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Abstract 47 

L-selectin, a lectin-like receptor on all leukocyte classes, functions in adhesive and 48 

signaling roles in the recruitment of myeloid cells from the blood to sites of inflammation. 49 

Herein, we consider L-selectin as a determinant of neurological recovery in a murine model of 50 

spinal cord injury. Spinal cord-injured, L-selectin knockout mice (male) showed improved long-51 

term recovery with greater white matter sparing relative to wildtype mice and reduced oxidative 52 

stress in the injured cord at 72 hours post-spinal cord injury. There was a partial and transient 53 

reduction in accumulation of neutrophils in the injured spinal cords of knockouts at 24 hours 54 

post-injury. To complement these findings with knockout mice, we sought a pharmacologic 55 

means for lowering L-selectin levels. We found that diclofenac, a nonsteroidal anti-inflammatory 56 

drug, induced the shedding of L-selectin from the cell surface of myeloid subsets, specifically 57 

neutrophils and non-classical monocytes, in the blood and the injured spinal cord.  Diclofenac 58 

administration to injured wildtype mice enhanced neurological recovery to a level comparable to 59 

that of knockouts but did not improve recovery in knockouts. While diclofenac treatment had no 60 

effect on myeloid cell accumulation, there was a reduction in oxidative stress at 72 hours post-61 

spinal cord injury. These findings implicate L-selectin in secondary pathogenesis beyond a role 62 

in leukocyte recruitment and raise the possibility of repurposing diclofenac for the treatment of 63 

spinal cord injury.   64 

 65 
Keywords: spinal cord injury, L-selectin, leukocytes, myelin, oxidative stress, functional 66 
recovery, diclofenac, shedding 67 
 68 
 69 
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 71 
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 73 

Significance Statement 74 

In this study, we establish L-selectin, an adhesion and signaling receptor on immune 75 

cells, as a determinant of long-term recovery and tissue sparing after spinal cord injury. We 76 

demonstrate that L-selectin contributes to secondary pathogenesis during acute inflammation, 77 

and implicate L-selectin in novel roles other than recruitment. We also report a strategy to 78 

improve recovery by employing diclofenac, an FDA-approved NSAID that induces the shedding 79 

of L-selectin from the surface of innate immune cells. Our findings demonstrate a critical time-80 

period for anti-inflammatory intervention in a murine model of spinal cord injury and suggest 81 

that diclofenac be tested as an acute therapy for attenuating neurological deficits following spinal 82 

cord injury in humans.  83 

 84 

Introduction 85 

Spinal cord injury (SCI) results in partial or complete loss of motor and sensory function 86 

below the site of injury. The neurological deficits resulting from SCI are not solely attributed to 87 

the initial mechanical damage, and there is a broad consensus that early infiltrating leukocytes, 88 

primarily myeloid lineage cells (i.e., neutrophils and monocytes), release neurotoxic substances 89 

including reactive oxygen species (ROS), proteases, and pro-inflammatory cytokines that cause 90 

secondary tissue damage (Chatzipanteli et al., 2002; Noble et al., 2002; Bareyre and Schwab, 91 

2003; David and Kroner, 2011). Various strategies, directed at attenuating the early recruitment 92 

of myeloid cells from the blood into the injured spinal cord, have shown promising results for 93 

reducing cell injury and improving long-term neurological outcomes (Popovich et al., 1999; Gris 94 

et al., 2004; Popovich and Longbrake, 2008; Lee et al., 2011; Zhang et al., 2011). However, 95 
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inconsistent benefits or deleterious consequences have been observed in other studies (Stirling et 96 

al., 2009; Hurtado et al., 2012). These discrepancies may be due to opposed reparative and 97 

damaging activities in the targeted myeloid subsets. In the present study, we have identified L-98 

selectin, a leukocyte adhesion/signaling receptor, as a novel therapeutic target in SCI. 99 

Selectins are C-type lectins that generally function sequentially with integrins during the 100 

multistep process of leukocyte recruitment from the blood into sites of inflammation (Ley et al., 101 

2007; McEver, 2015). The vascular selectins, E- and P-selectin, are upregulated on inflamed 102 

vascular endothelium and bind to ligands such as PSGL-1 (P-selectin glycoprotein ligand-1) on 103 

leukocytes (McEver, 2015). L-selectin (CD62L) on lymphocytes mediates their rolling on high 104 

endothelial venules during homing to secondary lymphoid organs through the interaction of its 105 

lectin domain with carbohydrate-based ligands on this specialized endothelium (Rosen, 2004). L-106 

selectin is also broadly expressed on circulating myeloid leukocytes and has adhesive and 107 

signaling activities that underlie various responses of these cells to inflammation (Ley et al., 108 

2007; McEver, 2015). Studies employing KO mice or blocking antibodies have demonstrated 109 

that L-selectin, working in concert with vascular selectins, is involved in the recruitment of 110 

myeloid cells from the blood into various sites of inflammation (Lewinsohn et al., 1987; Pizcueta 111 

and Luscinskas, 1994; Tedder et al., 1995; Ley et al., 2007; Zuchtriegel et al., 2015). 112 

It is now clear that L-selectin contributes to myeloid cell recruitment as a secondary 113 

adhesion molecule that mediates tethering between endothelial-adherent leukocytes and 114 

circulating leukocytes, via binding in trans to PSGL-1 on leukocytes (Walcheck et al., 1996; 115 

Sperandio et al., 2003), and as a signaling molecule that augments the activation of integrins on 116 

rolling leukocytes (Stadtmann et al., 2013; Morikis et al., 2017). Additional activities, apart from 117 

the recruitment of leukocytes from the blood, are indicated in that the ligation of L-selectin on 118 
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neutrophils by soluble carbohydrate ligands, such as carcinoma-derived or salivary mucins, 119 

potentiates the degranulation of these cells (Shao et al., 2011; Mohanty et al., 2015). In the 120 

context of CNS inflammation, the possibility of a post-recruitment role for L-selectin has 121 

emerged based on the observation that L-selectin mediates the in vitro adhesion of leukocytes to 122 

myelinated fiber tracts in the CNS (Huang et al., 1991; Huang et al., 1994). In light of its 123 

potential recruitment and post-recruitment activities, we have investigated whether the reduction 124 

of L-selectin function through genetic or pharmacologic means has an impact on neurological 125 

recovery in a murine model of SCI.  126 

We demonstrate that complete L-selectin deficiency results in a partial reduction of 127 

neutrophil accumulation and oxidative stress in the acutely injured cord as well as improved 128 

long-term neurological recovery that corresponds to greater sparing of white matter. We further 129 

show that diclofenac, an NSAID and an inducer of L-selectin shedding from the leukocyte cell 130 

surface (Diaz-Gonzalez et al., 1995; Gomez-Gaviro et al., 2002), has beneficial effects in SCI 131 

comparable to the genetic elimination of L-selectin. Since diclofenac is currently approved by 132 

the FDA (Altman et al., 2015), there could be an opportunity to repurpose this drug for the spinal 133 

cord injured patient. The beneficial consequences of reducing L-selectin levels cannot be 134 

attributed solely to reduced leukocyte recruitment, particularly in the case of diclofenac, 135 

highlighting the consideration of L-selectin in novel roles in secondary pathogenesis and 136 

subsequent long-term neurological deficits. 137 

 138 
 139 
Materials and Methods 140 

Animals.  These studies were approved by the Institutional Animal Care and Use Committee at 141 

the University of California San Francisco and were in accordance with the United States 142 



 

 6 

Department of Agriculture guidelines. Homozygous L-selectin KO mice and their WT 143 

littermates were generated by breeding heterozygous males and females on a C57Bl/6 144 

background. We confirmed that mice from L-selectin KO and WT colonies did not contain the 145 

recently reported copy number variant in the Dock2 allele (Mahajan et al., 2016). WT and KO 146 

littermates were then studied with the exception of flow cytometry experiments where WTs were 147 

purchased from Jackson Laboratories (Bay Harbor, ME). WT mice for diclofenac studies were 148 

purchased from Jackson Laboratories. Mice were housed in groups of two to five prior to injury 149 

and singly housed after SCI.  150 

 151 

SCI.  Adult male mice (~3-5 months of age) were anesthetized with 2.5% Avertin (0.02 ml/g 152 

body weight, i.p., tribromoethanol; Sigma, St. Louis, MO) or 2% isoflurane and subjected to a 153 

spinal cord contusion injury as described previously (Lee et al., 2011). Briefly, a laminectomy 154 

was performed at the ninth thoracic vertebra and a 3g weight was dropped 5-7.5 cm onto the 155 

exposed dura mater to produce the SCI. After injury, the skin was closed with wound clips. Body 156 

temperature was maintained at 37 C with a warming blanket throughout the surgery and during 157 

recovery from anesthesia. Postoperative care included subcutaneous administration of saline and 158 

antibiotics daily for ten days and manual expression of the bladder twice per day until 159 

euthanasia. 160 

 161 

Treatment with Diclofenac. Diclofenac (Sigma) was dissolved in phosphate buffered saline 162 

