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Abstract

Spinal cord injury (SCI) promotes inflammation along the neuroaxis that jeopardizes plasticity,
intrinsic repair and recovery. While inflammation at the injury site is well-established, less is
known within remote spinal networks. The presence of bone marrow-derived immune (myeloid)
cells in these areas may further impede functional recovery. Previously, high levels of the
gelatinase, matrix metalloproteinase-9 (MMP-9) occurred within the lumbar enlargement after
thoracic SCI and impeded activity-dependent recovery. Since SCIl-induced MMP-9 potentially
increases vascular permeability, myeloid cell infiltration may drive inflammatory toxicity in
locomotor networks. Therefore, we examined neurovascular reactivity and myeloid cell infiltration
in the lumbar cord after thoracic SCI. We show evidence of region-specific recruitment of myeloid
cells into the lumbar but not cervical region. Myeloid infiltration occurred with concomitant
increases in chemoattractants (CCL2) and cell adhesion molecules (ICAM-1) around lumbar
vasculature 24 hours and 7 days post injury. Bone marrow GFP chimeric mice established robust
infiltration of bone marrow-derived myeloid cells into the lumbar gray matter 24 hours after SCI.
This cell infiltration occurred when the blood-spinal cord barrier was intact, suggesting active
recruitment across the endothelium. Myeloid cells persisted as ramified macrophages at 7 days
post injury in parallel with increased inhibitory GADG67 labeling. Importantly, macrophage
infiltration required MMP-9.
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Introduction

Spinal cord injury (SCI) is a devastating condition that affects 12,000 patients each year in
the United States (National Spinal Cord Injury Statistical Center, 2014). Despite decades of
basic science and clinical efforts, there is no treatment that fully reverses paralysis.
Increasing evidence identifies a central role of the immune system and prolonged opening of
the blood-spinal cord barrier (BSCB) in limiting recovery after SCI (Noble et al., 2002;
Whetstone et al., 2003). The BSCB is comprised of a complex network of junction-bound
endothelia bordered by glial endfeet that maintain synaptic homeostasis of resident neurons
(Bechmann et al., 2007). Injured and regenerating blood vessels display increased
permeability allowing parenchymal infiltration of bone marrow (BM)-derived immune cells
to the lesion epicenter (Noble et al., 2002; Popovich et al., 1996; Whetstone et al., 2003).
Such permeability after SCI appears to approach the lower thoracic and first lumbar
segments (Popovich et al., 1996). By contrast, vascular integrity and immune cell infiltration
in regions well rostral and caudal to spinal cord pathology have not been examined. These
remote regions are comprised of neural networks critical for functional recovery. Here, we
postulate that vascular breakdown after thoracic SCI occurs well away from the epicenter
and provokes an aggressive inflammatory response around putative central pattern generator
(CPG) networks in the lumbar cord that control locomotion.

Following traumatic injury to the spinal cord, proximal and distal resident glia have altered
phenotypes that may disrupt normal neuronal function. Within hours of thoracic SCI, glial
activation occurs in the lumbar enlargement (Gwak et al., 2012; Hansen et al., 2013).
Consequently, cytokine production in these segments induces mechanical hypersensitivity
and renders neural networks refractive to locomotor training (Detloff et al., 2008; Hansen et
al., 2013). Cervical and lumbar segments house dynamic networks of pattern generating
interneurons that mediate reciprocal excitation and inhibition of motor neuron pools during
reaching (Alilain et al., 2008; Alstermark and Isa, 2012; Alstermark et al., 2011; Lane et al.,
2012) and walking (Grillner et al., 1998; Rossignol et al., 2006). Thus, strategies to attenuate
inflammation within cervical and/or lumbar microenvironment are needed to potentiate the
recovery of function.

Recently, our work and others suggests that resident inflammatory cells may not be the sole
source of inflammation remote to the injury (Gwak et al., 2012; Hansen et al., 2013; Shin et
al., 2014). For example, we identified barrier-degrading matrix metalloproteinase-9
(MMP-9) around lumbar vasculature early after SCI (Hansen et al., 2013). MMP-9 activity
is critical for extracellular matrix degradation and migration of immune cells across the
BSCB. Indeed, eliminating MMP-9 attenuated remote cytokine expression and enhanced
activity-dependent recovery (Hansen et al., 2013). Therefore, it is possible that BM-derived
immune cells gain access to these distal sites and drive an inflammatory response that
inhibits functional recovery. Given the large distance from blunt tissue damage, we reasoned
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that neuroimmune signaling may be similar to non-trauma models such as stress.
Specifically, psychological stress in mice leads to the recruitment of inflammatory myeloid
cells into the brain. Moreover, this myeloid cell infiltration induced IL-1 signaling and
caused prolonged behavioral dysfunction (Wohleb et al., 2014; Wohleb et al., 2013). Thus,
infiltration of inflammatory immune cells can change brain physiology and behavior
(Wohleb et al., 2015).

The aim of this study was to examine if thoracic SCI initiates remote myeloid infiltration
into the cervical and lumbar parenchyma and jeopardizes the neural networks that control
reaching and locomotion. Here, we provide the first evidence of monocytes within intact
lumbar gray matter distal to thoracic SCI. Within 24 h, extravascular BM-derived cells were
evident throughout lumbar gray matter. By 7 days post injury (dpi), these myeloid cells
adopted a ramified phenotype. The presence of ramified macrophages coincided with
MMP-9 dependent breakdown of the BSCB and enhanced GABAergic activity within
locomotor networks.

