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Compression Decreases Anatomical and Functional
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Abstract

Experimental models of spinal cord injury (SCI) typically utilize contusion or compression injuries. Clinically, however,
SCI is heterogeneous and the primary injury mode may affect secondary injury progression and neuroprotective thera-
peutic efficacy. Specifically, immunomodulatory agents are of therapeutic interest because the activation state of SCI
macrophages may facilitate pathology but also improve repair. It is unknown currently how the primary injury biome-
chanics affect macrophage activation. Therefore, to determine the effects of compression subsequent to spinal contusion,
we examined recovery, secondary injury, and macrophage activation in C57/BL6 mice after SCI with or without a 20 sec
compression at two contusion impact forces (50 and 75 kdyn). We observed that regardless of the initial impact force,
compression increased tissue damage and worsened functional recovery. Interestingly, compression-dependent damage is
not evident until one week after SCI. Further, compression limits functional recovery to the first two weeks post-SCI; in
the absence of compression, mice receiving contusion SCI recover for four weeks. To determine whether the recovery
plateau is indicative of compression-specific inflammatory responses, we examined macrophage activation with immu-
nohistochemical markers of purportedly pathological (CD86 and macrophage receptor with collagenous structure
[MARCO)]) and reparative macrophages (arginase [Argl] and CD206). We detected significant increases in macrophages
expression of MARCO and decreases in macrophage Argl expression with compression, suggesting a biomechanical-
dependent shift in SCI macrophage activation. Collectively, compression-induced alterations in tissue and functional
recovery and inflammation highlight the need to consider the primary SCI biomechanics in the design and clinical
implementation of immunomodulatory therapies.
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Introduction

SPINAL CORD INJURY (SCI) is heterogeneous in nature and
triggers a broad spectrum of secondary physiological responses
that are beneficial or detrimental to recovery. In animal models, a
number of therapeutic interventions are effective at altering the
secondary injury progression and increasing recovery; however,
translation of these therapies into clinical application is challeng-
ing. An obstacle to developing treatments is the heterogeneity of
the primary injury, which involves a diversity of biomechanical
factors including varying degrees of contusion and compression.
Efforts to maximize control of experimental systems often isolate
biomechanical variables (e.g., testing only compression or contu-
sion), but these models potentially miss subtle variations in sec-

ondary injury progression because of the primary mode of injury."
Understanding the effects of injury biomechanics on secondary
injury progression is necessary for effective implementation and
translation from animal models to clinical therapies.

The SCI field has extensively described locomotor dysfunction
and tissue damage resulting from varying magnitudes of isolated
contusion or compression injury.”"® Considering translation of the
models, though, clinical cases commonly exhibit combinations of
biomechanical variables. The effects of varying degrees of com-
pression in contusion SCI have been investigated,”~'? but the effect
of compression at variable contusion forces is not well understood.
Specifically, it is difficult to separate the inherent effects of com-
pression independently from the increased injury severity caused
by the combined contusion and compression SCI. We have used the
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EFFECTS OF COMPRESSION IN CONTUSION SCI

Infinite Horizons (IH) SCI impactor® to alter compression after a
controlled spinal contusion to characterize the functional and an-
atomical outcomes from compression across different contusion
severities. This approach provides the basis for studying the in-
fluence of these varying SCI biomechanics on secondary injury
cascades.

One key aspect of secondary injury cascades is the inflammatory
response to SCI. Many factors contribute to the recruitment and
activation of immune cells such as microglia and monocyte-derived
macrophages. Once activated and recruited to the damaged spinal
cord, microglia and macrophages have substantial overlap in
morphology, receptors, and cytokines (thus, both will be referred to
hereafter simply as macrophages). These macrophages can adopt
cytotoxic and neuroprotective phenotypes with profound impacts
on overall outcomes from SCL'*™'5 A number of therapies are
being developed to drive macrophages toward reparative pheno-
types'®; however, little is known about how the initial biome-
chanics of SCI alters intraspinal macrophage activation.

The aim of this study was to examine how the addition of
compression to a contusion injury, regardless of impact force, alters
functional and anatomical recovery and intraspinal inflammation.
Here we find that compression in moderate (50 kdyn force) and
severe (75 kdyn force) contusion injuries decreases both tissue
sparing and functional recovery, and we report a compression-
induced blunting of functional recovery regardless of contusion
severity. We also provide the first evidence that these biomechanics
of SCI contribute to macrophage polarization/activation states.
Specifically, compression, independent of contusion force, polar-
ized macrophages toward proinflammatory activation as indicated
by increased macrophage receptor with collagenous structure
(MARCO) expression and decreased arginase 1 (Argl) expression
within the injured spinal cord. The inflammatory shift coincided
with a compression-specific plateau in functional recovery. This
study provides insight into the effects of SCI biomechanics on
secondary injury and highlights the need to consider the primary
injury biomechanics in the design and clinical implementation of
immunomodulatory therapies for SCI.

