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Abstract

Acute administration of a monoclonal antibody (mAb) raised against the CD11d subunit of the 

leukocyte CD11d/CD18 integrin after spinal cord injury (SCI) in the rat greatly improves 

neurological outcomes. This has been chiefly attributed to the reduced infiltration of neutrophils 

into the injured spinal cord in treated rats. More recently, treating spinal cord-injured mice with a 

Ly-6G neutrophil-depleting antibody was demonstrated to impair neurological recovery. These 

disparate results could be due to different mechanisms of action utilized by the two antibodies, or 

due to differences in the inflammatory responses between mouse and rat that are triggered by SCI. 

To address whether the anti-CD11d treatment would be effective in mice, a CD11d mAb (205C) or 

a control mAb (1B7) was administered intravenously at 2, 24, and 48 h after an 8-g clip 

compression injury at the fourth thoracic spinal segment. The anti-CD11d treatment reduced 

neutrophil infiltration into the injured mouse spinal cord and was associated with increased white 

matter sparing and reductions in myeloperoxidase (MPO) activity, reactive oxygen species, lipid 

peroxidation, and scar formation. These improvements in the injured spinal cord 

microenvironment were accompanied by increased serotonin (5-HT) immunoreactivity below the 

level of the lesion and improved locomotor recovery. Our results with the 205C CD11d mAb 

treatment complement previous work using this anti-integrin treatment in a rat model of SCI.
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Introduction

Mechanical injury to the spinal cord is followed by a process of secondary injury that is 

attributed to a robust inflammatory reaction (Bartholdi and Schwab, 1995; Blight, 1992; 

Hausmann, 2003; Lee et al., 2000; Popovich et al., 2002; Taoka and Okajima, 1998). The 

CD11/CD18 integrins, a family of membrane-bound glycoproteins, are found on the surface 

of leukocytes and bind to rat and human vascular cell adhesion molecule-1 (VCAM-1; 

Grayson et al., 1999; Van der Vieren et al., 1999), and human intercellular cell adhesion 

molecule-3 (ICAM-3; Van der Vieren et al., 1995). The expression of VCAM-1 and ICAM-3 

is upregulated on damaged endothelial cells, allowing leukocytes to bind and migrate into 

the damaged tissue after injury (Schnell et al., 1999). A monoclonal antibody (mAb) 217L 

directed against the CD11d subunit of the CD11/CD18 integrin substantially decreased the 

number of neutrophils and macrophages in the cord after SCI in the rat (Mabon et al., 2000; 

Saville et al., 2004). This treatment resulted in decreased secondary damage (Bao et al., 

2004a, 2004b, 2005), and significantly improved locomotor and autonomic recovery and 

decreased neuropathic pain (Gris et al., 2004; Oatway et al., 2005). These results are 

reinforced by several other studies that found that reducing neutrophils was neuroprotective 

(Bao et al., 2004a; Gorio et al., 2007; Hamada et al., 1996; Nguyen et al., 2007; Sroga et al., 

2003; Taoka et al., 1997; Tonai et al., 2001).

In apparent contradiction to these CD11d mAb studies was a recent report in the spinal cord-

injured mouse, that depleting neutrophils after SCI using the Ly-6G (RB6-8C5) mAb 

impeded functional recovery (Stirling et al., 2009). One possible explanation for these 

contradictory results is that decreasing intraspinal neutrophils in the rat after SCI might not 

work as effectively in the mouse due to differences in the onset and duration of neutrophil 

infiltration (Donnelly and Popovich, 2008; Kigerl et al., 2006). An alternative explanation is 

that the CD11d and Ly-6G mAb target leukocytes in different ways (depletion versus 

blocking migration), bringing about different results after SCI.

As a step toward resolving the discrepancy in results between the CD11d and the Ly-6G 

mAb-treated spinal cord-injured animals, we sought to evaluate the anti-CD11d treatment in 

spinal cord-injured mice. Mice were injured at the fourth thoracic spinal segment using an 8-

g clip compression injury, and a CD11d mAb was administered intravenously at 2, 24, and 

48 h post-injury. We herein report that the anti-CD11d treatment in the spinal cord-injured 

mouse decreases neutrophil infiltration by approximately 61% at 72 h post-injury, and 

results in reduced secondary damage and improved functional recovery. Thus despite 

differences in the neuroinflammatory response between the rat and mouse after SCI, the 

anti-CD11d treatment improves neurological outcomes in both species. Our results confirm 

the therapeutic effectiveness of reducing the early infiltration of leukocytes into the injured 

spinal cord, and suggest that the use of a non-depleting antibody has benefits not realized 

when a depleting antibody is used to target similar leukocyte populations.
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Methods

Spinal cord injury

All procedures for this study were conducted in accordance with the University of Western 

Ontario Animal Care Committee Guidelines, adhering to the Canadian Guide to the Care 

and Use of Experimental Animals. Female C57BL/6 mice (Charles River) weighing 18–22 g 

were premedicated with atroprine (0.05 mg/kg SC; Sigma-Aldrich, St. Louis, MO). After 10 

min, the mice were anesthetized by induction with 4% halothane and maintained with 1.5% 

halothane. The T4 spinal cord segment was exposed by dorsal laminectomy and injured, 

without disrupting the dura, by a 60-sec 8.3-g clip compression (Jacob et al., 2003; Joshi and 

Fehlings, 2002). The skin was closed and the injured mice were allowed to recover under a 

heat lamp. The mice were administered 0.5 mL of saline to replace loss of blood, 

buprenorphrine (0.01 mg/kg, and Baytril 25 mg/kg SC; Bayer, Toronto, Ontario, Canada) 

after surgery, and twice daily for the next 3 days. The bladders were manually emptied twice 

daily for the duration of the study.