(PBS) at 2.5 mg/mL and sterile filtered prior to use. To determine if diclofenac modulates 163 

neurological recovery after SCI, diclofenac (20, 30, or 40 mg/kg) was administered i.p. 164 
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immediately, 3 hrs, or 8 hrs after SCI. The dosing was based on previous studies in rodents 165 

(Grace et al., 2001). Behavioral tests were performed as described below.  166 

 167 

Assessment of Neurological Recovery.  Two behavioral tests, Basso Mouse Scale (BMS) and 168 

grid walk, were performed in the same mice to evaluate functional improvements after SCI. The 169 

nine-point BMS was used to examine locomotor recovery in an open field (53 cm x 108 cm x 5.5 170 

cm) (Basso et al., 2006). This rating scale takes into account limb movement, stepping, 171 

coordination, and trunk stability. Mice were tested at one, three, and seven days and weekly 172 

thereafter until euthanasia at five to six weeks post-SCI. For studies examining diclofenac in 173 

WTs, mice achieving a BMS score ≥ 1 at one day post-SCI were considered insufficiently 174 

injured and were removed from the analysis. For grid walking, a mouse (with a BMS score of 175 

four or greater) was positioned on a grid, divided into 0.5 cm squares, and the number of foot 176 

faults was recorded over a period of three minutes. A foot fault was evident when a paw fully 177 

extended through a space in the grid. The grid walking test was performed over three days at 178 

approximately five weeks post-SCI with three trials per day.  179 

 180 

Measurement of White Matter Sparing.  Animals were euthanized at 35 or 42 days post-SCI 181 

and perfused with 50 ml of PBS followed by 50 ml of 4% paraformaldehyde (pH 7.4). The spinal 182 

cords were removed, postfixed overnight, and cyroprotected in 30% sucrose for four days. Cords 183 

were then embedded and frozen at -80 C until sectioning. 20 m transverse sections were made 184 

on a cryostat, and serial sections, 500 m apart, were chosen for staining of white matter using 185 

either luxol fast blue (LFB) or eriochrome cyanine. Sections were evaluated by light microscopy 186 

and the one with the least spared white matter was selected as the lesion epicenter. For sections 187 
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stained with LFB, the area of residual white matter was hand-traced using Neurolucida software 188 

(Microbrightfield Bioscience, Williston, VT) and the percent of spared white matter relative to 189 

the total cross sectional area of the cord at the epicenter was determined (Lee et al., 2011).  This 190 

epicenter measurement has previously been demonstrated to correlate with injury severity and 191 

the degree of functional recovery (Kuhn and Wrathall, 1998). For sections stained with 192 

eriochrome cyanine, the area of residual white matter at the epicenter was traced and quantified 193 

using the StereoInvestigator (MBF Bioscience, Williston, VT) Cavalieri probe.  194 

 195 

Immunoblotting.  A 0.5 cm length of cord, centered over the site of impact and representing the 196 

epicenter, was homogenized in Glo lysis buffer (Promega, Madison, WI) or RIPA buffer 197 

(Thermo Fisher). The protein concentration in homogenates was determined by the BCA protein 198 

assay kit (Pierce, Rockford, IL). For detecting malondialdehyde (MDA), we used the OxiSelect 199 

Malondialdehyde immunoblot kit (Cell BioLabs, Inc., San Diego, CA) according to the 200 

manufacturer’s protocol. Briefly, 20 g of protein was loaded onto 12-15% SDS-PAGE gel and 201 

transferred onto a nitrocellulose or PVDF membrane. After blocking the membrane with 1% 202 

BSA solution, the membrane was incubated with rabbit anti-MDA antibody overnight. The 203 

membrane was washed with Tris-buffered saline including 0.1% triton-x and then incubated with 204 

anti-rabbit-HRP antibody for 1 hr. MDA positive bands were detected using Pierce SuperSignal 205 

West Pico Chemiluminescent substrate (Thermo Fisher Scientific, IL, USA). Bands at ~65 kDa, 206 

including both bands for uninjured (UN) control samples, were measured. For all of the 207 

comparisons, -actin (Sigma, RRID:AB_476744) or GAPDH (Millipore, RRID:AB_2107426) 208 

served as a loading control and was used for normalization.  209 

 210 
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Cell isolation and treatments.  Neutrophils were isolated from peripheral blood of mice by 211 

Ficoll-Paque (Ficoll-PaqueTM PREMIUM 1.084, GE Healthcare Bio-Sciences AB, Uppsala, 212 

Sweden) according to manufacturer’s protocol. Briefly, 2 ml of peripheral blood were obtained 213 

by cardiac puncture from three mice and mixed with 10 ml of Hank’s balanced salt solution. 214 

After addition of 3 ml of Ficoll-Paque, the sample as subjected to density-gradient centrifugation 215 

of 30 min at 400 g at room temperature (RT). Neutrophils were carefully collected from upper 216 

layers. To purify the neutrophil-enriched fraction, erythrocytes were lysed with RBC lysis buffer 217 

at RT (eBioscience, San Diego, CA). The purity of the neutrophil fraction was  90%.  218 

 To investigate whether NSAIDs induce L-selectin shedding, the isolated cells were 219 

treated with NSAIDs as previously described (Gomez-Gaviro et al., 2002). Cells were 220 

resuspended in PBS and incubated either alone or in the presence of diclofenac (20 to 500 μg/ml) 221 

or meclofenamic acid (MFA, 20 to 500 μg/ml, Sigma) for 30 min at 37 °C. PMA (250 ng/ml) 222 

served as a positive control. All NSAIDs were dissolved in PBS. Then cells were analyzed by 223 

flow cytometry and the supernatants were analyzed for soluble L-selectin by ELISA (see below). 224 

Data were collected from seven independent experiments for flow cytometry and two 225 

independent experiments for ELISA. 226 

 227 

Flow Cytometry.  For neutrophils and mononuclear cells exposed to NSAIDs, the cells were 228 

washed with PBS then incubated with anti-mouse CD16/32 Fc blocking antibody (1:10 dilution; 229 

eBioscience, RRID:AB_467133) for 10 min followed by anti-CD62L Ab conjugated with PE 230 

(1:10 dilution, Mel-14 clone, eBioscience, RRID:AB_465720) for 30 min at 4°C. After washing 231 

in PBS, the cells were analyzed in a FACScan flow cytometer (Becton Dickinson, Franklin 232 

Lakes, NJ) and FlowJo software (Tree Star Inc., Ashland, OR). In all in vitro experiments, at 233 
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least 106 cells were analyzed for flow cytometry. Cell viability was determined by 7-Amino-234 

Acinomycin D staining (7-AAD, BD Bioscience, San Jose, CA). Data were collected from seven 235 

independent experiments.    236 

 For in vivo experiments, blood samples were obtained by cardiac puncture using a 237 

heparin-primed syringe from uninjured and spinal cord injured mice. Recruitment of leukocytes 238 

from the blood into spinal cord can occur across blood vessels in the meninges or parenchymal 239 

tissue (Ransohoff et al., 2003). Injured mice were perfused with 25 mL of ice cold PBS to 240 

remove free leukocytes within blood vessels. From each animal, a 5 mm region of spinal cord 241 

(with associated meninges) centered over the injury site was removed and stored in ice cold 242 

RPMI media. The spinal cord segment was then mechanically dissociated using a plastic tissue 243 

pestle. The suspension was filtered through a 100 μm nylon mesh filter, and the filtrate was 244 

centrifuged at 300 g, 4°C for 5 min. Blood and spinal cord samples were then lysed with 1 mL of 245 

1X RBC lysis buffer (eBioscience) for 5 min at 4°C, followed by the addition of 10 ml of FACS 246 

buffer (0.5 μM EDTA, 2% fetal bovine serum, HBSS, pH 7.4). The cell suspension was 247 

centrifuged and the pellet was re-suspended in 10 mL HBSS and centrifuged again. Live/dead 248 

cell staining was then performed by incubating samples with Ghost Dye Red 780 (1:1000, Tonbo 249 

Biosciences, San Diego, CA) for 30 min at 4°C. Samples were washed with 10 mL of FACS 250 

buffer, centrifuged, and the supernatant was discarded. Cells were then resuspended in FACS 251 

buffer and incubated with anti-mouse CD16/32 Fc blocking antibody (1:100 dilution; 252 

eBioscience, RRID:AB_467133) at 4°C for 20 min. Next, samples were washed with 10 mL of 253 