Methods
Experimental design

Mouse spinal cord injuries were produced by delivering 50 kdyn
or 75 kdyn force contusions to the T9 thoracic spinal cord with or
without 20sec of sustained compression. Four different injury
groups were generated: (1) 75 dyn (contusion), (2) 75 kdyn +20 sec
(of spinal cord compression), (3) 50 kdyn, and (4) 50 kdyn +20 sec.
At 3, 7, and 14 days post-injury (dpi), n=4—6 animals/group were
sacrificed, and tissue was harvested for histological evaluation.
Locomotor analysis using the Basso Mouse Scale (BMS) was
conducted on a separate set of animals (n=10/group) over the
course of four weeks. At 28 dpi, these animals were sacrificed and
spinal cord sections generated for histological analyses. Staining
and analyses were performed to track inflammatory response at 7
and 14 dpi and anatomical recovery at 3, 7, 14, and 28 dpi.

Animals

Experiments were performed using 90 3-4 month old female
C57BL/6 mice (Jackson Laboratory, Bar Harbor, Maine). Animals
were housed in individually ventilated cages with ad libitum access
to food and water. All procedures were performed in accordance
with the guidelines of the Office of Responsible Research Practices
and with the approval of the Institutional Animal Care and Use
Committee at the University of Kentucky.
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SCI

Mice were anesthetized via intraperitoneal (ip) injections of
ketamine (100 mg/kg) and xylazine (10 mg/kg). After a T9 lami-
nectomy, a mid-thoracic SCI was produced using the IH injury
device (Precision Systems and Instrumentation).> A previous study
suggests that the duration of compression has negligible effects on
outcomes.'! Based on these findings, we performed pilot studies
examining different compression times and found no obvious dif-
ferences in injury severity between groups. This finding is consis-
tent with a previous study reporting an injury threshold at 15 sec of
sustained compression after IH contusion SCL” Thus, we deter-
mined a 20 sec sustained compression was sufficient and repro-
ducible within our stereotaxic mode of injury application.

Mice were divided randomly to receive SCI with varying impact
force (50 or 75 kdyn) and duration of maintained compression (i.e.,
dwell time: 0 or 20 sec), yielding four groups: 50 kdyn, 50 kdyn
20sec, 75 kdyn, and 75 kdyn 20 sec. After injury, muscle and skin
incisions were closed using monofilament suture. Post-surgically,
animals received one subcutaneous injection of buprenorphine-SR
(1 mg/kg) for pain and 2mL of saline + antibiotic (5 mg/kg, en-
roloxacin 2.27%: Norbook Inc, Lenexa, KS); buprenorphine has
been shown to produce analgesic effects without affecting molec-
ular, anatomical, behavior, or physiological parameters after SCL'”

Animals were housed in warming cages overnight. Animals
continued to received 1 mL saline + prophylactic antibiotics sub-
cutaneously for five days. Food and water intake and the incision
site were monitored throughout the course of the study. Bladder
expression was performed on injured mice twice daily until mice
reached voluntary evacuation. Two mice received SCI with ab-
normalities in the force versus time curve generated by the IH
device indicating bone contact or spinal cord movement during
impact. Based on these pre-determined exclusion criteria, these two
mice were excluded from further analyses.

Behavioral analysis

Locomotor hindlimb function was assessed using the BMS as de-
scribed previously.]8 Two observers blinded to group inclusion ob-
served and scored mice in an open field for 4 min at 1, 3, 7, 14, 21, and
28 days post-injury (dpi). Each hindlimb was scored separately based
on movement (e.g., ankle placement and stepping), coordination, and
trunk stability, then averaged to generate a single score for each ani-
mal. A score of 0 indicates complete paralysis while a score of 9
indicates normal locomotion. The BMS subscore is sensitive to
atypical patterns of locomotor recovery'® and was used to analyze
specific aspects of locomotion (e.g., paw placement and coordination).

Tissue processing and histochemistry

At 3,7, 14, or 28 dpi, mice were anesthetized with a lethal dose
of ketamine (150 mg/kg) and xylazine (15 mg/kg), then transcar-
dially perfused with cold phosphate buffered saline (PBS) (0.1 M,
pH 7.4), followed by perfusion with cold 4% paraformaldehyde
(PFA). Dissected spinal cords (1 cm) were post-fixed for 2h in 4%
PFA, then rinsed and stored in cold phosphate buffer (0.2M, pH
7.4) overnight at 4°C. Tissue was cryoprotected in 30% sucrose at
4°C for one week, then rapidly frozen using optimal cutting tem-
perature compound (Sakura Finetek USA, Inc., Torrance, CA) on
dry ice. Tissue was systematically randomized into blocks with
equal group distribution in each block to ensure uniformity of
staining across groups. Tissue was stored at —80°C before sec-
tioning. Tissue blocks were cut in serial cross sections (10 um
thick) and mounted onto Colorfrost plus slides (Fisher #12-550-17).

