areas were 894 

significantly larger in Tg+GCV mice at 11dpi compared to controls.  J-K, Representative 895 

images of myelin/axon labeling at 21dpi in Tg+Sal and Tg+GCV spinal cords. Scale bar = 896 

50 m. * = p<0.05. 897 

 898 
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FIGURE 5: Loss of proliferating NG2+ cells inhibits angiogenesis in SCI lesions. A-F, 899 

Representative images of CD31 immunolabeling of blood vessels in Tg+Sal (A, C, E) and 900 

Tg+GCV (B, D, F) cross-sections at 7, 11 and 21d post-injury (dpi), respectively. Lesions are 901 

to the right of the dotted lines. G, Quantification of the percent area of CD31 902 

immunolabeling inside lesions at 11 and 21dpi. Intra-lesion CD31 labeling was significantly 903 

lower in Tg+GCV tissue compared to controls at 11dpi. CD31 did not change in controls but 904 

increased significantly in Tg+GCV lesions by 21dpi; however, it was still ~50% lower than 905 

in control tissue. H-I, Quantification of the area of CD31 immunolabeling in spared gray 906 

matter (H) and spared white matter (I) at 11 and 21dpi. There were no differences blood 907 

vessel amount in spared tissue between groups at any time. Scale bar = 100 m. * = p<0.05; 908 

** = p<0.01. 909 

 910 

FIGURE 6: Proliferating NG2+ cell ablation completely prevented PDGFR  accumulation in 911 

the lesions during GCV infusion (time of injury through 14dpi). A-F, Representative images 912 

of lesions immunolabeled for PDGFR  from Tg+Sal (A, C, E) and Tg+GCV (B, D, F) at 7, 11 913 

and 21d post-injury (dpi), respectively. G, Quantification of percent area of intra-lesion 914 

PDGFR  immunolabeling. The amount of PDGFR  in Tg+GCV lesions (1-6% of area) was 915 

significantly decreased at 11 and 21dpi compared to control lesions (32-43% of area). 916 

Scale bar = 50 m. *** = p<0.001. 917 

 918 

FIGURE 7: Proliferating NG2+ cell ablation caused a complete loss of intra-lesion laminin 919 

expression during GCV infusion (time of injury through 14dpi). A-F, Representative images 920 

of laminin immunolabeling in Tg+Sal (A, C, E) and Tg+GCV (B, D, F) spinal tissue at 7, 11 921 
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and 21d post-injury (dpi), respectively. G, Quantification of the percent area of laminin 922 

immunoreactivity within lesions. Laminin was significantly lower in Tg+GCV lesions (6% of 923 

lesion area) compared to controls (27%) at 11dpi. By 21dpi, laminin had increased 924 

significantly in both groups and was no longer different between groups (Tg+GCV, 33% of 925 

lesion area; Tg+Sal, 44% of lesion area). Scale bar = 100 m. * = p<0.05; *** = p<0.001. 926 

 927 

FIGURE 8: Acute ablation of proliferating NG2+ cells changes the subsequent astrocytic 928 

glial scar. A-D, Representative images of GFAP labeling in Tg+Sal (A, C) and Tg+GCV (B, D) 929 

ipsilateral sections at 11 and 21d post-injury (dpi), respectively, with higher power views 930 

of boxes shown in A’-D’. Note the decreased GFAP and lack of a sharp edge in Tg+GCV 931 

tissue at 11dpi (B’) compared to the stereotypical tightly compacted border in control 932 

tissue (A’). E, The percent area of GFAP immunolabeling in lesion borders was significantly 933 

reduced in Tg+GCV (~40% of scar area) compared to controls at 11 or 21dpi (~60% of scar 934 

area). F-G, Confocal images of glial scar from 11 and 21dpi Tg+GCV cords labeled for GFAP 935 

(green), CD68 (red) and Draq5 (blue counterstain). Spaces lacking GFAP in glial scars of 936 

Tg+GCV mice were mostly filled with CD68+ macrophages at 11 and 21dpi. Scale bar = 937 

50 m. * = p<0.05. 938 

 939 

FIGURE 9: Ablating proliferating NG2+ cells after SCI enhances subsequent axon growth 940 

into the lesions between 11 – 21d post-injury (dpi). A-B, Representative images of axon 941 

immunolabeling in Tg+Sal (A, A’, A’’) and Tg+GCV (B, B’, B’’) in ipsilateral spinal tissue at 942 