FACS buffer and 1 mL was partitioned for isotype control staining. Samples were then 254 

centrifuged and the pellets were incubated with a cocktail of the following antibodies: FITC 255 

conjugated rat anti-mouse CD62L (1:100 dilution, Mel-14 clone, BioLegend, San Diego, CA, 256 
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RRID:AB_313093), Pacific Blue conjugated rat anti-mouse Ly-6G (1:200 dilution, 1A8 clone, 257 

BioLegend, RRID:AB_2251161), APC conjugated rat anti-mouse CD11b (1:200 dilution, M1/70 258 

clone, BioLegend, RRID:AB_312795), PE conjugated rat anti-mouse CD45 (1:200 dilution, 30-259 

F11 clone, Tonbo, RRID:AB_2621763) and PerCP/Cy5.5 conjugated rat anti-mouse Ly-6C 260 

(1:600 dilution, HK1.4 clone, BioLegend, RRID:AB_1659241). FITC conjugated rat IgG2a,  261 

(1:100 dilution, BioLegend, RRID:AB_2736919) served as the isotype control for CD62L. After 262 

incubating with antibodies for 30 min at 4°C, samples were washed with FACS buffer, 263 

centrifuged and the pellets were resuspended in 200 μL of FACs buffer. Flow cytometry was 264 

performed on the cell suspensions using a Fortessa flow cytometer (Becton Dickinson).   265 

The data were analyzed using FlowJo software. At least 50,000 events were analyzed for 266 

blood samples and all of the collected events were analyzed for spinal cord samples. Cells (low 267 

SSC, high FSC) were gated from debris (high SSC, low FSC) as previously described (Stirling 268 

and Yong, 2008). The geometric mean fluorescent intensity (G-MFI) values for CD62L were 269 

calculated to determine the overall presence of L-selectin on the surface of leukocytes. Since 270 

staining histograms for L-selectin were often skewed, we used G-MFI instead of arithmetic MFI 271 

to represent the data. This parameter better reflects the central tendency of skewed distributions. 272 

Isotype G-MFI were determined for each sample and subtracted from the reported G-MFI values. 273 

Total leukocyte and myeloid lineage subset counts from spinal cord samples were extrapolated to 274 

the total volume of cells to account for the volume of cells removed for isotype staining. 275 

 276 

Soluble L-selectin Enzyme-Linked Immunosorbent Assay (ELISA).   277 

 To determine if diclofenac treatment induces L-selectin shedding, blood was obtained by 278 

cardiac puncture at 0, 2, 8, 24, and 48 hrs after i.p. administration of this drug (1, 5, 10, 20, 40, or 279 
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60 mg/kg) immediately following SCI produced by dropping a 2g weight from a distance of 280 

5cm. After centrifugation at 2,000 g for 20 min at RT, plasma was then collected for assessment 281 

using an ELISA kit (Quantikine®, mouse sL-Selectin, R&D system, Minneapolis, MN) 282 

according to the manufacturer’s instructions. All incubations were conducted at RT and for 2 hrs 283 

unless otherwise indicated. 100 μl of supernatants were first incubated with assay diluent buffer 284 

in a microplate. After rinsing, the preparation was then incubated in 100 μl of soluble L-selectin 285 

conjugate, followed by addition of 100 μl of substrate for 30 min. The reaction was then stopped 286 

by addition of stop solution. Optimal density was read at 450 nm wavelength with correction at 287 

540 nm using a microplate reader (Molecular Probes, NY).  288 

 289 

Experimental Design and Statistical Analyses.  The primary goal of this study was to determine 290 

if L-selectin contributes to inflammation and neurological deficits following SCI. We employed 291 

L-selectin KO mice and also evaluated the effect of diclofenac, an NSAID that induces L-292 

selectin shedding, on inflammation and neurological recovery after SCI. For all studies, only 293 

adult male mice were used to eliminate gender as a variable. Time-points for collection of data 294 

and experimental endpoints were pre-determined based on previous experience. Sample sizes 295 

were determined by our previous experience with BMS scoring and immunoblotting (Lin et al., 296 

2007; Lee et al., 2011; Whetstone et al., 2017), and by power analyses for flow cytometry studies 297 

and soluble L-selectin (sL-selectin) assays (effect sizes were 500 G-MFI units and 550 ng/mL, 298 

respectively, based on our own preliminary studies). For all studies we anticipated a ~10% 299 

mortality rate, based on previous experience in our lab (Whetstone et al., 2017) and substantiated 300 

in Fig. 10i, and we adjusted the samples sizes accordingly. To control for potential variation in 301 

the spinal cord injury surgery and behavioral analyses, all studies were conducted with the 302 
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surgeon and observers blinded to the genotype and/or experimental condition. Simple or block 303 

randomization was used for all in vivo studies. 304 

Statistical analyses were performed using GraphPad Prism (GraphPad Software, La Jolla, 305 

CA). Flow cytometry was evaluated by unpaired two-tailed Student’s t-tests or one-way 306 

ANOVA followed by Tukey’s post-hoc test. ELISA data were evaluated by one-way ANOVA 307 

followed by a Dunnett’s post-hoc test. A two-way, repeated measures ANOVA followed by 308 

Sidak’s multiple comparisons test was used to evaluate BMS scores. Comparison of two groups 309 

(foot faults, spared white matter, and immunoblots) was by an unpaired two-tailed Student’s t-310 

test. Chi square analysis was used to compare the number of animals stepping in the open field 311 

followed by a one-sided Fisher's exact test. Comparison of two groups was performed by the 312 

Mann-Whitney test when at least one of the data sets failed the D’Agostino and Pearson omnibus 313 

normality test. Statistical significance was defined at p 0.05. Data are expressed as means  314 

SEM. 315 

 316 

Data availability. All data are available from the authors.  317 

 318 

Results 319 
 320 
Functional recovery is improved in L-selectin KO mice 321 

To assess if L-selectin is a determinant of recovery after SCI, we first compared 322 

locomotion of spinal cord injured L-selectin KO mice with WT littermate controls using the 323 

BMS. L-selectin KO mice, subjected to SCI, showed a marked improvement in locomotor 324 

recovery compared to that of the WT group (Fig. 1A, p=0.006). A subsequent secondary analysis 325 

revealed that 79.2% of KO animals achieved weight supported plantar stepping (BMS ≥ 4) 326 
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compared to 47.6% of WT mice by 42 days post-SCI (Fig. 1B, p=0.029). We also determined the 327 

number of foot-faults of mice crossing a wire grid, which reflects sensorimotor function and 328 

motor coordination (Schaar et al., 2010). Foot-faults were reduced by 57.9% in the KO relative 329 

to the WT group at 35 days post-SCI (Fig. 1C, p=0.023).   330 

 Functional recovery has been previously associated with greater white matter sparing at 331 

the lesion epicenter (Kuhn and Wrathall, 1998). To determine if L-selectin is associated with 332 

white matter damage, the percentage of spared white matter was compared between groups in 333 

transverse sections stained with LFB (Fig. 1D). Strikingly, the percentage of spared white matter 334 

at the lesion epicenter was 2.0 fold greater in the spinal cord injured KO mice as compared to 335 

injured WT mice at 42 days post-SCI (p=0.038, Fig. 1E).   336 

 337 

L-selectin is a determinant of oxidative stress in the acutely injured cord   338 

 Newly recruited neutrophils and monocytes/macrophages from the blood promote 339 

oxidative stress in the acutely injured cord (Lee et al., 2011). Since L-selectin is expressed on 340 

blood neutrophils and monocytes, we examined the impact of the absence of L-selectin on 341 

oxidative stress. Immunoblotting verified that MDA, a product of lipid peroxidation (Liu et al., 342 

2001) and marker for acute oxidative stress (Esterbauer et al., 1991; Azbill et al., 1997; Hichor et 343 

al., 2018), was similarly present at very low levels in the uninjured spinal cords of mice of both 344 

genotypes (Fig. 2, p=0.98). There was a 51% reduction in MDA in injured L-selectin KO mice 345 

compared to injured WT mice (p=0.026, three days post-SCI).  346 

 347 

L-selectin is dynamically regulated on myeloid cells following injury  348 
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In light of our findings with L-selectin KO mice, we employed flow cytometry to 349 

quantify the expression of L-selectin on circulating and spinal cord-infiltrated leukocytes after 350 

SCI. Peripheral blood leukocytes from uninjured WT mice were also analyzed to establish 351 

baseline L-selectin levels. Because of their prominent recruitment during the acute phase of SCI 352 