Material and Methods

Mice

Experiments were conducted in accordance with The Ohio State University Institutional
Laboratory Animal Care and Use Committee. A total of 85 mice were used in these studies.
Adult (3-4 months of age) female C57BL/6J wild-type (WT) mice were obtained from
Jackson Laboratories and n=4 were excluded as described below. WT mice were partitioned
into sister groups for ELISA, histology, measures of vascular permeability, or chimerization.
The chimeric mice were engineered by adoptively transferring bone marrow from a
C57BL/6-Tg(CAG-EGFP) donor (3-4 months of age, Jackson) into a busulfan-treated
C57BL/6J recipient mice (1-2 months of age, Jackson). MMP-9 null (MMP9KO) female
mice (B6.FVB(Cg)-Mmp9™1TVu/3) were obtained from Jackson Laboratories. Mice were
housed 3-5 per cage and provided food and water ad libitum.

Engineering of GFP* BM-chimera

Recipient BM C57BL/6 female mice (6-8 weeks old) were injected intraperitoneally once
daily for two consecutive days with busulfan in a 1:1 solution of DMSO and deionized H20
(30 mg/kg/100 pl). The selected dosage of busulfan results in partial BM ablation and
limited morbidity (Wohleb et al., 2013). Donor mice were euthanized with carbon dioxide
and the femur was extracted. Donor BM-derived cells were isolated from the femur and
passed through a 70 um cell strainer. Total number of cells was determined with a BD
Coulter Particle Count and Size Analyzer (Beckman Coulter). BM-derived cells (1 x 10%)
were transferred to recipient mice by tail vein injection (100 pl) 48 h after the second dose of
busulfan. Mice were left undisturbed for 4 weeks to allow engraftment. Engraftment was
verified by determining the percentage of GFP+ cells in the BM and the blood. Mice that
had <30% BM engraftment were excluded from the study (n=2).
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Spinal cord injury
Contusion of the spinal cord was perfomed as previously described (Hansen et al., 2013). In
brief, mice were anesthetized with a ketamine (138 mg/kg)-xylazine (20 mg/kg) cocktail and
given prophylactic antibiotics (gentocin, 1mg/kg). Using aseptic techniques, removal of the
spinous process and lamina of T9 exposed the dura. After stabilizing the vertebral column,
the Infinite Horizon (IH) device delivered 75 kilodynes of force to induce a severe contusion
injury. Biomechanics of the injury were screened on day 0, and outlier forces or
displacements were excluded (n=2). Force and displacement trends were similar to those
established by Ghasemlou and colleagues (2005) (mean force: 78.66 + 0.57; mean
displacement: 681.28 +23.97). The incision was closed in layers and 2cc of sterile saline was
given subcutaneously to prevent dehydration. Randomized group assignment occurred.
During recovery, mice received antibiotics (1mg/kg gentocin, s.q.) and saline for 5 days and
bladders were manually expressed twice per day (Hoschouer et al., 2010).

Flow cytometry on blood

Blood was collected from the heart at perfusion (naive, 1, 7 dpi; n=16) and red blood cells
were lysed. Blood leukocytes were washed and the Fc receptors were blocked with anti-
CD16/CD32 antibody (eBioscience). Cells were incubated with the appropriate antibodies
(CD11b, GR-1; eBioscience), and Ly6C (BD Biosciences) for 1 h at 4°C. Cells were washed
and re-suspended in FACS buffer for analysis. Non-specific binding was assessed by using
isotype-matched antibodies. Antigen expression was determined using a Becton-Dickinson
FACSCaliber four-color cytometer (BD Biosciences). Data were analyzed using FlowJo
software (Tree Star) and gating for each antibody was determined based on isotype stained
controls.

Purification of CD11b* cells from spinal cord

Enriched CD11b* cells were isolated from the spinal cord (Naive, 1dpi; n=7) as previously
described (Donnelly et al., 2011). In brief, the spinal cord was removed and the cervical,
epicenter, and lumbar regions were dissected. Each segment was homogenized using a potter
homogenizer and centrifuged to collect a cell pellet. Cells were then suspended in a
discontinuous Percoll density gradient (70%/35%/0%) and centrifuged. Microglia and BM-
derived CD11b™* cells were collected at the 70%/35% Percoll interphase.

Flow cytometry on spinal cord tissue

Percoll enriched CD11b* cells were incubated with an Fc receptors block (anti-CD16/CD32)
antibody followed with rat anti-mouse CD45-PerCP-Cy5.5 and CD11b-APC antibodies
(eBioscience, CA). Expression of these surface receptors was determined using a Becton-
Dickinson FACSCaliber four color Cytometer (BD, NJ). Microglia and BM- derived
macrophages were identified by CD11b*/CD45!° and CD11b*/CD45M9" expression,
respectively (Wohleb et al., 2011). Flow data were analyzed using FlowJo software (Tree
Star, CA).
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Protein isolation and quantification for ELISA

Spinal cord segments were isolated from the lumbar enlargement (Naive, 1, 2, 3, 7 dpi;
n=17) of naive and SCI mice. ELISA was run in replicate groups alongside naive controls
(n=3-5/SCI groups, n=2-3 naives for each replicate group). Mice were perfused with sterile
saline, and spinal cords were quickly dissected, snap frozen, and stored at -80°C. Segments
from L4-5 were homogenized in RIPA lysis buffer (Pierce) and protease inhibitor cocktail
(Roche). After centrifugation at 10,000 rpm for 5 min, protein concentrations were
determined by a BSA protein assay. Quantification of proteins was determined using a
custom SearchLight Multiplex ELISA Array and performed by Aushon Biosystems
(Billerica, MA, USA). Custom arrays were spotted with capture antibodies specific to
Intracellular cell adhesion molecule-1 (ICAM-1), Monocyte chemoattractant protein
(CCL2), and stromal cell-derived factor-1 (CXCL12). The bound proteins were then
detected with a biotinylated detection antibody, followed by streptavidin-horseradish
peroxidase (HRP) and visualized with SuperSignal ELISA Femto Chemiluminescent
substrate. The luminescent signal produced from the HRP-catalyzed oxidation of the
substrate was measured using the SearchLight Imaging System (Pierce) and protein
concentrations extrapolated from a standard curve using ArrayVision (Pierce). All protein
levels were analyzed relative to uninjured WT controls and are expressed throughout as
percent naive.