21dpi. C, Tg+GCV mice had significantly increased area of neurofilament (NF) labeling in 943 

lesions by 21dpi (~4% of lesion area) compared to controls (~1.5% lesion area). D-F, 944 
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Confocal images of Tg+Sal and Tg+GCV sections labeled for NF (green), NG2 (red), and 945 

nuclei (Draq5, blue) at 21dpi. In both groups, axons in the lesion border closely associate 946 

with NG2+ cells. E-F, Within lesions of Tg+GCV mice, some axons completely surround 947 

NG2+ cell bodies and appear to travel along NG2+ processes. D and E show comparable 948 

regions of the lesion border from a control and GCV-treated mouse. F shows a 949 

representative image from the center of the lesion core of a Tg+GCV cord. Asterisks in 950 

images denote lesions. Scale bars = 100 m (A-B); 20 m (D-E). * = p<0.05. 951 

 952 

FIGURE 10: Low magnification image comparison after SCI demonstrates the multi-cellular 953 

changes caused by loss of acutely proliferating NG2+ cells. Images are from adjacent 954 

sections immunolabeled for myelin (blue; EC) and axons (brown; NF), NG2, CD31, PDGFR , 955 

laminin GFAP, and Mac1 (Cd11b) are shown for Wt+GCV (A), Tg+Sal (B), and Tg+GCV (C) 956 

tissue at 11d post-injury (dpi) and for Tg+Sal (D) and Tg+GCV (E) tissue at 21dpi. Scale bar 957 

= 200 m.  958 

 959 

FIGURE 11: Ablating proliferating NG2+ cell impaired forelimb step length recovery after 960 

SCI. A-B, At 7d post-injury (dpi), mice in all cohorts displayed significantly shorter forelimb 961 

step length than naïve mice. Wild type mice treated with GCV were included in the 7dpi 962 

cohort to rule out any potential deleterious effects of GCV infusion. Forelimb step length in 963 

Tg+Sal mice increased bilaterally between 11 and 21dpi when it was no longer different 964 

from naïve mice. In contrast, step length in Tg+GCV continued to decreased and was 965 

significantly different from naïve and Tg+Saline mice at 21dpi in both forelimbs. ** = 966 

p<0.01; *** = p<0.001. 967 
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TABLE 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Experimental groups and group sizes. 

Group Treatment Day Post-SCI n 
HSVtk GCV 7 7 

  11 5 
  21 8 

HSVtk Saline 7 6 
  11 5 
  21 8 

Wildtype GCV 11 4 
Wildtype None Naïve 4 

  1 4 
  3 4 
  7 4 
  11 4 
  14 4 
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TABLE 2 
Primary antibody: 
specificity 

Concentrati
on 

Host 
specie
s 

Vendor Cat # RRID 

CD31: blood vessels 1/2000 Rat BD 
Pharminge
n 

 
551262 

RRID:AB_398497 

CD68: macrophages 1/500 Rat Serotec – 
now 
known as 
Bio-Rad 

MCA1957 AB_322219 

GFAP: astrocytes 1/10,000 Rabbit Dako N1506 RRID:AB_100134
82 

GST : 
oligodendrocytes 

1/1500 Rabbit Biorbyt orb18037 RRID:AB_107782
83 

Ki-67: proliferating 
cells 

1/200 Rat Dako M7248 RRID:AB_225050
3 

Laminin: ECM 
molecule 

1/5000 Rabbit Sigma L9393 RRID:AB_477163 

Mac1: Cd11b, 
microglia/macropha
ges 

1/200 Rat DSHB M1/70.15.11.5
.2 

RRID:AB_223406
6 

NeuN: neurons 1/10,000 Rabbit abcam ab177487 RRID:AB_253210
9 

neurofilament: 
axons 

1/1000 Chicke
n 

Aves  NF-H RRID:AB_231355
2 

NG2: pericytes and 
oligodendrocyte 
progenitors 

1/200-
1/1000 

Rabbit Millipore AB5320 RRID:AB_112136
78 

PDGFR : pericytes, 
fibroblasts 

1/500 Rabbit abcam  ab32570 
 

 RRID:AB_77716
5 

Primary antibodies used, their concentration, host species, company of origin and RRID 
information. 