(Beck et al., 2010), we focused on myeloid cells (CD45+/CD11b+). We identified leukocytes by 353 

gating for live (Ghost Dye-) CD45+ cells, then gated for myeloid cells (CD11b+) and subdivided 354 

them into neutrophils (Ly6Clow/Ly6G+), inflammatory/classical monocytes (Ly6Chi/L6G-), and 355 

patrolling/non-classical monocytes (Ly6Clow/Ly6G-)(Fig. 3A). For the monocyte populations in 356 

peripheral blood, SCI resulted in over two-fold greater levels (G-MFI) of L-selectin (CD62L) on 357 

Ly6Chi/L6G- cells at 24 hrs and 72 hrs post-SCI (p<0.0001) and an increase of 49.4% on 358 

Ly6Clow/L6G- cells at 72 hrs post-SCI (p=0.048) compared to uninjured mice (Figs. 3B-C). In 359 

contrast, L-selectin decreased by 25.3% on neutrophils (Ly6Clow/Ly6G+ cells) at 24 hrs post-SCI 360 

(p=0.007) but returned to baseline (uninjured) values by 72 hrs post-SCI. Leukocytes that 361 

accumulated in the spinal cord parenchyma at 24 hrs post-SCI exhibited two to five-fold reduced 362 

levels of L-selectin on the myeloid subtypes relative to levels on the corresponding cells in the 363 

blood (Fig. 4A); however, considerable L-selectin remained on the infiltrated cells for all 364 

subtypes, as established by comparison with corresponding cells in KO mice (Fig. 4A) and 365 

isotype controls (Fig. 4B). These data demonstrate that L-selectin is present in varying degrees 366 

on all circulating myeloid lineages and is dynamically regulated after SCI. Furthermore, 367 

considerable L-selectin is retained on infiltrated myeloid cells, where it could potentially be 368 

involved in post-recruitment adhesive or signaling events.  369 

 370 

L-selectin deficiency transiently reduces myeloid cell accumulation in the spinal cord 371 
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As reviewed in the Introduction, L-selectin has been implicated in the recruitment of 372 

myeloid cells in multiple inflammatory settings. We therefore asked whether the lack of L-373 

selectin could reduce trafficking of myeloid cells into the injured cord. We compared the number 374 

of leukocytes in injured spinal cords of L-selectin KO and WT mice. The accumulation of 375 

leukocytes in a particular tissue reflects recruitment from the blood and their turnover in the 376 

tissue. Using flow cytometry, we first determined the total number of infiltrated myeloid lineage 377 

cells (CD45+/CD11b+). We then used Ly6C and Ly6G antibodies to discriminate neutrophils and 378 

monocyte/microglia subtypes (Fig. 5A-B), and further subdivided the monocyte and resident 379 

microglia populations based on CD45 levels. Few CD11b+ cells were detected in the spinal cords 380 

of uninjured WT mice (650±103 cells) relative to injured WT mice at 24 hrs post-SCI 381 

(13970±1920 cells). At 24 hrs post-SCI, very few infiltrated CD11b+ cells co-labeled for T-cells 382 

(213±60 TCR + cells) or B-cells (357±113 B220+ cells), confirming that CD11b+ cells were 383 

predominantly myeloid cells. Furthermore, no differences in CD45+/CD11b- cells (lymphocytes) 384 

were observed in the spinal cords of uninjured vs. injured WT mice at 24 hrs post-SCI (485±186 385 

cells vs. 532±178 cells, p=0.87). At 24 hrs post-SCI, we observed reductions of 29.9% and 386 

26.4% of CD11b+ cells (p=0.028) and Ly6Clow/L6G+ cells (p=0.038), respectively, but no 387 

significant effects on Ly6Chi/L6G- cells (p=0.10) or Ly6Clow/Ly6G- cells (p=0.72) in the spinal 388 

cords of L-selectin KO mice compared to WTs (Fig. 5A&C). Clearly, the decrease in CD11b+ 389 

cells was mainly attributable to the Ly6Clow/L6G+ cells (neutrophils), which comprised ~72% of 390 

this population. The contributions of L-selectin to myeloid cell and neutrophil accumulation 391 

were limited in duration as there were no differences in these populations between KO and WT 392 

mice at 72 hrs post-SCI (Fig. 5B&D). No differences in the total number of 393 

CD11b+/CD45low/L6G- cells (microglia) were observed between WT and KO mice at 24 hrs and 394 
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72 hrs post-SCI (Fig. 5E; p=0.10 and 0.38, respectively). No differences were observed in the 395 

proportion of CD11b+ cells and myeloid lineage subsets among total CD45+ leukocytes in the 396 

peripheral blood of WT and KO mice at 24 and 72 hrs post-SCI (Fig. 5F, p>0.25 for all 397 

subtypes). In summary, we found that SCI was associated with a massive influx of myeloid cells 398 

(21-fold increase) into the spinal cord and the absence of L-selectin resulted in a partial reduction 399 

in the accumulation of neutrophils at 24 hrs, which was not sustained through 72 hrs. 400 

 401 

NSAIDS differentially induce L-selectin shedding on murine leukocytes 402 

As an alternative to the genetic ablation of L-selectin, we sought a pharmacologic means 403 

to lower the cell surface levels of this receptor. A major mechanism for down-modulating L-404 

selectin is through cleavage of the membrane proximal domain of L-selectin by cell surface 405 

metalloproteinases, such as ADAM17, causing the release (shedding) of the ligand-binding 406 

ectodomain into solution (Li et al., 2006). Certain NSAIDs can induce L-selectin shedding in 407 

human leukocytes in vitro and in vivo (Diaz-Gonzalez et al., 1995), which led us to investigate 408 

whether an NSAID could be used to down-modulate L-selectin levels on myeloid cells during 409 

SCI and produce benefit. We first performed in vitro experiments to test NSAIDs for their ability 410 

to induce L-selectin shedding from murine myeloid cells. We evaluated diclofenac and 411 

meclofenamic acid (MFA), which were shown to produce the most L-selectin shedding in human 412 

leukocytes (Gomez-Gaviro et al., 2002). Murine granulocytes (predominantly neutrophils), 413 

exposed in vitro to either diclofenac or MFA, exhibited a dose-dependent reduction in the level 414 

of L-selectin on the cell surface (Fig. 6A-B).  415 

 The in vitro effects of a drug on particular leukocytes do not necessarily predict its in vivo 416 

activities with critical factors being the pharmacokinetics of the drug and the turnover and 417 
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anatomic compartmentalization of leukocytes. To determine if diclofenac induced the loss of cell 418 

surface L-selectin in vivo, uninjured WT mice were administered diclofenac (40 mg/kg, i.p.) and 419 

peripheral blood leukocytes were evaluated 2, 8, or 24 hours in separate cohorts of mice for each 420 

time point. At 2 hrs post-injection, increased L-selectin was detected on peripheral blood 421 

CD11b+ cells from diclofenac-treated mice compared to saline-treated mice (Fig. 6C, 32.2% 422 

increase, p=0.03), possibly due to mobilization of myeloid cells from the bone marrow. At 8 hrs 423 

post-injection, there was a 38.3% reduction of L-selectin on Ly6Clow/Ly6G+ cells (Fig. 6D, 424 

p=0.0006) and a reduction of 26.3% at 24 hrs (Fig. 6E, p=0.002). 425 

 426 

Diclofenac improves long-term functional recovery 427 

Having verified that diclofenac down-modulates L-selectin levels on myeloid cells in 428 

vitro and in vivo, we asked whether this drug could promote long-term recovery after SCI. Mice 429 

were treated with a single dose (20, 30, or 40 mg/kg) of diclofenac or vehicle (PBS) immediately 430 

after SCI, and neurological function was assessed using the BMS open field test. We found 431 

considerable improvement in locomotor recovery at the highest dose, but not at the lower doses. 432 

Enhanced recovery was apparent by seven days post-SCI and persisted throughout the remainder 433 

of the testing period (Fig. 7A). A subsequent secondary analysis revealed that by day 35, 61.5% 434 

of WT mice treated with 40 mg/kg diclofenac were occasionally stepping as opposed to 0.0% of 435 

PBS-treated mice (Fig. 7B, p=0.002).  436 

Diclofenac as an NSAID with a multiplicity of anti-inflammatory activities (Scholer et 437 

al., 1986) could provide benefit independently of its effects on L-selectin. To address this issue, 438 

we compared neurological recovery and long-term white matter sparing in L-selectin KO mice 439 

subjected to SCI and treated with 40 mg/kg diclofenac or vehicle. As a positive control, we first 440 
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examined diclofenac in WTs and again observed improved long-term neurological recovery (Fig. 441 

7C-D). We then examined diclofenac- and vehicle-treated L-selectin KO mice and found no 442 

differences based upon the BMS scale (Fig. 7E). The percentage of spared white matter was also 443 

quantified at the lesion epicenter (Fig. 7F-G). Diclofenac-treated WT mice (40 mg/kg) showed 444 

five-fold greater white matter sparing compared to PBS-treated WT mice (p=0.030), whereas 445 

there was no difference in white matter sparing in KO mice treated with diclofenac vs. PBS 446 