As validated and described previously, spared tissue was identi-
fied using a combination of eriochrome cyanine (EC) and neuro-
filament (NF) (Aves Labs, #NFH) to label myelin and axons,
respectively.'”?® For immunohistochemical analyses of macrophage
phenotypes, sections were incubated with goat anti-CD206 (1:100
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dilution, AF2535, R&D Systems, Minneapolis, MN), goat anti-Argl
(1:100, SC-18354, Santa Cruz Biotechnology, Dallas, TX), rat anti-
CD86 (1:100, 553689, BD Biosciences, San Jose, CA), or rat anti-
MARCO (1:1000, MCA1849, BioRad, Hercules, CA). Slides were
incubated with these primary antibodies overnight at 4°C in 0.1M
PBS with 5% normal donkey serum, 0.1% fish gelatin (Sigma-
Aldrich, G7765), 1% BSA and 0.1% Triton X-100. Sections were
subsequently incubated with a biotinylated tomato lectin (1:1000,
L0651; Sigma-Aldrich, St. Louis, MO) to counterstain for total
macrophage numbers.

Detection of primary antibodies was performed with donkey
anti-rat Alexa Fluor (AF) 488, donkey anti-rabbit AF 568, and
streptavidin AF 647 (all secondaries at 1:1000 dilution, Life
Technologies, Carlsbad, CA) for 1h at room temperature. To val-
idate antibody staining, negative controls were run without primary
antibody, and full dilution curves were analyzed.

The EC/NF images were captured using an Olympus AX-80 and
Aperio Scanscope. To quantify spared tissue, the regions of dense
EC staining were outlined and measured using the MetaMorph
analysis program (Molecular Devices, Sunnyvale, CA). To quan-
tify macrophage activation, three or four regions of interest (ROI)
were captured per subject using an Axioplan 2 imaging microscope
(Carl Zeiss) at 20 x magnification. The ROI were taken from within
the lesion epicenter using NF/EC stained serial sections as refer-
ences (Fig. 3A). Threshold based area measures of positive signal
within the ROI were performed using MetaMorph to determine
total area of positive signal. The total area of positive signal of
macrophage markers (Argl, CD206, MARCO, CD86) was then
normalized to total tomato lectin (TomL) positive area for each
ROI to determine proportion of positive macrophages within the
lesion.

Because of unknown, at the time, temperature inconsistencies
during tissue processing and sectioning, some cross sections were
lost or folded during staining, making analysis impossible. Mice
without an obvious and fully intact epicenter were not included for
histological analysis, decreasing the total number of mice analyzed
for histological analyses from 88 to 71.

Statistical analysis

Investigators blinded to experimental groups performed all data
acquisition and analysis. Statistical analyses were completed using
GraphPad Prism 6.0 (GraphPad Software). Data were analyzed
using one- or two-way analysis of variance (ANOVA) followed by
the Holm-Sidak test for multiple comparisons. Specifically, re-
peated measures two-way ANOVA was used to analyze BMS (time
[repeated] X injury), 28d tissue sparing (distance [repeated]x
injury), and macrophage phenotype (ROI [repeated] X injury). Or-
dinary two-way ANOVA was used to analyze tissue sparing over
time (time X injury). All other outcomes were analyzed using one-
way ANOVA or independent sample ¢ tests when appropriate.

Comparisons include groups differing only in contusion force
(50 kdyn vs. 75 kdyn, 50 kdyn 20 sec vs. 75 kdyn 20 sec) or com-
pression (50 kdyn vs. 50 kdyn 20 sec, 75 kdyn vs. 75 kdyn 20 sec);
other groups were not analyzed statistically to avoid comparing
across multiple independent variables. The robust regression and
outlier removal method with a false positive rate for detecting
outliers (Q-value) of 1% was used to automatically identify outli-
ers, and imputed mean values were used when necessary for re-
peated measures.?' Results were considered statistically significant
at p<0.05. All data are presented as mean + standard error of the
mean unless otherwise noted. Figures were prepared using Adobe
Photoshop CS6 (Adobe Systems) and Prism 6.0.

Results

To understand the effects of compression at various contusion
forces, we used the IH impactor to maintain spinal cord displace-
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TABLE 1. SPINAL CORD INJURY PARAMETERS

Set Actual
force force Avg. Displacement Compression

Group (kdyn) (kdyn)=SD Avg. (um)xSD  time (s)
50 kdyn 50 54+2 429+88 0
50 kdyn 20sec 50 53+2 39899 20
75 kdyn 75 78+2 56699 0
75 kdyn 20sec 75 78%2 492+76 20

SD, standard deviation.

ment after a controlled contusion. We have observed in pilot studies
that injury variability can arise from the force-sampling rate of the
IH device. To determine whether this variability affected tissue
displacement and/or impact force across groups, we first quantified
the tissue displacement and impact force during SCI across all
groups. Tissue displacement and actual force were significantly
different for 50 versus 75 kdyn injuries, regardless of compression
(p<0.01) (Table 1). Force-matched groups did not differ signifi-
cantly in tissue displacement or actual force irrespective of com-
pression (p>0.05) (Table 1). These data indicate that compression
did not alter force or displacement thus, differences in force-
matched groups can be attributed solely to the addition of com-
pression.