Assessment of vascular permeability

Histology

To measure vascular permeability, mice (n=25) were intraperitoneally injected with a 2%
solution of evans blue dye (EBD) dissolved in normal saline (Manaenko et al., 2011). The
injectate circulated for 30 minutes before perfusion and fixation. After flushing with 100ml
cold saline, mice were perfused with 100ml of 4% PFA. Tissue was collected and protected
from light. To localize EBD fluorescence, we did not generate tissue homogenates. Instead,
we compared proportional area of fluorescence after confocal imaging. Upon sectioning
(20um), albumin-bound evans blue leakage was detected using confocal microscopy
(Olympus FluoView FV1000 at 633nm wavelength). From confocal images, we used digital
image analysis of EBD fluorescence on representative sections from L1-L2, L3-L4, and
L5-6. Thresholds for positive staining were performed by a blinded investigator, and images
were then processed using densitometric scanning of threshold targets using ImageJ
software. Proportional area is reported as the average percent area in positive threshold for
all images. Comparisons were made from averages of the entire lumbar cord.

The WT (n=17), GFP+ Chimera WT (n=16), EBD (n=25), and MMP9K® (n=6) mice were
transcardially perfused with 0.1 M phosphate buffered saline (PBS; pH 7.4) followed by 4%
paraformaldehyde (pH 7.2) at naive (n=3-4/group), 24 h post SCI (n=3-4/group), and 7 dpi
(n=3-4/group) timepoints. Spinal cord segments from the cervical cord, T9 lesion site and
from spinal levels L1-L6 were post-fixed for 1h in 4% paraformaldehyde, rinsed overnight
in 0.2M phosphate buffer (PB, pH 7.4) then cryoprotected in 30% sucrose before being
embedded in M-1 Embedding Matrix (Thermoscientific) and frozen on dry ice (Hansen et
al., 2013; Ma et al., 2001; Ma et al., 2004). Cervical, epicenter and lumbar blocks were
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sectioned in their entirety at 20 um on a Microm HM505E cryostat and collected in series of
equally spaced sections.

Fluorescent immunohistochemistry was performed to identify microglia/macrophages and
visualize vascular proteins in transverse spinal cord sections of lumbar segments. To
examine microglia/macrophages, a 1:200 dilution was used for rabbit anti Iba-1 (Wako,
019-19741). The antibody was prepared in blocking solution containing 1% BSA, 0.1% FG,
3% NGS, 0.2% Tx-100 or 1% BSA, 0.1% FG, 10% NDS, 0.2% Tx-100 in PBS. Incubation
of the primary antibody occurred overnight at 4°C. Two secondaries were used to visualize
Iba-1 labeling: a goat anti-rabbit secondary antibody at a 1:400 dilution (AlexaFluor 488;
Molecular Probes, A21103) and a donkey anti-rabbit secondary at a 1:200 dilution
(AlexaFluor 550; Abcam, ab96892). To identify vascular anatomy, we used a 1:500 dilution
for a rat anti-mouse monoclonal antibody to Ly6C for 48 h at 4°C (ER-MP20; Abcam,
ab15627). The antibody was prepared in blocking solution containing 1% BSA, 2% NGS in
PBS. A goat anti-rat secondary antibody was used to visualize Ly6C antibody at a 1:500
dilution, incubated overnight at 4°C (A594; Abcam, ab6565). To identify ICAM-1 labeling,
we used a 1:250 dilution of goat anti ICAM-1 (R&D Systems, AF796) with overnight
incubation 4°C. The antibody was prepared in a blocking solution containing 1% BSA in
PBS. A donkey anti-goat secondary (AlexaFluor 550; Abcam, ab150129) was used to
visualize the ICAM-1 antibody at a 1:250 dilution, incubated overnight at 4°C. To identify
BM- derived cells in non-chimeric mice, we used a 1:500 concentration of rat anti-mouse
CD45 antibody (Abcam, ab25603) diluted in a 1% BSA in PBS blocking solution. The
primary antibody incubated overnight at 4°C. We then used a 1:1000 dilution of donkey anti-
rat secondary (AlexaFlour488; Abcam, ab150153) to visualize the CD45 antibody. To
identify GADG7 labeling, we used a 1:200 dilution of mouse anti GAD67 (Millipore,
MAB5406) in 3% Triton-X and 10% NGS overnight at 4°C. A goat anti-mouse secondary
(AlexaFlour 594; Life Technologies, a11005) at 1:100 was used to visualize GADG67. For all
staining, control sections were processed by eliminating the primary antibody and replacing
with blocking solution to ensure positive labeling.

Image Quantification

Sections were imaged using a Zeiss 510 Laser Confocal Microscope (The Ohio State
University Confocal Microscopy Imaging Facility). Predefined anatomical maps were used
to delineate dorsal (laminae 1, 2, 3, 4), intermediate (laminae 5, 6, 7), and ventral (laminae 8,
9) gray matter. Quantifications of GFP+ Iba-1+ co-labeling and cell morphology were
performed in the same spinal cord sections by two raters blinded to group assignment. The
blinded counts were averaged for comparison and had interrater r? values greater than 0.93.
To quantify GAD67 labeling, digital image analysis of staining was performed on lumbar
sections (Donnelly and Popovich, 2008). Thresholds for positive staining were determined
by a blinded investigator then processed by densitometric scanning of threshold targets using
ImageJ software. Proportional area is reported as the average percent area in the positive
threshold for all pictures. To quantify infiltrating immune cells in non-chimeric mice, the
number of CD45 positive cells were counted live by a single blinded rater using a Nikon
Eclipse fluorescence microscope. All gray matter CD45* cells were quantified from four
tissue sections per animal (n=5 to 7 per group).
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All data was analyzed using ANOVA with Tukey's post hoc testing or a t-test when
appropriate. Means and standard error of the mean (SEM) are reported throughout. Protein
levels are displayed as percent of naive. Significance was set at p<0.05.