(p=0.70). Thus, while diclofenac promoted recovery and neuroprotection in spinal cord injured 447 

WTs, it provided no added long-term benefit in the absence of L-selectin.  448 

 449 

Diclofenac induces loss of L-selectin from specific leukocyte subsets but does not affect 450 

leukocyte accumulation in the injured spinal cord 451 

We next determined if diclofenac treatment affected leukocyte accumulation after SCI. A 452 

single dose of diclofenac (40 mg/kg) or vehicle (PBS) was given immediately after SCI in WT 453 

mice. Peripheral blood and spinal cords were harvested 24 hrs later, and flow cytometry was 454 

performed to determine the levels of L-selectin as well as the accumulation of leukocyte subsets 455 

in the cord (Fig. 8A). Peripheral blood was also acquired from uninjured WT mice to compare 456 

basal expression levels of L-selectin in circulating myeloid lineages. Consistent with the results 457 

above (Fig. 3B), at 24 hrs post-SCI, injury itself (with saline injection) resulted in over two-fold 458 

greater levels of L-selectin on Ly6Chi/Ly6G- cells (Fig. 8B&D, p=0.005) in blood. At 24 hrs 459 

post-SCI, diclofenac reduced L-selectin on CD11b+ cells (38.2% reduction, p=0.004), 460 

Ly6Clow/Ly6G- cells (34.6% reduction, p=0.022), and Ly6Clow/Ly6G+ cells (41.1% reduction, 461 

p=0.005), but not on Ly6Chi/Ly6G- cells (p=0.12) in blood of injured mice compared to vehicle-462 

treated controls (Fig. 8B&D). Importantly, diclofenac did not activate myeloid cells in the blood 463 
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(24 hrs post-SCI), as reflected by no change in CD11b levels (Fig. 8E). Thus, the actions of 464 

diclofenac do not appear to be attributable to a generalized activation of these cells. 465 

No differences were apparent in the total numbers of CD11b+ cells or myeloid lineage 466 

subsets in the spinal cords of diclofenac-treated mice at 24 hrs post-SCI compared to mice 467 

receiving the vehicle control (Fig. 8F). However, diclofenac reduced the level of L-selectin on 468 

infiltrated CD11b+ cells (Fig. 8C&G, 26.7% loss, p=0.020), Ly6Clow/Ly6G- cells (28.8% loss, 469 

p=0.008) and Ly6Clow/Ly6G+ cells (31.8% loss, p= 0.049). There was no effect on Ly6Chi/Ly6G- 470 

cells (p=0.59). Thus, while diclofenac did not alter leukocyte accumulation in the injured cord, 471 

L-selectin was reduced on the same myeloid populations (i.e., neutrophils and non-classical 472 

monocytes) in both the blood and spinal cord of injured animals. To substantiate that diclofenac 473 

treatment resulted in shedding of L-selectin from leukocytes, we measured sL-selectin in blood 474 

plasma by ELISA. We employed a single dose of diclofenac at increasing doses (1, 5, 10, 20, 40 475 

and 60 mg/kg) immediately following SCI. Elevated sL-selectin (above vehicle background) was 476 

detected at 8 and 24 hrs post-SCI with 40 and 60 mg/kg of diclofenac but not at the lower doses 477 

(Fig. 8H). The elevation did not persist at 72 hrs post-injection. Importantly, the high 478 

concentration of diclofenac required to induce L-selectin shedding paralleled the high 479 

concentration required to improve long-term neurological recovery (Fig. 7A).  480 

 481 

Diclofenac reduces acute oxidative stress after SCI 482 

Antibody-induced ligation of L-selectin has been shown to induce or potentiate the 483 

production of ROS by neutrophils (Crockett-Torabi et al., 1995). Therefore, the reduced level of 484 

L-selectin on these cells following diclofenac treatment could potentially mitigate oxidative 485 

stress in the acutely injured spinal cord. We therefore examined MDA levels in the injured spinal 486 
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cord at 72 hrs post-SCI in mice receiving diclofenac (40 mg/kg) or vehicle (PBS) immediately 487 

following SCI. There was a 48.1% reduction in MDA between diclofenac and vehicle-treated 488 

mice (Fig. 9, p=0.045).  489 

 490 

Diclofenac improves recovery when delivered within three hours after SCI 491 

To determine the window for the beneficial effects of diclofenac, a single dose of 492 

diclofenac (40 mg/kg, i.p.) was administered at 0, 3, or 8 hrs following SCI. Again, we found 493 

that immediate delivery of diclofenac improved long-term neurologic recovery of hindlimb 494 

function, as seen by greater BMS scores within the first seven days post-SCI compared to 495 

vehicle-treated mice (Fig. 10A). Stepping was also improved with 66.7% of diclofenac-treated 496 

mice stepping at 42 days post-SCI compared to 7.7% of vehicle treated mice (Fig. 10D, 497 

p=0.003). When administration of diclofenac was delayed for 3 hrs, improved neurologic 498 

recovery was evident starting at seven days post-SCI compared to time-matched vehicle control 499 

mice (Fig. 10B). Although stepping was not improved (Fig. 10E and Table 2, 38.5% vs. 18.2%, 500 

p=0.26), white matter sparing was 2.3-fold greater in mice receiving diclofenac at 3 hrs post-SCI 501 

compared to vehicle treated mice (Fig. 10G, p=0.011). There was no long-term benefit in BMS 502 

scores or stepping when diclofenac treatment was delayed to 8 hrs post-SCI (Fig. 10C&F).   503 

 To determine if multiple doses of diclofenac conferred additional benefit, we randomly 504 

grouped mice into three cohorts and delivered diclofenac (40 mg/kg) at 0 hrs (single dose), 0 and 505 

24 hrs (two doses), or 0, 24 and 48 hrs (three doses) post-SCI. Long-term neurological benefit 506 

was observed in the single and two-dose groups with improved BMS scores starting at seven 507 

days post-SCI compared to the vehicle-treated group (Fig. 10H). No additional benefit was 508 

observed for two doses compared to a single dose of diclofenac. BMS scores could not be 509 
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determined for mice receiving three doses of diclofenac due to a high rate of morbidity and 510 

mortality. While a single dose of diclofenac exhibited a similar mortality rate to vehicle control 511 

injections, there was increased mortality for the double and triple dose regimens (Fig. 10I).  512 

 513 

Discussion 514 

The mechanisms underlying secondary pathogenesis, including the pathogenic activities 515 

of myeloid cells, after SCI are not fully understood, thereby limiting the development of clinical 516 

therapies. This is the first study to demonstrate the involvement of L-selectin in acute secondary 517 

pathogenesis in a murine model of SCI. We show that the genetic ablation of L-selectin 518 

markedly improves long-term neurologic recovery and white matter sparing. Pursuing a 519 

pharmacologic approach to reduce L-selectin, we demonstrate that the NSAID, diclofenac, 520 

induces partial L-selectin shedding from mouse myeloid cells in vivo and improves long-term 521 

neurologic outcomes when administered up to 3 hrs following injury. Our findings provide 522 

support for L-selectin shedding and the subsequent reduction of L-selectin-dependent activities 523 

other than myeloid cell recruitment, as an important anti-inflammatory activity of diclofenac 524 

during SCI.  525 

Past studies have achieved success in limiting inflammation and secondary damage by 526 

targeting specific adhesion molecules (such as P-selectin, CD11d/CD18, and ICAM-1) and 527 

chemoattractants/chemokines involved in the migration of peripheral leukocytes into the spinal 528 

cord (Hamada et al., 1996; Taoka et al., 1997; Gonzalez et al., 2003; Gris et al., 2004; Popovich 529 

and Longbrake, 2008; Saiwai et al., 2010). In the present study, we have investigated L-selectin, 530 

which heretofore has not been considered in the context of SCI. A substantial body of evidence 531 

has established that L-selectin functions as adhesion/signaling molecule on myeloid cells and 532 
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participates in their recruitment and activation at inflammatory sites (Lewinsohn et al., 1987; 533 

Pizcueta and Luscinskas, 1994; Tedder et al., 1995; Stadtmann et al., 2013; Zuchtriegel et al., 534 