Compression impairs functional recovery

To determine whether compression subsequent to contusion SCI
alters functional recovery, we examined locomotor function in an
open field using the BMS at 1, 3, 7, 14, 21, and 28 dpi. The BMS
covers a wide range of functional recovery, from ankle movement
to trunk and tail movements.'® Consistent with previous reports,>!%
locomotor function varied significantly depending on the contusion
force; specifically, recovery was significantly worse for animals
receiving 75 kdyn versus 50 kdyn contusions regardless of com-
pression (main effect of 50 kdyn vs. 75 kdyn or 50 kdyn 20 sec vs.
75 kdyn 20sec p<0.01; Table 2 and Fig. 1). Compression also
significantly decreased recovery independent of contusion severity
(main effect of 50 kdyn vs. 50 kdyn 20 sec or 75 kdyn vs. 75 kdyn
20 sec p<0.0001).

To account for atypical patterns of recovery that may occur with
sustained compression, we further investigated recovery using the
BMS subscore at 28 dpi. This composite score is based on the
functional levels achieved for stepping, coordination, paw position,
trunk stability, and tail placement independent of the pattern, or
progression, of recovery.'® Figure 1B shows that the total BMS
subscore is decreased by increased contusion force (50 kdyn vs. 75

TABLE 2. BASSO MOUSE SCALE SIGNIFICANCE

Groups (n) Main 1dpi 3dpi 7dpi 14 dpi 21 dpi 28 dpi
50 kdyn (n=11) vs. **0.14 027 *** 0.09 * *
75 kdyn (n=9)

ksksk sokskok skekoskek

50 kdyn 20sec (n=9) vs. *** 0.65 0.92 0.07
75 kdyn 20 sec (n=10)
50 kdyn (n=11) vs.
50 kdyn 20 sec (n=10)
“75 kdyn (n=9) vs.
75 kdyn 20 sec (n=10)

ko kel sekoksk

sk ()78 027

* R ek R p <0.05, 0.01, 0.001, 0.0001.
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Compression impairs functional recovery from contusion spinal cord injury. Time course of locomotor recovery assessed by

Basso Mouse Scale (A) and BMS subscore (B-E). (A) Over a 28-day period, groups with increased impact force score lower than
groups with decreased impact force and groups with compression score lower than noncompression groups. Significance between
comparable groups at each time point is detailed in Table 2 (n=9-11; mean * standard error of the mean [SEM]). (B-E) 28 dpi BMS
subscores (n=9-11). (B) Composite BMS subscore is significantly different between compression and noncompression groups. (C)
Coordination is graded as 2=mostly coordinated (>50%), 1 =some coordination (<50%), or 0=no coordination. (D) Plantar stepping is
graded as 1=consistent or O=less than consistent. (E) Paw position is graded as 2=parallel throughout, 1=parallel and rotated, or
O=rotated throughout. Groups with compression performed significantly worse than force-matched counterparts for every subscore. B—

E: ##%%p <0.0001, **0.01, *0.05. Mean £ SEM.

kdyn, p<0.05), and with the addition of compression at each
contusion force (50 kdyn vs. 50 kdyn 20 sec, p <0.0001; 75 kdyn vs.
75 kdyn 20sec, p<0.01). Particular aspects of the BMS subscore
highlight specific functional tasks, all of which follow a similar
pattern to the overall BMS subscore and functional outcomes at
28 dpi.

Figure 1C shows the coordination subscore that quantifies
forelimb-hindlimb stepping as mostly coordinated (=50% coordi-
nation, score=2), some coordination (=1 coordinated pass,
score=1), or no coordination (score=0). Compression signifi-
cantly decreased forelimb-hindlimb stepping coordination (50
kdyn vs. 50 kdyn 20sec, p <0.0001; 75 kdyn vs. 75 kdyn 20 sec,
p<0.0001). Figure 1D shows the plantar stepping subscore that
distinguishes between frequent hindlimb plantar stepping (=50%
stepping, score=1) and occasional/no hindlimb plantar stepping
(<50% stepping, score=0). Compression significantly decreased
hindlimb plantar stepping performance (50 kdyn vs. 50 kdyn
20 sec, p<0.01; 75 kdyn vs. 75 kdyn 20 sec, p <0.05).

Figure 1E shows the paw position subscore, which quantifies
paw rotation during stepping from the initial contact through liftoff
as parallel throughout (score = 2), parallel and rotated (score = 1), or
rotated throughout (score =0). Compression significantly worsened
paw positioning during stepping (50 kdyn vs. 50 kdyn 20 sec,
p<0.001; 75 kdyn vs. 75 kdyn 20 sec, p <0.05) Collectively, BMS
score and subscore indicate that functional recovery is impaired
by additional compression at the time of contusion regardless of
impact force.