Increased presence of monocytes and granulocytes in circulation 24 hours and 7 days
after thoracic SCI

While inflammation at the lesion epicenter is well established (Greenhalgh and David, 2014;
Noble et al., 2002; Popovich et al., 1996; Whetstone et al., 2003; Zhang et al., 2011),
inflammation within remote lumbar locomotor networks is less understood. This is relevant
because the presence of BM-derived immune cells within locomotor networks after injury
may further impede functional recovery. Thus, the purpose of this study was to determine
whether BM-derived immune cells infiltrate and persist in the lumbar cord after SCI.

First, the presence of monocytes and granulocytes were determined in the blood 24 h and 7
days after SCI. Fig. 1A shows representative dot plots of CD11b and Ly6C labeling of
monocytes (CD11b*/Ly6C*). These data indicate an increase in the percentage of CD11b*/
Ly6C* monocytes 24 h after SCI (30%) compared to controls (20%, o < 0.05). This increase
in circulating monocytes was also detected 7 days after SCI (28% compared to 20%, p <
0.05, Fig. 1B). While the total population of CD11b+/Ly6C cells increased after SCI, the
number of highly inflammatory monocytes (Ly6C9M) in circulation decreased 24 h after
SCI and returned to baseline levels at 7 dpi (Fig. 1B).

In the same samples, the percentage of granulocytes in circulation was determined. Fig. 1C
shows representative dot plots of CD11b and GR-1 labeling. Similar to monocytes, there
were increased granulocytes in circulation 24 h and 7 days after SCI (32% and 36%, p <
0.05 for each, Fig. 1D). Overall, increased granulocytes and monocytes occurred in
circulation within 24 h after thoracic SCI that persisted to 7 dpi.

Trafficking of myeloid cells into the epicenter and lumbar regions after thoracic SCI

To determine whether circulating monocytes infiltrate the spinal cord in a localized or
distributed manner, we examined myeloid cells above, at and below the thoracic contusion
based on CD45 expression. In naive mice, there was limited presence of CD45Migh
expressing myeloid cells throughout the cord (2.3+0.5% of all CD11b+ cells, Fig. 2A). In
contrast, robust infiltration of CD45M9" cells occurred in the lumbar cord (51+7.6% of all
CD11b+ cells, p<0.05 vs. Naive) and at the lesion epicenter (79+8.2% of all CD11b+ cells,
p<0.05 vs. Naive), although lumbar infiltration was lower than the epicenter region (p<0.05
from epicenter, Fig. 2B). However, there was little or no presence of CD11b*/CD45Mgh
expressing BM-derived myeloid cells above the lesion in the cervical region 24 h after SCI
(6+1.3% of all CD11b+ cells, p>0.6 vs. Naive).
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Thoracic SCl results in increased in ICAM-1 and chemokine protein expression in remote
lumbar segments

Evidence of region specific recruitment of BM derived cells into the lumbar cord exists in
chemokine and adhesion molecule expression below the lesion (lumbar segments L4-5) 24 h
— 7 days after a mid-thoracic SCI. Fig. 3A shows protein expression levels of ICAM-1,
CCL2 and CXCL12 in the lumbar cord 24 h, 3 days, or 7 days after SCI. These results are
shown as percent increase from the naive control mice (100%). Increased ICAM-1 occurred
by 24 h after SCI within the lumbar cord (150%, p < 0.05) and reached peak levels by 3 days
after SCI (300%, p < 0.05). Additionally, CCL2 protein increased 24 h after SCI within the
lumbar cord (145%, p < 0.05) and returned to baseline levels by 7 days. There was no
induction of CXCL12 at any time after SCI in the lumbar cord. In fact, there was a reduction
in CXCL12 protein at 24 h. This effect is contrary to the lesion epicenter, where increased
CXCL12 works synergistically with MMP-9 to facilitate BM-cell infiltration (Zhang et al.,
2011). This suggests that a distinct inflammatory response occurs in the remote lumbar cord
that differs from the lesion epicenter, specifically through increases in CCL2 and ICAM-1
expression early after injury.

Based on the robust increase in ICAM protein within the lumbar cord after SCI, vascular
ICAM expression was determined in lumbar segments. Representative images in Fig. 3 B&C
show vascular endothelial of labeling of ICAM-1. Increased ICAM-1 protein localized to
endothelia throughout dorsal and ventral gray matter 7 days (Fig. 3C) after injury compared
to controls (Fig. 3B). High magnification of ICAM-1 positive vasculature is shown in Fig.
3D and Fig. 3E. Taken together, there is increased expression of key mediators associated
with immune cell adhesion and recruitment in lumbar areas that are distal from the spinal
cord injury site.

Region specific infiltration of GFP+ BM-derived cells 24 hours after thoracic SCI

To further characterize recruitment of myeloid cells into the injured spinal cord, we
established BM GFP* chimera mice as previously described (Wohleb et al., 2014; Wohleb et
al., 2013). The BM ablation and reconstitution procedure is outlined in Fig. 4A. In these
experiments, mice had SCI and the presence of GFP* cells was determined 24 h later. Fig. 4
shows representative images of GFP* cell in the thoracic region of a naive mouse and in the
cervical, epicenter, and lumbar region at 24 h after SCI. Consistent with our previous results
using CD45 expression, there were few GFP* cells found in the spinal cord of naive mice
(Fig. 4B). Furthermore, there was no evidence of GFP* cell infiltration into the cervical
region (Fig. 4C). Robust infiltration of GFP™ cells occurred in the epicenter (Fig. 4D) and
lumbar cord (Fig. 4E). These data show that the GFP* bone marrow chimeric mice can be
used to track BM derived myeloid cells, and confirm our flow cytometry findings of region
specific trafficking into the lumbar cord after thoracic SCI.