Antibody treatment

The mice were administered a CD11d mAb (205C) or a control mAb (1B7, a dinitrophrenyl 

mAb) at 1.0 mg/kg IV, via tail vein injection at 2, 24, and 48 h after injury. This dose was 

optimized in spinal cord-injured rats and found to improve functional recovery (Gris et al., 

2004; Mabon et al., 2000; Saville et al., 2004). A third group of spinal cord-injured mice 

was administered saline to control for any effects of IgG administration. The CD11d and 

1B7 mAb were generously provided by Eli Lilly & Co. To test for any effects of the 

antibody treatments on circulating leukocytes we collected blood samples from the 

saphenous vein before injury and then again at 24 h after antibody treatments. White blood 

cell (WBC) counts were performed using a hemocytometer after RBC lysis. The mean WBC 

count before injury was 4.65×106±9.9×105 cells per mL and 6.2×106±2.5×105 cells per mL 

for the 1B7 and CD11d mAb-treated mice, respectively. The mean WBC count after injury 

was 3.2×106±4.6×105 cells per mL and 5.7×106±2.5×105 cells per mL for the 1B7 and 

CD11d mAb-treated mice, respectively. There were no significant differences in WBC 

counts between groups before or after injury (p<0.05 by two-way analysis of variance 

[ANOVA]).

Biochemical assays

At 24 h, 72 h, 1 week, or 2 weeks post-injury mice were anesthetized and perfused with cold 

0.9% NaCl. A 0.5-cm segment of spinal cord centered on the lesion site was removed for 

analysis. The tissue was homogenized and assayed for markers of inflammation and 

oxidative damage. Neutrophil, and to a lesser extent macrophage, presence and activity was 

measured by myeloperoxidase (MPO) activity. The levels of reactive oxygen species (ROS) 

were measured by the oxidation of 2′-7′-dichlorofluorescin diacetate (DCFH-DA) to the 

fluorescent compound 2′-7′-dichlorofluorescein (DCF). The formation of the oxidized 

fluorescent derivative DCF was monitored at an excitation wavelength of 488 nm and an 

emission wavelength of 525 nm using a fluorescence spectrophotometer as previously 

described (Bao et al., 2005). The formation of ROS was quantified using a DCF standard 

curve, and results were expressed as fold changes compared to homogenates from uninjured 
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spinal cords. Free radical-induced lipid peroxidation and enzymatic lipid peroxidation, a 

byproduct of arachidonic acid metabolism, was detected by a thiobarbituric acid reactive 

substances (TBARS) assay that measures the relative levels of malondialdehyde (MDA) and 

other aldehydes, as previously described (Ohkawa et al., 1979; Bao et al., 2004b).

Histology

At 72 h, 2 weeks, and 42 weeks after SCI, mice were anesthetized and perfused with cold 

0.9% NaCl, followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) as 

previously described (Brown et al., 2004, 2007). A 1-cm segment of the spinal cord centered 

on the lesion site was dissected, post-fixed for 2 h, and cryoprotected in 20% sucrose in PBS 

(pH 7.4) overnight. Tine spinal cord segment was embedded in tissue embedding medium, 

frozen, and stored at −80°C. Serial cross-sections of the spinal cord were cut at 16 μm using 

a cryostat, thaw-mounted on Superfrost™ glass slides (Fisherbrand; Fisher Scientific, 

Ottawa, Ontario, Canada), and stored at −20°C until processing for histological analysis. 

Every 10th section was collected on the same slide so that each slide had 10 sections, with 

each section separated by 160 μm. All histological staining and immunohistochemistry were 

carried out on sections separated by 160 μm, spanning from 5.0 mm rostral to 5.0 mm caudal 

to the lesion site. Histochemical staining with solochrome and trichrome was used to assess 

white matter sparing and collagen deposition after SCI, respectively (Xu et al., 2010).

Immunohistochemistry

The commercial sources and concentrations of the primary and secondary antibodies used in 

the immunohistochemical analyses are summarized in Table 1. For Ly-6G, Mac-1, and MPO 

immunohistochemistry, the sections were washed 3×10 min in TBS. Endogenous 

peroxidases were blocked by submerging sections in 3% hydrogen peroxide for 10 min, and 

washed 3×10 min in TBS. The sections were treated with 5% goat serum and 0.1% Triton-

X-100 in TBS for at least 2 h at room temperature. Primary antibodies were left on tissue 

sections overnight at 4°C in a humidified chamber. The sections were incubated with 

biotinylated secondary antibodies in TBS for 1 h at room temperature, then washed 3×10 

min in TBS and incubated in avidin-peroxidase conjugate (Elite Kit; Vector Laboratories, 

Burlingame, CA) for 45 min at room temperature. The signal was visualized using a 

peroxidase-diaminobenzidine (DAB; Zymed, Carlsbad, CA) reaction.