2015). We found considerable L-selectin levels on all circulating myeloid cell subtypes, 535 

including neutrophils and monocytes, in uninjured WT mice. After SCI, L-selectin was 536 

dynamically regulated on myeloid cells in blood. Notably, there was a 25.3% reduction of L-537 

selectin on neutrophils 24 hrs after SCI, which may reflect a negative feedback mechanism to 538 

attenuate L-selectin-dependent inflammatory activities, as has been described in another setting 539 

of injury and inflammation (Strausbaugh et al., 1999). Reduced L-selectin has been previously 540 

observed in circulating neutrophils in spinal cord injured human patients (Bao et al., 2008); 541 

however, this study also found reduced L-selectin levels on circulating monocytes. The increase 542 

in L-selectin on circulating monocyte populations in our study in mouse may reflect species 543 

differences in L-selectin regulation during inflammatory responses to SCI.  544 

L-selectin deficiency was associated with partially reduced neutrophil accumulation into 545 

the acutely injured spinal cord (24 hrs post-SCI). This is consistent with the participation of L-546 

selectin in recruitment of neutrophils e.g., as an adhesive molecule in secondary tethering to 547 

other leukocytes or as a signaling molecule in activating integrins on neutrophils (Walcheck et 548 

al., 1996; Zarbock et al., 2011; Stadtmann et al., 2013; Morikis et al., 2017). At 72 hrs post-SCI, 549 

when neutrophil numbers in the cord were ~3-fold fewer than at 24 hrs (reflecting death or exit 550 

of the infiltrated neutrophils), there was no difference between WT and KO mice. However, at 551 

the same time point, we did find reduced oxidative stress in the acutely injured cord of L-selectin 552 

KO mice, suggesting the possibility of ROS as a component of L-selectin mediated pathogenesis. 553 

Many studies have established a role for L-selectin in modulating the internal signaling and 554 

secretome of neutrophils (Zarbock and Ley, 2008), including the potentiation of ROS production 555 
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(Crockett-Torabi et al., 1995). Elucidation of the signaling pathways by which L-selectin 556 

contributes to ROS production after SCI could identify novel targets to reduce acute secondary 557 

pathogenesis.  558 

Myelin sheaths of CNS, but not peripheral nervous system, express ectopic ligands 559 

(presumed to be carbohydrate-based and structurally related to true biological ligands) for L-560 

selectin that are sufficient to support leukocyte adhesion in an in vitro assay (Huang et al., 1991; 561 

Huang et al., 1994). We found that neutrophils that infiltrated the injured spinal cord at 24 hrs 562 

and 72 hrs post-SCI retained 19.2% and 14.8% of L-selectin levels, respectively, relative to those 563 

in peripheral blood. These levels are still appreciable, since L-selectin is normally present at high 564 

density on blood leukocytes (~105 molecules/cell) (Simon et al., 1992). Infiltrating neutrophils 565 

and monocytes could potentially interact with these “illegitimate” ligands via L-selectin to 566 

facilitate activation of effector functions that promote myelin degradation, a mechanism that has 567 

been invoked in a model of experimental allergic encephalitis (Grewal et al., 2001). Notably, 568 

engagement of L-selectin on neutrophils with incidental carbohydrate ligands (carcinoma or 569 

saliva mucins) potentiates the degranulation of these cells (Shao et al., 2011), even after 570 

considerable shedding of L-selectin (Mohanty et al., 2015). Thus, reduced L-selectin on spinal 571 

cord-infiltrated neutrophils may still be sufficient to drive post-recruitment activities.  572 

NSAIDs are a heterogeneous group of compounds that continue to be an important 573 

intervention in patients with non-severe inflammatory disorders. Several NSAIDs provide 574 

neuroprotection in experimental models of SCI (Kwon et al., 2011). In the present study, we 575 

show that administration of diclofenac led to marked improvements in long-term recovery and 576 

sparing of white matter after SCI. The beneficial effects of diclofenac treatment following SCI 577 
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were comparable to those seen in L-selectin KO mice. Our study thus adds diclofenac, a widely 578 

prescribed medication (Altman et al., 2015), to the group of NSAIDs that are beneficial in SCI.    579 

We were initially drawn to diclofenac because it belongs to the subgroup of NSAIDs that 580 

are capable of inducing a high level of L-selectin shedding from the surface of leukocytes (Diaz-581 

Gonzalez et al., 1995; Gomez-Gaviro et al., 2002). In the present study, diclofenac induced the 582 

loss of L-selectin in non-classical monocytes and neutrophils within the blood and spinal cord of 583 

injured mice. Our report is the first to show a differential effect of NSAIDs on loss of L-selectin 584 

from monocyte subtypes with non-classical monocytes being the susceptible population in the 585 

context of SCI. The diclofenac-induced reduction in L-selectin on non-classical monocytes could 586 

potentially impact signaling by these cells and diminish their deleterious activities in SCI 587 

(Donnelly et al., 2011). With respect to neutrophils, the diclofenac-induced reduction of L-588 

selectin levels was not accompanied by reduced accumulation in the injured spinal cord (24 hrs), 589 

which contrasts with the observations in L-selectin KO mice at this time point. This difference 590 

may be ascribed to the fact that diclofenac treatment resulted in only a partial loss of L-selectin. 591 

Nonetheless, the diclofenac treatment reduced oxidative stress at 72 hours post-SCI, an effect 592 

that could plausibly be a consequence of reduced signaling and degranulation of neutrophils, as 593 

detailed above. 594 

The anti-inflammatory activities of NSAIDs are usually attributed to inhibition of 595 

cyclooxygenase (COX), a key enzyme for prostaglandin production. However, Sanchez-Madrid, 596 

Diaz-Gonzalez and co-workers have also highlighted L-selectin shedding from neutrophils as a 597 

potential anti-inflammatory action of certain NSAIDs (Herrera-Garcia et al., 2013; Diaz-598 

Gonzalez and Sanchez-Madrid, 2015). In our experiments, we cannot exclude that the benefit of 599 

diclofenac is due to COX inhibition or diclofenac-induced shedding of molecules other than L-600 
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selectin. However, our finding of equivalent neurological outcomes after SCI in L-selectin KO 601 

mice, treated with diclofenac compared to the vehicle control group, suggests that the beneficial 602 

effect of diclofenac is related to its ability to induce L-selectin shedding. Taken together, our 603 

diclofenac findings are consistent with the possibility that the partial loss of L-selectin induced 604 

by this drug reduces the deleterious activities of myeloid cells in secondary pathogenesis. Further 605 

mechanistic studies are needed to substantiate this scenario as opposed to other potential 606 

activities of diclofenac.  607 

In our experiments, 40 mg/kg of diclofenac was required to improve long-term 608 

neurological recovery after SCI, but repeated dosing at this high level was associated with 609 

increased mortality. According to the FDA’s guidelines for conversion to a human equivalent 610 

dose (Nair and Jacob, 2016), the dose for a 60 kg individual would be 3.25 mg/kg. In fact, oral 611 

administration of diclofenac to human subjects at a dose of ~2.5 mg/kg/day has been shown to 612 

promote robust loss of L-selectin on blood neutrophils (Baranda, 1998). Thus, it would be 613 

feasible to test diclofenac for efficacy in human SCI at an FDA-approved dose. Evaluation of 614 

diclofenac in the context of sex as a biological variable will be an important factor in such 615 

studies. 616 

Our findings establish a therapeutic window for diclofenac administration with efficacy 617 

observed up to at least 3 hrs, but less than 8 hrs, after SCI. This timeframe is consistent with our 618 

observations that the pathological contributions of L-selectin are associated with early myeloid 619 

cell activities (< 72 hrs post-SCI). Recent clinical studies have also highlighted the importance of 620 

early intervention with anti-inflammatory strategies (Ahuja et al., 2016). Future exploration of 621 

more clinically relevant methods for delivery of diclofenac and development of faster acting 622 
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structural analogues with improved safety profiles may extend the therapeutic window for 623 

strategies targeting L-selectin after SCI.  624 

 625 
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 807 

Figure Legends 808 

Figure 1. L-selectin KO mice show improved functional recovery and greater white matter 809 

sparing at 42 days after SCI.   810 

(A) Functional recovery, as measured by the BMS open field test, was improved in KO mice. 811 

N=21 for WT and 24 for KO combined from 2 independent cohorts of mice. Two-way ANOVA 812 

(interaction p=0.11; time p<0.0001; genotype p=0.006; F(1, 43) = 8.42).    813 

(B) Stepping was improved in KO mice compared to WT mice. N=21 for WT and 24 for KO 814 

combined from 2 independent cohorts of mice. Chi square analysis followed by a one-sided 815 

Fisher's exact test. *p=0.029. 816 

(C) Performance on a grid, as measured by foot faults, was improved in the KO group. N=13 for 817 