Increased infiltration of GFP+ BM-derived cells into locomotor networks 24 hours after
thoracic SCI
To further quantify infiltration of GFP+ cells into the lumbar cord and determine their
distribution, lumbar spinal cord sections were labeled with Ly6C (Wohleb et al., 2013) to
identify the CNS vasculature. Ly6C is expressed in CNS vasculature but not in resident CNS
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microglia. As such, it has been used as a histological marker of the vasculature in the brain
and spinal cord (Alliot et al., 1998; D'Mello et al., 2009). Fig. 5 shows representative images
of GFP (green) and Ly6C (red) labeling in naive and SCI mice. In naive mice, there was no
evidence of infiltration of GFP* cells in any gray matter areas (dorsal horn, intermediate
laminae, and ventral horn) of the lumbar segments. In fact, the rare BM-derived GFP™* cells
were detected inside the Ly6C* vasculature (Fig. 5C, arrow). In SCI mice, however, there
was significant infiltration of BM derived GFP* cells into the lumbar cord. Fig. 5D-F show
an increased number of GFP* cells in the lumbar gray matter (dorsal horn, intermediate
laminae, and ventral horn) after SCI. There were GFP* cells within the vasculature (yellow),
but the majority of GFP* cells in lumbar gray matter were extravascular by 24 h after SCI.
Notably, GFP* cells were also evident in the sacral segments of the cord after SCI (data not
shown). Quantification of GFP* myeloid cells at 24 h (Fig. 5G-1) confirmed a significant
increase throughout dorsal (8.66 +/-2.12 vs. Naive; p<0.05), intermediate (9.83 +/- 1.59 vs.
Naive; p<0.05) and ventral horn gray matter (18.5 +/- 2.31 vs. Naive; p<0.05). Overall, mid-
thoracic SCI resulted in significant, rapid infiltration of GFP* BM derived cells into the gray
matter of lumbar segments of the spinal cord.

BM-derived GFP* macrophages persisted in the parenchyma of the lumbar cord through
7 days

Next, the presence of GFP*/lba-1" cells were determined in the lumbar cord 24 h and 7 days
after thoracic SCI. Similar to the data in Fig. 5, GFP* cells were detected in the parenchyma
of the lumbar gray matter within 24 h after thoracic SCI. The representative image in Fig.
6A shows that these GFP™* cells were outside the vasculature and displayed either a rod or
circular morphological profile. This phenotype is suggestive of a premature monocyte. At 24
h after SCI, these cells did not co-label with Iba-1 (Fig. 6B). GFP* cells were also present in
the lumbar cord 7 days after SCI and labeled with Iba-1 (Fig. 6B, right panel). Fig. 6A (right
panel) shows that these GFP+ cells have a more ramified morphology with numerous
processes by 7 days after injury. Quantification of the ramified GFP+ cells at 24 h and 7
days after SCI indicate that there was a time dependent increase in the number of ramified
GFP* cells in the intermediate laminae (Fig. 6D 42.3% vs. 24 h; p<0.05) and ventral regions
(Fig. 6E, 36.5% vs. 24 h; p<0.05). In addition, by 7 days, the proportion of GFP+/Iba-1+
cells increased in the parenchyma of the ventral horn (Fig. 6H). The time dependent increase
of GFP+ cells becoming Iba-1 positive was limited to the dorsal and ventral horn and was
not readily detected in the intermediate laminae of the lumbar cord.

MMP-9-dependent breakdown of lumbar vasculature 7 days after thoracic SCI

Our previous work shows that MMP-9 was detected within the lumbar enlargement, 9
segments caudal to a mid-thoracic SCI and impeded exercise-based recovery. Here,
MMPOWT or MMP9KO mice were subjected to SCI and vascular permeability was
determined in the lumbar cord 24 h and 7 days after SCI. Fig. 7 shows representative images
of evans blue labeling. Vascular permeability was minimal throughout putative CPG regions
(L1/L2 and L5/6) of the lumbar cord 24 h after SCI in WT mice (Fig. 7A). There was,
however, evidence of increased vascular permeability throughout lumbar gray matter by 7
days after SCI (p<0.05, Fig. 7B). For example, patches of EBD fluorescence were evident in
dorsal and intermediate gray matter regions of upper and lower lumbar segments of
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MMPOWT mice (Fig. 7B). In MMP9KXO mice, there was no evidence of vascular permeability
in lumbar segments 7 days after thoracic SCI (Fig. 7C). These data are quantified in Fig. 7D.
Taken together, vascular permeability in the lumbar cord was evident 7 dpi and was
dependent on MMP-9 (Fig. 7D).

To determine whether MMP-9 is also required for trafficking of myeloid cells into the
lumbar cord, the number of CD45* cells was quantified in naive, MMP9WT and MMP9KO
mice. Consistent with our findings of increased vascular permeability in the lumbar cord, we
observed an increased number of BM-derived CD45* cells in the lumbar gray matter 7 days
after SCI in MMP9WT mice (Fig. 7E-H; p<0.01). Importantly, along with decreased vascular
permeability, MMP9XO mice (Fig. 7G) had significantly fewer CD45* cells than MMPQWT
mice (Fig. 7F, H; p<0.05) and were not different from uninjured WT mice (Fig. 7E, H; p>.
05). This further illustrates the essential role of MMP-9 for the infiltration of BM-derived
immune cells into remote spinal cord regions after injury.