For serotonin (5-HT) immunostaining, sections were washed 3×10 minutes in TBS and then 

treated with 10% goat serum, 2% bovine serum albumin, and 0.3% Triton-X-100 in TBS for 

2 h at room temperature. The sections were incubated in primary antibody (Table 1) in 3% 

goat serum, 2% bovine serum albumin, and 0.3% Triton X-100 in TBS overnight at 4°C in a 

humidified chamber. The sections were washed 3×10 min in TBS, incubated with the 

appropriate secondary antibodies (Table 1) with 3% goat serum, and 0.3% Triton-X-100 in 

TBS for 1 h at room temperature. The slides were washed 3×10 min in TBS and cover-slips 

were secured to the slides using Vectashield HardSet Mounting Media containing the 

fluorescent nuclear stain 4,6-diamino-2-phenylindole (DAPI; both from Vector 

Laboratories). The fluorescently-labeled sections were examined using an Olympus 

epifluorescence microscope (BX51). Control slides were processed in the same manner with 

the exception that blocking solution replaced the primary antibody.
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Quantification of Ly-6G, MPO, and 5-HT expression

Every 10th transverse serial section from 5.0 mm rostral to 5.0 mm caudal to the lesion site 

was analyzed by immunohistochemistry for the number of Ly-6G- and MPO-positive cells at 

3 and 14 days post-injury. The number of Ly-6G- and MPO-positive cells was counted using 

a light microscope. The area of 5-HT immunoreactivity (area per area of interest) was 

measured in the intermediolateral columns and in the ventral horns in sections obtained 

~1920 μm caudal to the injury using Image Pro Plus Software.

Quantification of macrophages/microglia, white matter sparing, and collagen

Sections were immunostained with a Mac-1 antibody to identify macrophages/microglia. 

Sections were stained with solochrome cyanine to identify myelin, or with Mason’s 

trichrome to identify collagen (Xu et al., 2010). Images of every 10th section (160 μm apart) 

were digitally captured and the area demonstrating signal (per area of interest) was measured 

using Image Pro Plus Software. Because of the frequent distortion of the cord by scar and 

the compression at and near the lesion, white matter (per area) of sections from relatively 

intact cord at 3 mm rostral to the lesion epicenter in the same animal was also quantified and 

used to normalize the white matter areas closer to the lesion.

Locomotor function

The spinal cord-injured mice were assessed for locomotor outcomes using the Basso Mouse 

Scale (BMS; Basso et al., 2006). Locomotor function of the animals was assessed by two 

observers blinded to the experimental treatment of each mouse. Mice were scored in an open 

field-environment for 4 min. Scores ranged from 0 (complete paralysis) to 9 (normal 

mobility). Animals that scored higher than 0.5 on the day after surgery were excluded from 

the study. Individual scores from each hindlimb were averaged. The saline and 1B7 mAb-

treated controls scored an average of 0.5 on the BMS scale, which is comparable to the 

degree of locomotor recovery seen in other studies using the 8-g clip compression injury in 

C57BL/6 mice (Chu et al., 2007).

Statistical analysis

Mean values are expressed ± standard error (SE). Statistical analyses were performed using 

GB-STAT software. Comparisons of the number of Ly-6G+ and MPO+ cells in different 

groups and assay results were made using Student’s t-tests. Data for locomotor recovery, 

myelin sparing, and Mac-1-positive cell density were analyzed by a two-way repeated 

measures ANOVA, as these measures change with time/distance and treatment. Differences 

between means were determined by a post-hoc Fisher least squares protected t-test. Changes 

in trichrome staining (scar formation) were analyzed by a one-way ANOVA, as these 

changes do not change with distance from the lesion. Differences between means were 

determined with a Newman-Keuls post-hoc test. In all cases comparisons of means were 

only performed if the results from the one-way or two-way ANOVA were significant. To 

evaluate whether the area of 5-HT immunoreactivity caudal to the lesion was greater in 

CD11d-treated mice, a one-tailed t-test was used. The correlation between the BMS scores 

and area of 5-HT immunoreactivity 1920 μm caudal to the injury was calculated using a 
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simple linear regression analysis. Differences were considered statistically significant if 

p<0.05.

Results

Effect of the anti-CD11d treatment on leukocyte infiltration into the injured spinal cord 3 
days post-injury

We assessed the effect of the anti-CD11d treatment on leukocyte infiltration into the injured 

mouse spinal cord. Three days post-injury the presence of neutrophils was assessed using 

the marker Ly-6G. Ly-6G immunostaining revealed that Ly-6G-expressing cells were found 

only at the lesion site, a distance that approximately spanned a length ±0.48 mm from the 

epicenter. At 72 h post-injury the number of Ly-6G+ cells at the lesion site in the CD11d 

mAb-treated group was significantly less than the number of Ly-6G+ cells at the lesion site 

in the 1B7 mAb-treated group (1328±147 and 3398±781, respectively; Fig. 1A and B; 6 

mice/group, p<0.05 by Student’s t-test).

The effect of the anti-CD11d treatment on monocyte/microglia/macrophage populations in 

the spinal lesion was assessed by quantifying Mac-1 (CD11b) immunoreactivity. At 72 h 

post-injury, Mac-1-expressing cells were present both rostral and caudal to the lesion. At this 

time point the majority of Mac-1+ cells observed at the lesion site had large cell bodies with 

limited processes. The area of Mac-1+ cells was not significantly different between the anti-

CD11d- and 1B7-treated groups (Fig. 1C and D; 5 mice/group, p=0.093 by two-way 

ANOVA).