WT and 8 for KO. Two-tailed Student’s t-test. *p=0.023, t(19) = 2.48.  818 

(D) Representative transverse sections at the lesion epicenter, stained with luxol fast blue (LFB), 819 

of injured WT and KO mice at 42 days post-SCI. Scale bar indicates 500 μm.  820 
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(E) Greater spared white matter at the lesion epicenter, expressed as proportional area, was 821 

observed in the KO group. N=11 for WT and 8 for KO. Two-tailed Student’s t-test. *p=0.038, 822 

t(17) = 2.26.  823 

 824 

Figure 2.  L-selectin is a determinant of early oxidative stress in the injured cord. 825 

Immunoblotting was performed on homogenates of uninjured (UN) and injured (SCI) cords from 826 

WT and L-selectin KO mice at 3 days post-SCI. All values were normalized to β-actin. By 827 

immunoblotting, malondialdehyde (MDA) was reduced in L-selectin KO mice by 51% compared 828 

to WT mice after SCI (*p=0.026, t(8) = 2.73). N=3/genotype for UN and 5/genotype for SCI. 829 

Unpaired two-tailed Student’s t-test. For UN, p=0.98, t(4) = 0.02. 830 

 831 

Figure 3.  L-selectin is dynamically regulated after SCI.  832 

(A) Flow cytometry gating of leukocytes and leukocyte subsets in the peripheral blood at 24 hrs 833 

and 72 hrs post-SCI.  834 

(B) Representative flow cytometry histograms for CD62L staining of myeloid cells in the 835 

peripheral blood from uninjured mice (gray line) and injured mice at 24 hrs (red line) and 72 hrs 836 

(blue line) post-SCI. Representative isotype staining is shown in solid black.   837 

(C) L-selectin (CD62L) levels on myeloid lineage cells in the peripheral blood from uninjured 838 

WT mice, and injured WT mice at 24 hrs and 72 hrs post-SCI. N=4 for UN, 8 for 24 hrs, and 6 839 

for 72 hrs. One-way ANOVA with Tukey’s post-hoc test (p=0.004, <0.0001, 0.046, 0.0001 and 840 

F(2,15) = 7.97, 35.8, 3.80, 17.7, respectively). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  841 

 842 

 843 
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Figure 4. L-selectin is partially shed during infiltration into the spinal cord 844 

(A) L-selectin levels (G-MFI) on circulating and infiltrated myeloid lineage cells from WT and 845 

KO mice at 24 hrs post-SCI. Background (isotype) values for CD62L were subtracted from each 846 

datapoint so that the y-axis represents the specific signal. Autofluorescence resulted in a faint 847 

signal in non-classical monocytes in the spinal cord but not in the blood of L-selectin KO mice. 848 

This was likely due to phagocytosed debris. N=8/group.  One-way ANOVA with Tukey’s post-849 

hoc test (p<0.0001 for each cell type and F(3, 27) = 5.49, 7.50, 4.71, 7.92, respectively). 850 

**p<0.01, ****p<0.0001.  851 

(B) Representative flow cytometry histograms for CD62L staining in leukocyte populations from 852 

the blood (white) and spinal cord (grey) of WT mice at 24 hrs post-SCI. Representative isotype 853 

staining is shown in solid black. 854 

 855 

Figure 5.  Leukocyte accumulation is transiently reduced in KO mice compared to WT mice 856 

after SCI.  857 

(A-B) Flow cytometry gating of leukocytes and leukocyte subsets in the injured spinal cord at 858 

(A) 24 hrs and (B) 72 hrs post-SCI.  859 

(C) Accumulation of myeloid cells (CD11b+) and neutrophils (Ly6Clow/Ly6G+), as determined 860 

by flow cytometry, was reduced in L-selectin KO compared to WT mice at 24 hrs post-SCI 861 

(*p=0.028 and 0.038, respectively). There were no differences in infiltrating inflammatory 862 

(Ly6Chi/Ly6G-, p=0.10), non-classical monocyte subsets (Ly6Clow/Ly6G-, p=0.72) or microglia 863 

(CD11b+/CD45low/Ly6G-, p=0.10) between WT and KO mice. N=7 for WT and 8 for KO. Mann 864 

Whitney test. 865 
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(D) There was no difference in the accumulation of any leukocyte subtype at 72 hrs post-SCI. 866 

N=6/group. Unpaired two-tailed Student’s t-tests. p=0.82, 0.81, 0.81, 0.45 and t(10) = 0.23, 0.25, 867 

0.24, 0.79, respectively. 868 

(E) There were no differences in microglia (CD11b+/CD45low/Ly6G-) between WT and KO mice 869 

at 24 or 72 hrs post-SCI (p=0.10 & 0.38, respectively). 870 

(F) Prevalence of myeloid lineage subsets in the peripheral blood was similar between WT and 871 

KO mice at 24 and 72 hours post-SCI. N=7-8/genotype. Unpaired two-tailed Student’s t-tests. 872 

No differences were detected (p=0.68, 0.25, 0.80, 0.70 and t(13)=0.42, 1.19, 0.25, 0.40, 873 

respectively). 874 

 875 

Figure 6.  NSAIDs induce L-selectin shedding.   876 

(A) CD62L flow cytometry histograms for WT or L-selectin KO granulocytes treated with PMA 877 

or diclofenac (20 g/ml or 500 g/ml) and stained with an isotype control antibody (Iso Ctl) or a 878 

CD62L antibody.   879 

(B) CD62L expression (G-MFI) on WT murine granulocytes was reduced relative to vehicle 880 

(N=7) by treatment with diclofenac (N=5-6) and MFA (meclofenamic acid, N=4-6). N=3/group 881 

for KOs. Data were obtained from 7 independent experiments. Cells were pooled from 3 mice 882 

for each experiment (21 total mice). One-way ANOVA with Dunnett’s posthoc test. For 883 

diclofenac, p<0.0001 and F(4, 24) = 16.2. For MFA, p<0.0001 and F(4, 23) = 10.0. *p<0.05, 884 

**p<0.01, ***p<0.001. 885 

(C-E) CD62L expression (G-MFI) was reduced on neutrophils (Ly6Clow/Ly6G+) in uninjured 886 

mice receiving diclofenac relative to vehicle control at 8 and 24 hrs after injection. N =4/group at 887 



 

 39 

8 hrs and 5/group at 2 hrs and 24 hrs. Unpaired two-tailed Student’s t-tests. *p=0.031, 0.0006, 888 

0.002, and t(8)=2.61, t(6)=6.64, t(8)=4.52, respectively. 889 

 890 

Figure 7.  Long-term functional recovery and white matter sparing are improved in spinal cord 891 

injured WT mice treated with diclofenac immediately after injury.  892 

(A) Spinal cord injured mice treated with 40 mg/kg diclofenac showed improved recovery 893 

starting at 7 days post-SCI as determined by the BMS open field test. N=10 for 30 mg/kg 894 

diclofenac, and 13 for all other groups. Repeated measures two-way ANOVA with Tukey’s post-895 

hoc test (interaction p<0.001; time p<0.001; treatment p=0.003 and F(3,45)=5.50). ***p<0.0001 896 

for vehicle vs 40 mg/kg diclofenac. No differences were observed between vehicle and 20 mg/kg 897 

or 30 mg/kg diclofenac.   898 

(B) Stepping was improved in 40 mg/kg diclofenac-treated mice compared to mice receiving 899 

vehicle control. N=10 for 30 mg/kg diclofenac, and 13 for all other groups. Chi square analysis 900 

followed by a one-sided Fisher's exact test. **p=0.006 for vehicle vs 40 mg/kg. p=0.006 for 20 901 

mg/kg vs 40 mg/kg and p=0.003 for 30 mg/kg vs 40 mg/kg.   902 

(C) Spinal cord injured WT mice treated with 40 mg/kg diclofenac showed improved 903 

recovery compared to vehicle controls. N= 10 for vehicle and 11 for diclofenac. Repeated 904 

measures Two-way ANOVA with Sidak’s post-hoc test (interaction p<0.001, time 905 

p<0.0001, treatment p=0.0004, and F(1,19)=18.8). ***p<0.001, ****p<0.0001. 906 

(D) The number of foot faults was reduced in diclofenac-treated mice. N= 4 for PBS and 11 907 

for diclofenac. Mann Whitney test. ***p=0.0007.  908 
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(E) Functional recovery was similar between L-selectin KO mice treated with diclofenac or 909 

vehicle (PBS). N= 6 for PBS and 5 for diclofenac. Repeated measures two-way ANOVA 910 

(interaction p=0.54, time p<0.0001, treatment p=0.85 and F(1,9)=0.04).  911 

(F) Representative images of the lesion epicenter, stained with luxol fast blue (LFB), in mice 912 

treated with vehicle (PBS) or diclofenac. Scale bar indicates 500 m.  913 

(G) Spared white matter was increased in WT mice, but not L-selectin KO mice, treated with 914 

diclofenac compared to vehicle (PBS) at 42 days post-SCI. Data are expressed as proportional 915 

area. N=4 for PBS-WT, N=10 for diclofenac-WT, N=4 for PBS-KO and N=6 for diclofenac-KO. 916 