Compression impairs anatomical recovery

To determine whether long-term anatomical recovery was af-
fected by the addition of compression to a contusion SCI, we next

investigated tissue changes through histological analysis of serial
spinal cord cross sections. We performed tissue-sparing analysis at
28 dpi using EC and NF staining on sections 0.2 mm, 0.5 mm, and
1.0mm rostral and caudal to the lesion epicenter. As reported
previously,” epicenter tissue sparing decreased with impact force
(50 kdyn vs. 75 kdyn p=0.03; Fig. 2A and Table 3). Similar to our
findings with functional recovery, compression significantly de-
creased tissue sparing regardless of impact force at the lesion epi-
center (50 kdyn vs. 50 kdyn 20 sec and 75 kdyn vs. 75 kdyn 20 sec
p<0.0001) and up to 1 mm rostral and caudal to the epicenter
(Fig. 2A and Table 3).

To gain insight into the progression of tissue damage, additional
epicenter tissue sparing data were gathered at 3, 7, and 14 dpi.
While the amount of spared tissue changes over this period (likely
because of tissue edema and changes in myelin breakdown and
clearance), we observed compression caused long-term spared
tissue loss relative to contusion alone (Fig. 2B and Table 4).

Compression alters SCI macrophage phenotype

We began to observe significant compression-mediated differ-
ences in tissue sparing and functional recovery at seven days after
injury with a clear plateau by 14 dpi. These time points coincide
with the peak of SCI macrophage infiltration and subsequent pre-
dominance of proinflammatory macrophage activation.'**? Be-
cause different macrophages phenotypes can promote tissue
recovery or exacerbate neuronal death, we looked at established
markers for macrophage polarization in response to different im-
pact forces and added compression at 7 and 14 dpi. CD206 and
Argl detect alternatively activated, potentially reparative macro-
phages (M2), and CD86 and MARCO detect classically activated,
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FIG. 2. Compression significantly decreases anatomical recovery from contusion spinal cord injury. (A) Tissue sparing at 28 dpi is
decreased by both increased force and compression at the epicenter and at regions rostral and caudal to the epicenter (n=28-9,
mean * standard error of the mean [SEM]). (B) Tissue sparing at 3, 7, 14, and 28 dpi, reflected by eriochrome cyanine (EC) for myelin and
neurofilament (NF) for axons, at the lesion epicenter is decreased by both increased impact force and compression (3 dpi n=2-4, 7 dpi
n=3, 14dpi n=5, 28 dpi n=8-9, mean* SEM). (C) Sections, representative of the mean of each group, reflect decreased tissue sparing in
groups that receive compression. EC (blue), NF (brown) Scale bar, 400 um. ****Significance for compared groups detailed in Table 3.

cytotoxic macrophages (M1) (see supplementary Fig. 1; see online
supplementary material at ftp.liebertpub.com).'>**

To quantify macrophage infiltration while controlling for po-
tential differences in lesion severity, we determined the macro-
phage density using three to four areas (ROI) within the lesion
epicenter (Fig. 3A). Although lesion size varied across groups, we
observed a similar macrophage density within the lesion epicenter
in all injury groups at both time points (Fig. 3A and Fig. 4A, p>0.4;
main effect injury, n=3-5).

At 7 dpi, there was no effect of force or compression on the per-
centage of macrophages positive for protective markers, CD206
(p=0.4 and 0.6, main effect of force and compression, respectively)
and Argl (p=0.7 and 0.5, main effect of force and compression,
respectively) (Fig. 3B,C). Similarly, macrophages positive for the
proinflammatory marker, CD86, are present at comparable levels
with a force-dependent trend toward increased expression after 50
kydn injuries (p=0.1 and 0.5, main effect of force and compression,
respectively, Fig. 3D). We observed a significant difference,

TABLE 3. TISSUE SPARING SIGNIFICANCE

Rostral (mm) Caudal (mm)

Epicenter
Groups (n) Main 0.5 0.2 0 0.2 0.5 1
50 kdyn (n=8) vs. 75 kdyn (n=9) 0.28 >0.99 0.99 0.97 0.46 0.84 0.97 >0.99
50 kdyn 20sec (n=8) vs. 75 kdyn 20 sec (n=9) HkE 0.16 HokdE * 0.72 ok HkE 0.63
50 kdyn (n=28) vs.50 kdyn 20 sec (n=38) Hk >0.99 0.78 0.08 ok 0.07 0.48 >0.99
75 kdyn (n=9) vs.75 kdyn 20sec (n=9) ok 0.10 HokkE HokkE ok HokkE HokkE 0.65