Anti-CD11d treatment reduces neutrophil and macrophage infiltration into the injured 
spinal cord at 2 and 6 weeks post-injury

In the mouse model of SCI, peak numbers of neutrophils and macrophages are found 

between 3 and 14 days post-injury and persist chronically (Sroga et al., 2003). We therefore 

examined the influence of CD11d mAb on leukocyte infiltration at 2 and 6 weeks post-

injury. At 14 days post-injury, Ly-6G+ cells were restricted to the region of tissue damage 

and within regions of tissue fibrosis. The number of Ly-6G+ cells in the injured spinal cords 

of mice treated with the CD11d mAb was significantly less than the number in 1B7 mAb-

treated controls (1341±346 versus 3697±833, respectively, 6 mice/group, p<0.05 by 

Student’s t-test; Fig. 2A and B). At the lesion epicenters Mac-1-expressing cells were large, 

foamy, round, and mostly found in uninjured tissue outside the fibrous scar. Rostral to the 

lesion, the majority of Mac-1+ cells were stratified, with small cell bodies bearing multiple 

processes (Fig. 2C). The areas of Mac-1 immunoreactivity at the lesion epicenters, or rostral 

to the epicenters, did not differ significantly between the CD11d and 1B7 mAb-treated 

control mice. Caudal to the lesion sites the area of Mac-1 immunoreactivity in the CD11d 

mAb-treated spinal cords was significantly less than that in the control mice (p=0.025 by 

two-way ANOVA and p<0.05 by Fisher protected t-test, 6 mice/group; Fig. 2D). At 42 days 

post-injury there was no significant difference in the number of Ly-6G+ cells or the area of 

Mac-1+ immunoreactivity in CD11d mAb-treated mice compared to 1B7 mAb-treated 

controls (5 animals/1B7 group and 6 animals/anti-CD11d group, two-way ANOVA; Fig. 3).
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The anti-CD11d treatment reduces markers of secondary damage

Leukocytes are major producers of hydrogen peroxide, superoxide anion, and free radicals in 

injured tissue (Braughler and Hall, 1992; Clark, 1990; Smith, 1994; Tidball, 2005). 

Myeloperoxidase expressed in neutrophils and macrophages catalyzes a reaction between 

hydrogen peroxide and chloride that yields hypochlorite, a strong oxidizing agent 

(Panasenko et al., 1995; Weiss, 1989). These ROS in the spinal lesion react with 

polyunsaturated fatty acids and result in lipid peroxidation and membrane damage. We 

predicted that the significant decrease of intraspinal neutrophils at 3 days post-injury in 

CD11d mAb-treated mice would lead to reductions in oxidative damage in their spinal 

cords. We performed biochemical assays to measure MPO activity, ROS, and lipid 

peroxidation levels. MPO activity peaked at 24 h after SCI, increasing 24-fold compared to 

uninjured controls. Treatment with the CD11d mAb significantly reduced MPO activity at 1, 

3, and 7 days post-injury compared to 1B7 mAb-treated controls (p<0.05 by Student’s t-test; 

Fig. 4A).

An indication of lipid peroxidation that could be due to free radical tissue damage and/or to 

activation of the arachidonic acid cascade was evaluated by a TBARS assay that measures 

the relative levels of MDA in tissue homogenates. Treatment with the CD11d mAb 

significantly reduced MDA levels, by 40% at 24 h and by 33% at 72 h post-injury compared 

to 1B7 mAb-treated controls. MDA activity in the spinal cord of CD11d and 1B7 mAb-

treated mice returned to uninjured levels by 2 weeks post-injury (p<0.05 by Student’s t-test; 

Fig. 4B). We used the conversion of DCFH-DA to the oxidized fluorescent product DCF to 

assess the amount of ROS in the injured spinal cords. DCFH-DA was added to tissue 

homogenates and the formation of DCF was monitored by fluorescence. Concentrations of 

DCFH in spinal cord homogenates peaked 3 days post-injury. DCF levels in the spinal cord 

homogenates from CD11d mAb-treated mice were decreased by approximately 30% 

compared to DCF levels in 1B7 mAb-treated control homogenates at all time points (p<0.05 

by Student’s t-test; Fig. 4C).

We were surprised to find no detectable levels of MPO activity at 14 days post-injury, as we 

detected neutrophils with immunohistochemistry using Ly-6G antibody at this same time 

point (Fig. 4A). To clarify this apparent discrepancy, we performed immunohistochemistry 

using an MPO antibody. Whereas the MPO activities measured at 2 weeks post-injury in 

tissue homogenates from the CD11d and 1B7-mAb-treated groups were very low, and not 

significantly different from one another, the MPO immunohistochemistry demonstrated a 

statistically significant reduction in MPO-expressing cells in CD11d mAb-treated mice 

compared to 1B7 mAb-treated controls (Fig. 5), as was also demonstrated using Ly-6G 

immunostaining (Fig. 2).

Anti-CD11d treatment improves locomotor recovery in spinal cord-injured mice

The 8.3-g clip compression injury was severe and in all mice caused flaccid paralysis with 

little or no hindlimb movement during the first week post-injury (Fig. 6). CD11d mAb-

treated mice began to improve at 3 days post-injury, and received significantly better scores 

by 14 days post-injury compared to 1B7 mAb-treated or saline control mice. At 42 days 

post-injury the CD11d mAb-treated group had an average score of 3.8±1.1 SEM. A score of 
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4 indicates occasional stepping and a score of 3 indicates plantar placement. Mice treated 

with the control mAb, 1B7, achieved an average score of 0.3±0.2 SEM. A score of 0 reflects 

no movement and a score of 1 indicates slight movement in one ankle (n=6 mice/1B7 group, 

n=4 mice/saline controls, and n=7 mice/anti-CD11d group; p<0.0001 by two-way ANOVA, 

and p<0.05 by Fisher’s protected t-test; Fig. 6).

Anti-CD11d treatment increased myelin sparing and reduced scar formation

After locomotor evaluation at 42 days post-injury, the mice were euthanized by cardiac 

perfusion and their spinal cords processed for histology. Myelin sparing was assessed by 

measuring the area of blue staining in solochrome-stained sections, and the extent of 

scarring was assessed by the area of blue staining in Mason’s trichrome-stained sections. 