MMP-9 dependent enhancement of GAD67 labeling in lumbar cord 7 days after thoracic

SClI

Based on our previous work (Hansen et al., 2013) and a paucity of data, we addressed the
hypothesis that remote neuroinflammation influences inhibitory contacts within presumptive
central pattern generator (CPG) regions after thoracic SCI by examining GAD67 expression.
Central pattern generation depends on distinct periods of neuronal activation and inhibition.
GABA is an inhibitory neurotransmitter that is synthesized by two isoforms of glutamic acid
decarboxylase (GAD65 and GADG67). GADG67 is significantly increased in the lumbar cord
after thoracic SCI and is expressed in a task-specific manner based on neuronal activation
patterns (Tillakaratne et al., 2000; Wang et al., 2006). Thus, we used GADG67 labeling to
identify localized inhibitory contacts that may be a surrogate measure of spinal shock early
after SCI. Fig. 8 shows GADG67 labeling in the lumbar cord of MMP9WT or MMP9KO mice
after SCI. The highest levels of GAD67 expression were in MMP9WT mice 7 days after SCI,
suggesting broad distribution of inhibitory inputs. For example, marked upregulation of
GADG67 expression was detected within the dorsal horn (Fig. 8G, p <0.05) and intermediate
laminae (Fig. 8H, p<0.05) of lumbar segments compared to naive controls. Notably, there
was no significant induction in the ventral horn of the lumbar cord 7 dpi (Fig 81). These
findings suggest that remote injury mechanisms cause broad inhibition in the lumbar cord
which prevents early locomotor behavior and may induce long term deficits. In MMP9KO
mice with SCI, GADG7 expression in the lumbar cord was attenuated compared to SCI-
MMPOWT mice. In fact, GAD67 expression in SCI-MMP9KO was the same as naive controls
(Fig. 8G-I). Taken together, the SCI associated increase in vascular permeability and
enhanced GABAergic activity likely associated with spinal shock within the lumbar cord
were absent without functional MMP-9 activity.

Discussion

Recovery after SCI is largely dependent on segmental pattern generation within cervical and
lumbar locomotor networks (Alilain et al., 2008; Alstermark and Isa, 2012; Alstermark et
al., 2011; Edgerton et al., 2004; Grillner and Wallen, 1985; Lane et al., 2012; Rossignol and
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Frigon, 2011). Within hours, neuronal communication in the remote lumbar region is
compromised by inflammatory signaling. The inflammatory signature of the lumbar cord
has been associated with the development of neuropathic pain, spasticity, and the
impairment of locomotor networks during activity-based training (Detloff et al., 2008; Gwak
et al., 2012; Hains and Waxman, 2006; Hansen et al., 2013; Popovich et al., 1996). This
study provides the first evidence of how neuroinflammation is initiated specifically in the
lumbar but not cervical cord after midthoracic contusion. Here, we identify rapid
neurovascular alterations localized to the lumbar cord that facilitate the infiltration of BM-
derived myeloid cells. This is a critical finding given that blood brain barrier assessments
have been characterized for over two decades. Our work identifies a novel injury response
caudal but not rostral to SCI that likely undermines recovery and further compounds the
functional consequence of axon loss at the lesion epicenter. In a companion manuscript, we
have further described segmental functional impairments of neural networks in the lumbar
cord at 7d after a moderate/severe thoracic SCI (Hansen et al., 2016). Behaviorally, we
found that lumbar segments were incapable of generating adaptive plasticity and learning.
This was accompanied by aberrant dendritic spine growth within lamina 7 interneurons that
likely comprise part of the CPG. Here, we begin to identify some cell types and signaling
mechanisms that impact remote lumbar dysfunction after thoracic SCI.

It is surprising that myeloid trafficking occurred so distal to the SCI lesion site. Until now,
such long-distant inflammatory responses were postulated to be a central microglial
response. However, early work showing greater uptake of a small molecule by vasculature in
the thoracic cord and L1 after SCI provides strong rationale for the cellular-based studies
here (Popovich et al., 1996). Immune cell diapedesis and BSCB breakdown has been
extensively studied at the epicenter (Greenhalgh and David, 2014; Noble et al., 2002;
Popovich et al., 1996; Soderblom et al., 2013; Whetstone et al., 2003) but not within the
cervical and lumbar enlargement where high metabolic demand and vascular density exist
(Mautes et al., 2000). However, our findings of caudal but not rostral myeloid infiltration has
less to do with metabolic demand and points to specialized function of the lumbar
vasculature. Indeed, our work supports evidence from multiple sclerosis models that
vasculature in the lumbar enlargement is an important access point for BM derived cells
(Arima et al., 2012). Here, we document robust active myeloid trafficking into the lumbar
enlargement within 24 h and well-before vascular breakdown at 7 dpi. The amount of
trafficking is likely underestimated given that only ~65% BM-cells display a GFP tag in our
chimera model. Extravascular GFP+ cells were evident throughout lumbar and sacral
segments (sacral data not shown). Our work shows that thoracic SCI markedly alters the
blood brain barrier throughout the vasculature in the lumbar enlargement. In the cervical
cord, we found little or no myeloid cell infiltration. Clearly, parenchymal access is regulated
differently in the lumbar cord, distal to SCI. While others suggest that lumbar immune
access is activity-dependent in experimental autoimmune encephalomyelitis (EAE)) (Arima
et al., 2012), we speculate that the changes we see with SCI result from a regional difference
in blood spinal cord barrier composition. It is widely accepted that the blood brain barrier
does not have uniform configuration throughout the body. Many locations in the CNS are
described as having an absent or weakened blood brain barrier. Examples include the
circumventricular organs like area postrema and subfornical organ, as well as secretory
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organs such as the pituitary and pineal glands. While the lumbar barrier is intact in the
uninjured cord, we suggest that the remote neurovascular unit responds differently to
degenerating axons and/or long distance glial communication than the vascular beds in the
cervical cord. This may be due to the unique metabolic demands of respiratory and
locomotor pattern generator networks and warrants additional investigation. It may also be
due to the anatomy of a thoracic lesion. It is unclear whether, for instance, a cervical lesion
would produce a differential long-distance inflammatory response. Based on our collected
data, we hypothesize that embedding a lesion in a region where the blood-brain-barrier is
more structurally sound, like the cervical cord, may restrict lesion pathology.