Unpaired two-tailed Student’s t-test. *p=0.030 and t(12)=2.46. For KO, p=0.70 and t(8)=0.40.  917 

 918 

Figure 8.  Diclofenac treatment reduces L-selectin on peripheral blood and infiltrated 919 

leukocytes, but does not alter accumulation in the injured spinal cord. 920 

(A) Flow cytometry gating for infiltrated myeloid cells and myeloid subsets.  921 

(B-C) Representative flow cytometry histograms for CD62L staining in leukocyte populations 922 

from the blood (B) or spinal cord (C) of vehicle-treated (white) and diclofenac-treated (gray) 923 

mice at 24 hrs post-SCI. Representative isotype staining is shown in black.  924 

(D) Flow cytometry analysis for CD62L expression on peripheral blood leukocytes from 925 

uninjured mice and injured mice treated with diclofenac or vehicle (PBS). Diclofenac induced a 926 

reduction of L-selectin on neutrophils and non-classical monocytes (p=0.005 and 0.02, 927 

respectively). N=4/uninjured and 6-7/SCI/treatment. One-way ANOVA with Tukey’s post-hoc 928 

test (p=0.004, <0.0001, 0.019, 0.0004 and F(2,14)=8.47, 20.3, 5.30, 14.8, respectively). *p<0.05, 929 

**p<0.01, ***p<0.001. 930 
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(E) Flow cytometry analysis for CD11b levels on peripheral blood leukocytes from spinal cord 931 

injured mice treated with diclofenac or vehicle (PBS). There were no differences in CD11b 932 

levels on myeloid cells or myeloid lineage subsets. N=6-7/treatment. Unpaired two-tailed 933 

Student’s t-tests. p=0.15, 0.47, 0.99, 0.16 and t(11)=1.5, 0.75, 0.01, 1.5, respectively. 934 

(F) There were no differences in the accumulation of total myeloid cells (CD11b+) or any 935 

myeloid lineage subset in spinal cords of diclofenac-treated mice compared to vehicle-treated 936 

mice at 24 hrs post-SCI. N=7/treatment. Unpaired two-tailed Student’s t-tests. p=0.37, 0.53, 937 

0.92, 0.23 and t(12)=0.66, 0.64, 0.12, 1.27, respectively. 938 

(G) Flow cytometry analysis demonstrated loss of L-selectin on total leukocytes (CD45+, 939 

p=0.020 and t(12)=2.67), total myeloid cells (CD11b+, *p=0.020 and t(12)=2.69), non-classical 940 

monocytes (Ly6Clow/Ly6G-, **p=0.008 and t(12)=3.16), and neutrophils (Ly6Clow/Ly6G+, 941 

*p=0.049 and t(12)=2.20) in the spinal cord of diclofenac-treated versus vehicle-treated mice at 942 

24 hrs post-SCI. There was no effect on L-selectin on inflammatory monocytes (Ly6Chi/Ly6G-, 943 

p=0.59 and t(12)=0.56). N=7/treatment. Unpaired two-tailed Student’s t-tests.  944 

(H) ELISA for soluble L-selectin (sLselectin) in the peripheral blood at 8, 24, and 72 hrs post-945 

SCI in mice receiving a vehicle (PBS) control injection or 1-60 mg/kg of diclofenac. Increased 946 

sL-selectin was observed at 8 and 24 hrs, but not 72 hrs, post-SCI in mice receiving 40 and 60 947 

mg/kg diclofenac. N=5/group for 8 hrs and 72 hrs. N=5/group at 24 hrs except for vehicle (N=7) 948 

and 40 mg/kg diclofenac (N=10). One-way ANOVA followed by Dunnett’s posthoc test 949 

(p=0.005, 0.006, 0.71, and F(6,28)=4.05, F(6,35) = 3.72, F(6,28) = 0.63, respectively). *p<0.05, 950 

**p<0.01.   951 

 952 
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Figure 9. Diclofenac treatment reduces acute oxidative stress at 72 hours post-SCI. By 953 

immunoblotting, malondialdehyde (MDA) was reduced by 29% in diclofenac-treated vs. vehicle-954 

treated WT mice after SCI (*p=0.045, t(8) = 2.37). N=5/treatment. Unpaired two-tailed Student’s 955 

t-test. All values were normalized to GAPDH. 956 

 957 

Figure 10.  Diclofenac treatment improves long-term recovery when delayed for 3 hrs, but not 8 958 

hrs, post-SCI.  959 

(A) BMS scores demonstrated improved neurologic recovery when diclofenac was delivered 960 

immediately following injury. N=13 for vehicle and 12 for diclofenac. Two-way ANOVA with 961 

Sidak’s post hoc test (interaction p<0.0001, time p<0.0001, treatment p<0.0001 and 962 

F(1,23)=26.0). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 963 

(B) Recovery was also improved when administration of diclofenac was delayed to 3 hrs post-964 

SCI. N=11 for vehicle and 13 for diclofenac. Two-way ANOVA with Sidak’s post hoc test 965 

(interaction p<0.0001, time p<0.0001, treatment p=0.0005 and F(1,22)=17.0). *p<0.05, 966 

**p<0.01, ***p<0.001. 967 

 (C) No improvement was observed when diclofenac was delayed to 8 hrs post-SCI. N=13 for 968 

vehicle and 10 for diclofenac. Two-way ANOVA with Sidak’s post hoc test (interaction p=0.42, 969 

time p<0.001, treatment p=0.23 and F(1,21)=1.51). 970 

(D) Improved stepping ability was observed when diclofenac was delivered immediately after 971 

injury. Chi square analysis followed by a one-sided Fisher's exact test. N=13 for vehicle and 12 972 

for diclofenac. **p=0.003.   973 
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 (E) No benefit for stepping was observed when diclofenac was delivered 3 hrs after injury. Chi 974 

square analysis followed by a one-sided Fisher's exact test. N=11 for vehicle and 13 for 975 

diclofenac. *p=0.26. 976 

 (F) No benefit for stepping was observed with an 8 hr delay of diclofenac administration. Chi 977 

square analysis followed by a one-sided Fisher's exact test. N=13 for vehicle and 10 for 978 

diclofenac. p=0.69. 979 

(G) Spared white matter at the lesion epicenter was increased at 42 days post-SCI in WT mice 980 

treated with diclofenac at 3 hrs post-SCI compared to the time-matched vehicle (PBS) control 981 

group. Data are expressed as total area. N=6 for PBS and N=12 for diclofenac. Two-tailed 982 

Student’s t-test. *p=0.011, t(16)=2.87.  983 

(H) No additional benefit in BMS score was achieved by administering a second dose of 984 

diclofenac. N=13 for vehicle, 15 for single dose, and 7 for 2 doses. Two-way ANOVA with 985 

Tukey’s post hoc test (interaction p<0.001, time p<0.001, treatment p=0.002 and F(2,32)=8.04). 986 

p>0.55 for single vs 2 doses for all timepoints. *p<0.05, **p<0.01, ***p<0.001. 987 

(I) Multiple doses of diclofenac resulted in higher mortality rates.  988 

 989 

Table Legends 990 

Table 1. Number of animals 991 

Table 2. Categorical analysis of BMS scoring  992 

 993 
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 WT (N) KO (N) 
Long-term studies   

SCI 21 24 
BMS 21 24 
Grid-walk 13 8 
White matter sparing 11 8 
   

Acute studies   
Uninjured 7 7 
SCI 19 19 
Immunoblotting 8 8 
Flow cytometry  18 18 
   

 Vehicle (N) Diclofenac (N) 
Long-term studies   

SCI (WT) 75 122 
SCI (KO) 6 5 
BMS 79 109 
Grid walk 4 11 
White matter sparing  14 28 

   Mortality (single dose) 2 1 
Mortality (2 doses) N/A 8 
Mortality (3 doses) N/A 9 
   

Acute studies   
In vitro  21 (pooled) 
Uninjured 18 18 
SCI 29 107 
Flow cytometry 25 25 
ELISA 17 95 
Immunoblotting 5 5 

 



 

 1 

      BMS 
      Category 

Vehicle (3 hrs post-SCI, N=11) Diclofenac (3 hrs post-SCI, N=13) 
1 day 7 days 42 days 1 day 7 days 42 days 

0 100% (11) 27.3% (3)  100% (13) 7.7% (1)  
1  45.5% (5) 27.3% (3)  38.5% (5)  
2  27.3% (3) 45.5% (5)  15.4% (2) 30.8% (4) 
3   9.1% (1)  38.5% (5) 30.8% (4) 
4   18.2% (2)   7.7% (1) 
5      30.8% (4) 

 