Rk ok ek p<0.05, 0.01, 0.001, 0.0001.
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TABLE 4. TISSUE SPARING TIME COURSE

p value

3dpi 7dpi  14dpi  28dpi
Groups Main (n=2-4) (n=3) (n=5) (n=8-9)
50 kdyn vs. ** 0.99 029  0.25 0.18
75 kdyn
50 kdyn 20sec vs. = ¥*** 0.52 0.74  FxxE *E
75 kdyn 20 sec
50 kdyn vs. ok 0.90 0.07 0.16 Ak
50 kdyn 20 sec
75 kdyn vs. ok 0.58 0.60 ok kA

75 kdyn 20 sec

ko etk ek p<0.05, 0.01, 0.001, 0.0001.

however, in the percent of macrophage positive for MARCO
(Fig. 3E,F) with compression at the time of contusion increasing the
proportion of MARCO+ cells twofold to threefold compared with
contusion alone (50 kdyn 20 sec = 10.3% and 75 kdyn 20 sec = 14.0%
vs. 50 kdyn=2.4% and 75 kdyn =3.6%; main effect of compression
p=0.02, main effect of force p=0.5).

At 14 dpi, we observed that compression at the time of contusion
decreased the proportion of Argl+ macrophages one and one half to
twofold compared with contusion alone (50 kdyn 20 sec=13.0%
and 75 kdyn 20sec=17.8% vs. 50 kdyn=23.8% and 75 kdyn=
29.05%; main effect of compression p =0.04, main effect of force,
p =0.4) (Fig. 4B,C). We observed no effect of injury type on the
percentage of macrophages positive for CD206 (p=0.3 and p=0.5,
main effect force and compression, respectively; Fig. 4D) or CD86
(p=0.3 and p=0.3; main effect force and compression, respec-
tively; Fig. 4E). In addition, whereas MARCO staining was ob-
served on the cell surface of macrophages cells at 7 dpi (Fig. 3E), by
14 dpi, MARCO displayed fractured staining with no definitive
localization in all treatment samples (Supplementary Fig. 1; see
online supplementary material at ftp.liebertpub.com). Thus, we did
not observe any MARCO+/TomL+ cells at 14 dpi. Collectively, we
conclude from these data that compression alters the inflammatory
environment of the injured spinal cord.

The effects of compression are independent
of injury severity

The effects of compression we observed between 75 kdyn versus
75 kdyn 20 sec and 50 kdyn versus 50 kdyn 20 sec could be because
of increased injury severity or the inherent properties of subsequent
compression SCI. To determine the effect of compression inde-
pendent of contusion force and injury severity, we collapsed across
50 and 75 kdyn SCI groups to compare contusion alone with
contusion with 20 sec compression. Functional ability, according to
BMS, is significantly decreased by the addition of compression at
all time points (Fig. 5A; p<0.0001, main effect of compression).
Specifically, functional recovery is impaired by the addition of
compression; mice that did not receive sustained compression
improved, on average, 1.5 points on the BMS scale between 14 dpi
and 28 dpi (Fig. 5A,B). On the other hand, mice receiving sustained
compression after contusion SCI improve significantly less
(p<0.005), on average 0.3 points on the BMS scale (Fig. 5B).

Similarly, anatomical recovery, quantified by tissue sparing at
the lesion epicenter, is significantly decreased with the addition of
compression (p <0.001 main effect of compression) with effects
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evident by 14 dpi (Fig. 5C). In addition, compression significantly
increased MARCO expression and decreased Argl expression on
SCI macrophages (Fig. 5D main effect of compression p <0.05).
These data show that compression across contusion forces, re-
gardless of injury severity, has significant effects on the secondary
injury responses, functional recovery, and inflammation after
contusion SCI.

Discussion

Clinical SCI has highly variable modes of injury, including in-
teractions of biomechanics such as compression and contusion. In
this study, we examined how the initial mode of impact affects
functional recovery, anatomical recovery, and inflammation. Spe-
cifically, our investigation into the differences in contusion injury
at variable forces with and without compression yielded three
major findings: compression after contusion SCI (1) decreases
functional recovery and affects recovery progression, (2) decreases
anatomical recovery and tissue sparing, and (3) drives increased
proinflammatory (M1) macrophage activation. Collectively, these
observations strongly support the overall concept that the biome-
chanics of injury affect secondary injury progression and highlight
the potential for the efficacy of immunomodulatory therapies to be
injury dependent.

In the current study, we observed a compression-dependent
decrease in anatomical recovery over time regardless of the initial
contusion force. This is consistent with reports of altered perfusion,
energy metabolism, hemorrhage, and revascularization with com-
pression after contusion SCL.>'** Notably, compression induces
increased hemorrhage, decreases spinal cord perfusion, and in-
creases indicators of hypoxia in penumbral and distal areas of the
spinal cord relative to the lesion epicenter.®'%?* These areas are
often spared from the initial mechanical damage and are most
susceptible to secondary injury.