Another important finding in this study is that we identified phenotypic alterations of
infiltrating myeloid cells over time. Upon infiltration, GFP* cells display rod and circular
shapes (24 h after SCI) that are consistent with monocytes. These cells were present in and
outside the blood vasculature of the lumbar gray matter. This occurs alongside a bushy or
activated phenotype in resident microglia which may contribute to increased production of
monocyte chemoattractant CCL2 at 24 h (Hansen et al., 2013). A bushy phenotype describes
an exaggerated activation profile in microglia, known to secrete CCL2 (Soltys et al., 2001).
It is also possible that other cell types in the CNS such as neurons and astrocytes contribute
to the increased CCL2 protein in the lumbar cord within 24 after SCI. Similar to events near
the lesion epicenter, we speculate that activation of microglia in the lumbar cord initiates a
chemokine gradient that recruits monocytes into the CNS parenchyma (Greenhalgh and
David, 2014). However, early diapadesis of these cells did not disrupt BSCB integrity. Based
on evans blue leakage, permeability was evident at 7 dpi by which time BM-cells display a
macrophage phenotype and a toxic milieu of TNFa and MMP-9 developed (Hansen et al.,
2013). By 7 dpi, infiltrating macrophages had increased Iba-1 expression and a more
ramified morphology, similar to that of resident microglia. Additionally, ramified
macrophages begin to downregulate CD45 while rod-shaped macrophages (based on GFP+
cell counts and morphological assessments) have high CD45 expression. These alterations in
macrophage morphology and Iba-1/CD45 expression suggest that the 24 h - 7 d time
window provides an opportunity to shape macrophage heterogeneity in the lumbar cord.
Interventions that prevent infiltration or shift infiltrated macrophage phenotype based on
environmental signals may prevent vascular leakage and attenuate the remote injury
sequella. We demonstrate that mechanisms that initiate active myeloid recruitment to the
lumbar cord are substantially different than the passive infiltration at the lesion epicenter
(Greenhalgh and David, 2014; Kigerl et al., 2009; Kigerl et al., 2006). For example, we
show that infiltration of CD45 cells into the lumbar cord was dependent on MMP-9. Our
findings identify a novel target for SCI therapies that may improve locomotion and other
below-level functional deficits.

There are several potential mechanisms of monocyte transvascular migration into the lumbar
cord at a time when the blood spinal cord barrier appears intact (Abbott et al., 2010; Imhof
and Aurrand-Lions, 2004; Muller, 2011, 2013, 2015). Our data suggests that early monocyte
recruitment by CCL2 and endothelial attachment at regions of high ICAM expression
initiate migration. We previously showed that the first week after SCI (24-7d) coincides with
a progressive increase of MMP-9 production in the lumbar cord (Hansen et al. 2013). We
postulate that these monocytes have elevated MMP-9 which is secreted and degrades claudin
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and occludin to allow targeted migration through endothelial tight junctions. By 7d, the
accumulation of infiltrated macrophages may produce toxic levels of MMP-9 that further
breaks down the endothelial junction from inside the CNS parenchyma. Perhaps opening of
the blood spinal cord barrier is a consequence rather than a cause of macrophage entry
within the first week of SCI. Our present work identifies an Iba-1+ macrophage phenotype
that is likely responsible for the MMP-9 production and barrier breakdown. 1t may be
possible that increased barrier permeability during subacute periods may play an important
role in sustaining populations of monocytes in the lumbar cord.

There is significant interest in understanding macrophage heterogeneity after SCI.
Macrophages play diverse roles in CNS trauma and elicit mechanisms associated with both
injury and repair (Greenhalgh and David, 2014; Kigerl et al., 2009). An expanded
continuum of heterogeneity in macrophage phenotypes has recently been described in injury
and stress models (Fenn et al., 2014; Mosser and Edwards, 2008; Wohleb et al., 2014;
Wohleb et al., 2013). It has been well documented that repeated social stressors promote the
recruitment of BM derived immune cells into the brain, promote anxiety and impair
cognitive tasks (Wohleb et al., 2011; Wohleb et al., 2014; Wohleb et al., 2013). We have
previously shown that exercise-stressors produce functional declines early after SCI (Hansen
et al., 2013). It may be possible that exercise interventions result in sympathetic outflow
from the bone marrow that primes BM-derived cells to produce a toxic interaction. Stress
responses initiate a release of inflammatory monocytes that infiltrate the brain and cause
anxiety (Wohleb et al., 2014; Wohleb et al., 2013). Similarly, in our SCI model, we found
that injury initiated the release of monocytes into circulation and that this was maintained
through 7 dpi. Based on these findings, alongside work in our companion manuscript
demonstrating segmental functional impairments in the lumbar cord (Hansen et al., 2016),
we postulate that infiltrated macrophages around locomotor networks do not support
adaptive function or repair. Instead, we suggest that lumbar macrophages take on a
detrimental phenotype early after SCI that renders lumbar networks refractive to function
and initiates an acute period of spinal shock.