Improved functional recovery correlated with an increase in myelin sparing and reduced 

collagenous scar tissue. Solochrome staining revealed a near-total absence of myelin at all 

lesion epicenters, with only a small amount of myelin staining evident in the pial rim. 

Myelin sparing at the lesion epicenters, where the least amount of myelin was observed, did 

not differ between CD11d and 1B7-mAb treated mice. A significant increase in myelin 

sparing was observed beginning at 0.32 mm rostral and caudal to the lesion epicenter in 

CD11d mAb-treated mice compared to 1B7 mAb-treated controls (5 mice/1B7 group and 6 

mice/anti-CD11d group; p = 0.008 by two-way ANOVA, and p< 0.05 by Fisher’s protected 

t-test; Fig. 7A and B). Reduction in the collagenous scar was also associated with the CD11d 

mAb treatment. The scar was most pronounced at the lesion epicenters in all spinal cord-

injured mice. The scar was significantly reduced in the spinal cords of CD11d mAb-treated 

mice compared to 1B7 mAb-treated controls, beginning at 0.64 mm rostral and 0.32 mm 

caudal to the lesion epicenter (Fig. 8).

The CD11d mAb increased serotonergic input and axon growth at and caudal to the lesion 
epicenters

Descending serotonergic (5-HT-positive) axons provide excitatory input to motor neurons, 

and the loss of these inputs has been correlated with locomotor dysfunction (Saruhashi et al., 

1996). Serotonergic axons were examined in the injured spinal cords at 42 days post-injury. 

5-HT-positive fibers could easily be identified at the lesion epicenters in both anti-CD11d- 

and 1B7-treated mice and appeared disorganized (Fig. 9). Whereas 5-HT-positive axons 

were largely absent caudal to the lesion site in all 1B7 mAb-treated control mice examined 

(n = 5), the CD11d mAb-treated mice (n = 6) demonstrated many 5-HT-positive axons 

caudal to the lesion that were localized to the intermediolateral columns and ventral horns 

(Fig. 9). Measuring the area of 5-HT-immunoreactivity per area of interest at 1920 μm 

caudal to the lesion epicenter using Image Pro Plus Software revealed a statistically 

significant increase in 5-HT immunoreactivity in the CD11d mAb-treated mice compared to 

1B7 mAb-treated controls (p<0.05 by one-tailed t-test). Linear regression analysis showed a 

significant correlation between BMS scores 6 weeks post-injury and areas of 5-HT 

immunoreactivity 1920 μm caudal to the lesion epicenter (r2 = 0.89). These results suggest 

that the anti-CD11d treatment may help preserve serotonergic pathways.
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Discussion

The anti-CD11d treatment was given acutely at 2, 24, and 48 h post-injury. Within the first 

48 h after SCI in mice, neutrophils infiltrate the spinal cord in high numbers, while 

monocytes/macrophages have only begun to enter the injured cord. Immunohistochemistry 

using both Ly-6G and MPO antibodies demonstrate that the CD11d mAb reduced the 

number of neutrophils in the injured mouse spinal cord by approximately threefold at 3 days 

post-injury. In confirmation of these results we also observed reduced MPO activity in tissue 

homogenates from CD11d mAb-treated mice compared to tissue homogenates from 1B7 

mAb-treated mice at 1, 3, and 7 days after injury. Despite reductions in MPO 

immunostaining at 2 weeks post-injury we did not detect any reduction in MPO activity in 

tissue homogenates from CD11d mAb-treated rats at 2 weeks after injury compared to 1B7 

mAb-treated controls. This is likely due to reduced MPO enzyme activity in neutrophils and 

macrophages in the lesion site as inflammation enters a more chronic state.

The anti-CD11d treatment also reduced macrophage infiltration of the injured cord. We 

observed a reduction in Mac-1 immunostaining at 2 weeks post-injury. Neutrophil 

infiltration into injured tissue typically signals the onset of the inflammatory phase of wound 

healing, including the recruitment of monocytes to the injury site (Soehnlein et al., 2008). 

Furthermore, depletion of neutrophils impairs monocyte recruitment (Florido et al., 1997; 

Shiohara et al., 2004; Soehnlein et al., 2008). Thus the macrophage reduction observed in 

CD11d mAb-treated mice may be a response to the decrease in neutrophil activation and/or 

recruitment within their injured cords, rather than resulting from a direct blockade of 

macrophage infiltration.

To investigate the possibility that spared supraspinal inputs may contribute to the locomotor 

recovery seen in CD11d mAb-treated mice, we stained sections for 5-HT immunoreactivity, 

as supraspinal serotonergic inputs to the ventral horn are critical to motor function after SCI 

(Saruhashi et al., 1996). Sparing as little as 5–10% of the fibers at the lesion site is sufficient 

to produce basic locomotion in spinal cord-injured rats (Basso et al., 2006). The strong 5-HT 

immunoreactivity caudal to the lesion epicenter in the CD11d mAb-treated mice contrasts 

with the near-absence of 5-HT staining in all the 1B7 mAb-treated controls. The strong 

correlation (r2 = 0.89) between BMS scores at 6 weeks post-injury and the area of 5-HT 

immunoreactivity caudal to the lesion suggests that the increased BMS scores in CD11d 

mAb-treated mice are likely due to increased sparing of supraspinal serotonergic inputs.