Any biomechanical-specific changes in secondary injury
mechanisms in these areas are likely to manifest as alterations in
functional recovery. Independent of the magnitude of SCI contu-
sion, we noted that subsequent compression significantly decreases
both functional and anatomical recovery. Specifically, locomotor
recovery ceased two weeks after combined contusion and com-
pression injury with a coincident plateau of anatomical recovery.
Interestingly a similar two-week plateau in functional recovery has
been reported after varying degrees of compression injury alone
and after severe IH contusion injury.>*> While it is not surprising
that little recovery would be detectable after severe injuries, it is
interesting to note that clip-compression SCI, a form of contusion
with sustained compression, results in little recovery after the first
few weeks of injury in both rats and mice.’*°

Only a few studies have reported long-term recovery after
contusion injury with or without subsequent compression. For ex-
ample, Streijger and colleagues® examined fore and hindlimb re-
covery after cervical IH contusion in mice with or with subsequent
compression (0, 15, or 30 sec). Depending on the outcome measure,
recovery was noted in the contusion alone group after two weeks
(e.g., forelimb grip strength); however, little recovery was observed
within the first month across a range of functional measures in
combined contusion-compression groups.” Chronically (12 wks),
some behaviors did improve across all groups; however, functional
decline was noted only in the combined contusion/compression
groups over this period.

The behavioral results are less consistent in rat models of con-
tusion with subsequent compression injury. When a spacer was
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FIG. 3. Compression alters spinal cord injury macrophage activation at 7 dpi. (A) Three regions of interest (ROI; dorsal and left and
right) within the lesion epicenter of each animal were analyzed at 7 dpi for macrophage density (total tomato lectin [TomL] positive area).
The TomL + area was similar across the four injury paradigms: 50 kdyn, 75 kdyn without compression (open bars) and 50 kdyn, 75 kdyn
with compression (black bars). (B) Percent of TomL+ cells positive for Arginase 1 (Argl) across treatments. (C) Percent of TomL+ cells
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Representative images for analysis of Tomato lectin+ (blue)/MARCO+ (green) cells across treatments. Scale bar=50 ym.

placed on the dura after contusion SCI to maintain compression for
various periods (h to wks), the rate and overall extent of recovery
varied with spacer size and compression duration.'*?* These data,
along with a rat study with various compression times after IH
contusion,'" indicate that the compression itself, and not the du-
ration of the compression, worsens functional outcome. Collec-
tively, these published results, along with the results of the current
study, indicate that the mode of injury is an important determinant
of functional recovery. Indeed, a recent comparison across contu-
sion, dislocation, and distraction SCI reported different rates of
recovery depending on the mode of SCI.*’

Because we noted decreased tissue and functional recovery in
groups receiving compression regardless of the contusion force,
this suggests that the injury mode, and not just overall injury se-
verity itself, may be an important determinant of secondary injury
environment. This is consistent with previous observations of
secondary pathology across different types of SCI'"*® and is sup-
ported by our previous observation that the efficacy of neuropro-
tective SCI therapies is dependent on the mode and biomechanics
of the initial injury.?’

Neuroinflammation plays a major role in orchestrating second-
ary injury mechanisms (reviewed in '). Specifically, macrophage
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the mean.

activation is dictated, in part, by the microenvironment, and mac-
rophages can adopt proinflammatory, neurotoxical phenotypes or
purportedly reparative phenotypes depending on the stimuli present
in the injured spinal cord."* A novel observation in the current study
is that the proportion of macrophages expressing markers indica-
tive of a pathological phenotype increased with a decrease in
markers indicative of a reparative phenotype with compression
after the contusion injury. It is important to note that we normalized
to the overall magnitude of the macrophage response, thereby
concluding that biomechanics, and not injury severity alone, may
be an important driver of macrophage activation after SCI.

In support of this idea, it was observed previously that the extent
of microglial/macrophage activation after SCI varied across con-
tusion, dislocation, and distraction injuries.1 Differences also have
been observed in the immune system response to brain versus
SCI.*® Indeed, while both central nervous system organs are ex-
tremely similar, subtle differences in blood barriers and resident
glial cells can lead to robust differences in immune cell activity and
distribution.*'3? Tn addition, Zhang and associates>> show con-

vincingly microenvironment-specific differences in toll-like re-
ceptor 4 (TLR4) expression on activated macrophages after
compression SCI. TLR4 is important for lipopolysaccharide-
mediated proinflammatory macrophage activation, and that article
demonstrated that even within the same organ with the same injury,
microenvironmental conditions significantly impact proin-
flammatory responses.

It is also important to consider that although microglia and
monocyte-derived macrophages express similar histological
markers of myeloid cells, they are distinct populations and may
play distinct roles in SCI pathophysiology. We observed
compression-specific changes in MARCO and Argl. Interestingly,
both of these phenotypic markers are predominantly expressed in
monocyte-derived macrophages. Specifically, using a transgenic
model to label infiltrating cells, Greenhalgh and coworkers®* de-
tected Argl exclusively on monocyte-derived macrophages after
contusion SCI.