We found that in mice, reduced intraspinal neutrophil numbers due to the anti-CD11d 

treatment led to improved neuroprotection and improved functional recovery. However, 

these results conflict with a recent mouse SCI study that found reduced functional recovery 

after acutely depleting neutrophils with a Ly-6G mAb (RB6-8C5) treatment (Stirling et al., 

2009). There are several possible explanations for these conflicting results. The first is that 

the Ly-6G antibody may not be specific for neutrophils. The anti-Ly-6G antibody can also 

bind to Ly-6C, that in addition to neutrophils (Fleming et al., 1993), is also expressed on 

dendritic cells (Tvinnereim et al., 2002), lymphocytes (Han and Cutler, 1997), and Gr-1 + 

monocyte subsets (Daley et al., 2008). Thus the Ly-6G mAb may have depleted more than 

just neutrophils.
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The second possible explanation for the differences seen between the Ly-6G and CD11d 

mAb treatment results in cord-injured mice is that the two antibodies reduce intraspinal 

neutrophil numbers via different mechanisms. If, as suggested by Stirling and associates, the 

anti-Ly-6G antibody not only depletes circulating but also the bone marrow neutrophil 

reserves (Stirling et al., 2009), the effects will be long-lasting, requiring time for the bone 

marrow to replenish neutrophil progenitor populations. In contrast, the CD11d mAb does not 

deplete CD11d+ cells, but rather just blocks the CD11d interaction with its receptor VCAM-

I on endothelial cells, resulting in direct effects that are likely short-lived. By virtue of the 

fact that the Ly-6G antibody depletes bone marrow reserves and circulating neutrophils, this 

treatment may have had a more profound and protracted effect on neutrophil numbers in the 

injured cord, and in the circulation. This possibility is difficult to evaluate, as the Ly-6G 

antibody study did not evaluate neutrophil numbers in the injured spinal cord at times later 

than 48 h post-injury, nor were the effects of the neutrophil depletion on subsequent 

monocyte-derived macrophage recruitment that peaks at 7–14 days post-SCI assessed. It is 

likely that a moderate presence of neutrophils is necessary for wound healing. The benefit of 

the acute CD11d mAb treatment is that it blocks the early proinflammatory infiltration of 

leukocytes into the cord without depleting their number or progenitors, so that these cells 

may infiltrate at a later time point when the environment may promote their wound-healing 

and repair functions.

On the other hand, another group using the same Ly-6G antibody (RB6-8C5) have shown 

that while this antibody depletes circulating neutrophils, it does not deplete neutrophil 

progenitors in the bone marrow, but on the contrary induces myeloid cell expansion and 

inhibits the suppressor activity of myeloid-derived suppressor cell populations (Ribechini et 

al., 2009). If the Ly-6G antibody does indeed induce myelopoiesis and inhibit suppressor 

cell activity, then its use after SCI would be predicted to lead to a delayed but more robust 

inflammatory response, increased secondary damage, and decreased neurological recovery. 

We suggest that it may be the effect on myelopoiesis and lack of suppressor cell activity and 

not the acute effect on circulating neutrophils that explains the poor recovery in Ly-6G 

antibody-treated spinal cord-inured mice.

A third possible explanation for the discrepancy seen in the results of the Ly-6G and CD11d 

mAb studies rests on the different types of injuries used. The Ly-6G antibody study utilized 

a moderate contusion injury using the Infinite Horizon Impactor (Precision Scientific, 

Lexington, KY), whereas the CD11d mAb study utilized a much more severe clip 

compression injury that includes a significant ischemia-reperfusion component. The 

difference in the severity of these two types of injuries is apparent when one considers that 

the control animals in the Ly-6G mAb study achieved average BMS scores of 5.1 by 4 

weeks post-injury, compared to average BMS scores < 0.5 for control animals in the CD11d 

mAb study. The more severe inflammatory reactions triggered by severe injuries may 

promote the damaging effects of neutrophils over their reparative functions. Thus severe 

injuries may respond more favorably than less severe injuries to strategies that reduce 

neutrophil infiltration into the injured cord. A fourth and related possible explanation for the 

discrepancy in the results of the Ly-6G and CD11d mAb studies is that different strains of 

mice and different levels of SCI were used in each study. Studies have shown that different 

mouse strains respond differently to spinal cord injury with respect to locomotor recovery 
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and inflammatory reactions (Basso et al., 2006; Kigerl et al., 2006; Ma et al., 2004). It is 

likely that CD-1 and C57BL/6 mice respond differently to SCI such that reducing 

neutrophils in the injured spinal cord is detrimental to CD-1 recovery, but beneficial to 

C57BL/6 recovery. Furthermore it has also been reported that the immune response 

triggered by SCI may be different for high thoracic SCI (as performed in our study) 

compared to lower thoracic SCI (as performed in the study by Stirling and associates), as 

higher levels of SCI (T3–T6) impair sympathetic innervation of lymphoid tissue (Lucin et 

al., 2007; Popovich and McTigue, 2009).

Our results strongly support the use of the anti-CD11d treatment as a viable option for SCI. 

Our results further point to the importance of characterizing the effect of anti-inflammatory 

treatments on all relevant cell populations and at acute and chronic time points post-injury. 

Finally anti-inflammatory treatments may need to be assayed in models with a variety of 

injury severities, as we predict that the greatest beneficial effects of anti-inflammatory 

strategies may rest in those instances in which inflammation plays the greatest role in the 

evolving secondary damage.
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FIG. 1. 
The anti-CD11d treatment reduces neutrophil infiltration into the cord at 3 days post-injury. 

Shown are representative photomicrographs of sections from the lesion epicenters of 1B7 

and CD11d monoclonal antibody (mAb)-treated mice 3 days after spinal cord injury (SCI), 

immunostained with a Ly-6G antibody (A) or a Mac-1 antibody (C). Staining for neutrophils 

(Ly-6G) was decreased in mice treated with the CD11d mAb compared to mice treated with 

the control mAb (1B7). (B) The number of Ly-6G-positive cells at the lesion epicenter in 

CD11d mAb-treated mice (gray bars) was significantly reduced compared to control 1B7-

treated mice (open bars). (D) The mean percent area of Mac-1 immunoreactivity at the 

lesion epicenter in CD11d mAb-treated mice (gray bars) tended to be increased compared to 

control 1B7-treated mice (open bars; scale bars in A and C = 100 μm, in high-power inset = 

50 μm). In B and D values are means ± standard error (*p<0.05 in B significantly different 

from controls by two-tailed Student’s t-test, 6 animals/group; p=0.093 in D by two-way 

analysis of variance, 5 animals/group).
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FIG. 2. 
CD11d monoclonal antibody (mAb) treatment reduces neutrophil and macrophage/microglia 

numbers in the injured mouse spinal cord 14 days post-injury. (A and C) Shown are 

representative photomicrographs of sections from the lesion epicenters of 1B7 and CD11d 

mAb-treated mice 14 days after spinal cord injury (SCI), immunostained with a Ly-6G 

antibody. (B) CD11d mAb treatment (gray bar) significantly reduced the number of 

neutrophils (Ly-6G+ cells) compared to controls (1B7, open bar). (C) Representative 

photomicrographs of sections at the epicenter or 960 μm caudal or rostral to the epicenter 

from anti-CD11d or control 1B7 mAb-treated mice stained with a Mac-1 antibody. Mac-1-

expressing cells were large, foamy, and round at the lesion epicenters in both CD11d and 

1B7 mAb-treated mice, and caudal to the epicenter in 1B7 mAb-treated mice. Rostral to the 

lesions in both CD11d and 1B7 mAb-treated mice, and caudal to the lesion epicenter in 

CD11d mAb-treated mice, the majority of Mac-1+ cells were stratified, with small cell 

bodies bearing multiple processes. (D) CD11d mAb (gray bars) treatment significantly 

reduced the percent area of Mac-1-immunoreactivity caudal to the lesion compared to 

controls (1B7, open bars; scale bars in A and C = 100 μm, 50 μm in high-power insets). In B 
and D values are means ± standard error (in B *p<0.05 significantly different from controls 

by two-tailed Student’s t-test, 6 mice/group; in D *p=0.025 by two-way analysis of variance 

and p<0.05 by Fisher protected t-test, 6 mice/group).
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FIG. 3. 
Macrophage/microglia and neutrophils are seen in the injured cord at 42 days post-injury. 

(A) Representative photomicrographs of sections from the lesion epicenters of 1B7 and 

CD11d monoclonal antibody (mAb)-treated mice 42 days after spinal cord injury (SCI), 

immunostained with a Ly-6G antibody. There was no significant difference in the number of 

Ly-6G+ cells in CD11d mAb and 1B7 mAb-treated mice 42 days after SCI. (B) 

Representative photomicrographs of sections at the epicenter or 960 μm caudal or rostral to 

the epicenter from 1B7 and CD11d mAb-treated mice 42 days after SCI, immunostained 

with a Mac-1 antibody. Mac-1+ cells were generally stratified in appearance caudal and 

rostral to the lesion site. At the lesion site, Mac-1 cells were more round in appearance. (C) 

There was no significant difference in Mac-1 areas of immunoreactivity between 1B7 mAb-

treated mice (open bars) compared to anti-CD11d-treated mice (gray bars; 6 mice/1B7 group 

and 6 mice/anti-CD11d group, two-way analysis of variance; scale bars in A and B = 100 

μm and 50 μm for high-power insets).
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FIG. 4. 
CD11d monoclonal antibody (mAb) treatment decreases inflammation and oxidative 

damage in the injured spinal cord. (A) Myeloperoxidase (MPO) activity was measured in 

cord homogenates. CD11d mAb (gray bars) treatment significantly reduced MPO activity at 

24 h, 3 days, and 7 days post-injury compared to controls (1B7, open bars). (B) 

Malondialdehyde (MDA), a measure of lipid peroxidation, was significantly reduced in cord 

homogenates by the anti-CD11d treatment (gray bars) compared to control treatment (1B7, 

open bars) at 24 h and 3 days post-injury. (C) 2′-7′-Dichlorofluorescin diacetate (DCFH-

DA) oxidation, a measure of reactive oxygen species in injured cord, was significantly 

reduced by CD11d mAb treatment (gray bars) compared to control treatment (1B7, open 

bars). Values are means ± standard error (*p<0.05 significantly different from controls by 

Student’s t-test; n=4 at 24 h; n=6 at 3 days; n=4 at 7 days; n=6 at 2 weeks).
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FIG. 5. 
Myeloperoxidase (MPO) immunoreactivity in anti-CD11d and 1B7 monoclonal antibody 

(mAb)-treated mice. MPO-expressing cells were identified by immunostaining at 3 days 

post-injury (A) and 14 days post-injury (B) at the lesion epicenter. There was a significant 

decrease in MPO-expressing cells at 3 days post-injury and at 14 days post-injury in CD11d 

mAb-treated mice compared to 1B7 controls (scale bars = 100 μm and 50 μm for high-power 

inset). Values are means±standard error; *p<0.05 significantly different from controls by 

Student’s t-test, 4 animals/group).