Targeting MARCO reduces monocyte trafficking in models of
myocardial infarction, experimental autoimmune encephalomyelitis,
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FIG. 5. Compression decreases functional recovery, anatomical recovery, and alters inflammatory macrophage profile regardless of
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compression compared between aggregate groups. (A) Animals with compression injuries perform worse, according to the Basso Mouse
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by 14 dpi with the addition of compression (3 dpi n=6, 7dpi n=6, 14 dpi n=10, 28 dpi n=17). (D) Tomato lectin-labeled macrophages
increase expression of the pro-inflammatory marker, macrophage receptor with collagenous structure (MARCO) (n=6) and decrease
Arginase 1 expression (n=10). ****p <0.0001, ***p <0.001, **p <0.01, *p <0.05, data are mean * standard error of the mean. BMS,

Basso Mouse Scale.

colitis, peritonitis, and encephalitis3 5; therefore, MARCO may be a
hallmark for proinflammatory monocytes. Indeed, in the current
study, we focused our analyses on the lesion core, an area predom-
inantly populated by monocyte-derived macrophages after contusion
SCI3 Collectively, our observations suggest that compression po-
larizes monocyte-derived macrophages toward a proinflammatory
phenotype. It is also possible the compression alters the distribution
of microglia after injury or upregulates markers in microglia not
normally expressed after contusion SCIL. Further studies are war-
ranted to parse out the specific contribution of injury biomechanics to
environmental and chemotactic cues for macrophages and microglia
independently.

In the current study, we detected a compression-specific increase
in the proportion of macrophages expressing MARCO. MARCO is
a class A scavenger receptor that assists in the phagocytosis of a
wide variety of particles and promotes production of proin-
flammatory cytokines mediated through TLR2 signaling.>”*® The
binding properties of MARCO enable this cell surface receptor to
recognize pathogen- and damage-associated molecular patterns
with polyanionical properties. Specifically, MARCO can recognize
lipopolysaccharides, nucleic acids, and modified lipids,>**! and the
loss of macrophage-specific MARCO expression leads to accumu-
lation of oxidized lipids in lung models of oxidant inhalation.** In-
terestingly, the mode of SCI influences microenvironmental factors
such as 3-NT, cytochrome c, and membrane permeability.'?®
Compression, specifically, adds a component of reperfusion and

hemorrhage that alters fluid dynamics.>®** Collectively, these pub-
lished data and the increased MARCO+ macrophages observed with
compression in the current study, indicate increased damage caused
by reperfusion, excessive oxidants and oxidized lipids with com-
pression in contusion SCIL.

The shift in MARCO and Argl cells not only reflects differences
in the microenvironment after a compression-contusion injury, but
also is a likely player in secondary pathology. MARCO is specif-
ically expressed by proinflammatory, neurotoxical M1 macro-
phages® and is integral in the uptake of immune-modifying
microparticles, which subsequently inhibits trafficking of patho-
logical macrophages.®> Previously we observed an age-dependent
decrease in recovery and increased tissue pathology coincident
with decreased macrophage Argl expression.** Whether MARCO
and Argl alone or a large repertoire of proteins are affected by the
compression microenvironment, these secondary responses are
likely critical to overall outcomes of SCI, and thus are important
targets for therapeutic intervention.

The heterogeneous nature of human SCI creates a challenge for
recapitulation in controlled experimental models. Resolving SCI
into its composite parts has provided valuable insight. Extrapola-
tion to clinical relevance, however, requires combinatorial ap-
proaches to avoid erroneous inductive generalizations. The model
employed in this study provides valuable information about the
interaction of biomechanics common to clinical SCI. It shows that
compression affects overall outcomes, as well as at least one
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secondary response to injury. This introduces a multitude of
questions outside the scope of this study regarding the wide variety
of secondary responses possibly affected by contusion, compres-
sion, or other biomechanics. Interestingly, emerging data also in-
dicate that physiological factors such as age and sex impact
secondary injury progression.*>*’ This merits further investigation
into the biomechanical and physiological influences on the sec-
ondary response to SCI.

Conclusion

To more fully understand the effects of injury biomechanics and
their interactions, we created a mouse model of contusion SCI that
incorporates compression. This study reveals that compression
decreases anatomical recovery and functional recovery regardless
of contusion severity and affects recovery progression and mac-
rophage activation. The premature cessation of functional recovery
is likely because of changes in secondary responses caused by the
addition of compression.

One potential player in this secondary response is inflammation.
We observed compression-specific increase of at least one proin-
flammatory macrophage receptor, MARCO, followed by a subse-
quent decrease in Argl, a marker of a reparative macrophage
phenotype. This supports MARCO as an important and sensitive
proinflammatory macrophage marker and highlights the impor-
tance of continued study of the effects of primary injury biome-
chanics on secondary responses and overall outcomes of SCI.
Through continued studies of initial injury influences on secondary
responses, clinicians and researchers will benefit in deeper under-
standing of model translation to the heterogeneous cases of human
SCL
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