Geremia et al. Page 19

J Neurotrauma. Author manuscript; available in PMC 2016 May 02.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



FIG. 6. 
Locomotor recovery after a spinal cord compression injury. Locomotor function was 

assessed using the Basso Mouse Scale (BMS). CD11d monoclonal antibody (mAb; black 

boxes) treatment improved recovery beginning at 14 days post-injury compared to 1B7 

controls (open boxes) or saline controls (black triangles). Values are means ± standard error; 

*significantly different from controls, p< 0.0001 by two-way analysis of variance, and 

p<0.05 by Fisher’s protected t-test; 6 mice/1B7 group, 4 mice/saline group, 7 mice/anti-

CD11d group).
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FIG. 7. 
CD11d monoclonal antibody (mAb) treatment increases myelin sparing at 42 days after 

spinal cord injury (SCI). (A) Photomicrographs of solochrome-stained spinal cord sections 

from 1B7 and CD11d mAb-treated mice rostral (− 640 μm), caudal (+ 640 μm), and at the 

lesion site (0 μm). Very little myelin (indicated by blue staining) was present at the lesion 

epicenters. However, myelin increased rostral and caudal to the lesion in CD11d mAb-

treated mice. (B) Solochrome staining of consecutive transverse sections from anti-CD11d 

and 1B7 mAb-treated mice was used to plot the amount of myelin from 1400 μm rostral to 

1400 μm caudal to the lesion epicenters. The area of myelin in each section was normalized 

to the area of myelin in a section with normal morphology from the same cord far from the 

injury site. CD11d mAb treatment (solid line) increased the amount of myelin beginning at 

360 μm rostral and caudal to the lesion compared to control treatment (1B7, dashed line; 

scale bar in A = 100 μm). Values are means ± standard error (*significantly different from 

controls, p= 0.008 by two-way analysis of variance, and p<0.05 by Fisher’s protected t-test; 

5 mice/1B7 group and 6 mice/anti-CD11d group).
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FIG. 8. 
CD11d monoclonal antibody (mAb) treatment reduces the collagenous scar 42 days after 

spinal cord injury. (A) Trichrome staining was used to delineate the presence of collagen 

(blue color). Representative photomicrographs demonstrate large amounts of collagen at the 

injury site in CD11d and 1B7 mAb-treated mice. Rostral and caudal to their lesion 

epicenters, the CD11d mAb-treated mice had reduced levels of blue-stained collagen 

compared to the 1B7 control section, and almost no collagen was present in sections 640 μm 

rostral and 640 μm caudal to their lesion epicenters. (B) The area of collagen was reduced 

with CD11d mAb treatment (gray bars), rostral to the lesion site (−640 μm) and caudal to the 

lesion site (+320 μm), compared to controls (1B7, open bars; scale bar in A = 100 μm). (B) 

Values are means ± standard error (*significantly different from controls, p<0.0001 by one-

way analysis of variance, and p<0.05 by Student Newman-Keuls test; 5 mice/1B7 group, 6 

mice/anti-CD11d group).
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FIG. 9. 
CD11d monoclonal antibody (mAb) treatment increases serotonin (5-HT) immunoreactivity 

caudal to the lesion. Immunohistochemistry was used to detect 5-HT in the spinal cord 42 

days post-injury. Representative photomicrographs of sections stained for 5-HT 

immunoreactivity 1920 μm caudal to the lesion epicenter from 1B7- (A) or CD11d-treated 

(B) mice. (A) Almost no observable 5-HT staining was detected caudal to the lesion in 1B7-

treated mice (5 mice/group). (B) Serotonin immunoreactivity was observed caudal to the 

lesion in the intermediolateral cell column and ventral horn in the injured spinal cords from 

animals treated with the CD11d mAb (6 mice/group). (C) Representative photomicrograph 

of a section from the lesion epicenter of a CD11d-treated mouse stained for 5-HT 

immunoreactivity. The appearance of the 5-HT immunoreactivity in the lesion epicenters of 

1B7 mAb-treated controls was no different from the appearance of the 5-HT 

immunoreactivity seen in the CD11d mAb-treated mice (scale bars = 100 μm). (D) 

Measuring the area of 5-HT-immunoreactivity (area/area of interest) at 1920 μm caudal to 

the lesion epicenter in CD11d- and 1B7-treated spinal cord-injured mice revealed a 

significant increase in 5-HT immunoreactivity in the CD11d mAb-treated group.
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Table 1

List of Antibodies Used in Immunohistochemistry

Primary antibody Antigen Secondary antibody Time point analyzed

Biotinylated mouse anti-Ly-6G (1:800; 
eBiosciences, San Diego, CA)

Ly-6G ExtrAvidin®-Peroxidase (1:1000; Sigma-Aldrich, St. Louis, 
MO), followed by diaminobenzidine (DAB; Zymed, 
Carlsbad, CA)

3, 14, 42 days post-injury

Rat mac-1 (CD11b, 1:600; 
Developmental Studies Hybridoma 
Bank, University of Iowa, Iowa City, 
IA)

CD11b Biotinylated goat anti-rat IgG (1:200; Jackson 
ImmunoResearch, West Grove, PA), followed by avidin-
peroxidase conjugate (Vector Laboratories, Burlingame, 
CA), and diaminobenzidine (DAB; Zymed)

3, 14, 42 days post-injury

Rabbit anti-human myeloperoxidase 
(1:500; Dako, Glostrup, Denmark)

MPO Biotinylated donkey anti-rabbit IgG (1:500; Jackson 
ImmunoResearch, West Grove, PA), followed by Avidin-
peroxidase conjugate (Vector Laboratories) and 
diaminobenzine (DAB, Zymed)

3, 14 days post-injury

Rabbit anti-5-HT (1:400; ImmunoStar, 
Hudson, WI)

Goat anti-rabbit IgG (AF488, 1:300; Invitrogen) 42 days post-injury
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