Our results show that reducing the inflammatory signature and stabilizing the BSCB in the
remote lumbar cord prevents aberrant inhibitory contacts within locomotor neuron networks.
Similar to work done in rat and cat models, thoracic injury results in the upregulation of
inhibitory GADG67 expression in dorsal and intermediate laminae by 7 days after SCI
(Tillakaratne et al., 2002). This period of remote synaptic inhibition may reflect the early
period of spinal shock after SCI (DiTunno et al., 2004). Spinal shock results from structural
and biochemical indices of maladaptive neuroplasticity regulated by neuroinflammation.
Findings of aberrant spine formations throughout dorsal, intermediate, and ventral neuron
networks support this mechanism (Bandaru et al., 2015; Hains and Waxman, 2006; Hansen
et al., 2016; Tan et al., 2008). We postulate that remote inflammatory signaling jeopardizes
the homeostatic balance of excitatory and inhibitory synaptic contacts in locomotor
networks after SCI. In support of this idea, TNFa signaling initiates AMPA receptor
insertion that mediates aberrant excitability (Beattie et al., 2002; Huie et al., 2012). Other
inflammatory actions modulate synaptic activity by altering GABAergic activity (Grau et al.,
2014). Here, we show that MMP9XO mice display a frank reduction in vascular leakage
alongside normalized expression of GAD67 within presumptive CPG laminae. By
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preventing remote inflammation, we create a more permissive balance of GADG67 expression
to facilitate plasticity amenable to activity-dependent training. Moreover, a balance of
inhibitory synaptic contacts within shared locomotor networks may ameliorate below-level
deficits such as neuropathic pain and spasticity.

Early prevention of aberrant inhibitory synaptic contacts in lumbar neuron networks
provides an opportunity for activity-dependent plasticity and recovery. Indeed, MMP9KO
mice demonstrate improved recovery only in combination with lumbar-focused treadmill
training (Hansen et al., 2013). Thus, optimal locomotor recovery likely depends on
combinatorial therapies that unmask adaptive plasticity by reducing inflammation in the
lumbar cord. Reducing the toxic milieu surrounding CPG networks may optimize function
and more readily generate plasticity after SCI. From here, work is needed to selectively
target lumbar inflammation and establish below level sensory and motor changes that are
independent of axon sparing at the lesion site. Effective therapies that target remote
neuroinflammation will likely depend on specific evaluations of microglia vs. macrophage
phenotypes under conditions of neurorehabilitation.

Conclusions

The data in this manuscript uncover a far-reaching neuroimmune response after CNS injury.
Until now, the role of the peripheral immune system in the remote lumbar cord has been
only speculative. Identification of this response provides a novel opportunity to abate
neuroinflammation and rescue below-level plasticity and function after SCI.
Pharmacological therapies that target remote myeloid trafficking in the lumbar cord will be
essential for unmasking a window of plasticity in the CNS that can be shaped with activity-
based therapies. Future therapies must recognize the expansive nature of the SCI lesion,
especially caudally, and address pathology at- and beyond the injury epicenter.
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Highlights
Myeloid infiltration occur in the lumbar cord within hours of thoracic SCI

Upregulation of signaling molecules around the vasculature suggests active
trafficking

Myeloid progenitor cells in the lumbar cord develop a mature microglial
phenotype 1 week post injury

Myeloid infiltration into locomotor networks corresponded with increases
in inhibitory GADG7 expression
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Figure 1. Increased presence of monocytes and granulocytes in circulation 24 h and 7 days after
thoracic SCI

C57BL6 mice were naive or subjected to a Mid-thoracic SCI. Blood was collected 24 h or 7
d later and the percentage of monocytes and granulocytes were assessed. A) Representative
bivariate dot plots of CD11b and Ly6C labeling of monocytes. B) The percentage of
CD11b* cells that were Ly6C* or Ly6CM9" in circulation 24 h and 7 d after SCI is shown. C)
Representative bivariate dot plots of CD11b and GR-1 labeling of granulocytes. D) The
percentage of granulocytes (CD11b*/GR-1%) in circulation 24 h and 7 d after SCI is shown.
Bars represent the mean + SEM. Means with (*) are significantly different than naive
controls. Data were analyzed using one-way ANOVA and Tukey's HSD post hoc tests for
significant main effects (n=4).
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Figure 2. Trafficking of peripheral myeloid cells into the epicenter and lumbar regions after

thoracic SCI

C57BL6 mice were naive or subjected to a mid-thoracic SCI. The cervical region, epicenter
region, and lumbar region was collected 24 h later and myeloid cells were isolated from the
tissue. A) Representative bivariate dot plots of CD11b and CD45 labeling of myeloid cells.
B) The percentage of peripherally derived CD11b*/CD45M9" cells was quantified. Bars
represent the mean + SEM. Means with (*) are significantly different than naive. Mean with
(#) is significantly different than epicenter. Data were analyzed using one-way ANOVA and
Tukey's HSD post hoc tests for significant main effects (n=4).
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Figure 3. Thoracic SCI increased ICAM-1 and CCL2 protein expression within remote lumbar
segments
C57BL6 mice were naive or subjected to a mid-thoracic SCI. A) The lumbar cord was

collected 24 h, 3 d, 7 d after SCI and the protein levels of ICAM1, CCL2, and CXCL12
were determined. Data are presented as percent change from naive controls (dotted line).
Bars represent mean + SEM. Data were analyzed using two-way ANOVA and post hoc t-
tests for significant main effects Means with (*) are significantly different than naive
controls. Means with ($) have p-values <0.06. Data were analyzed using one-way ANOVA
and Tukey's HSD post hoc tests for significant main effects (n=3-5). In a related experiment,
C57BL6 mice were naive or subjected to a mid-thoracic SCI. Mice were perfused, fixed and
the spinal cord was collected 7 days after injury. Representative images of ICAM-1 labeling
in the lumbar cord (L1-L3) of B) naive and C) SCI mice. Scale bar is 100 um. Dashed white
boxes outline blood vessels that were positive for ICAM labeling. Representative enlarged
images of ICAM-1+ blood vessels (white arrow) from D) naive and E) SCI mice.
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Figure 4. Region specific infiltration of GFP+ BM-derived cells into lumbar cord 24 hours after
thoracic SCI
A) C57BL6 mice were subject to busulfan treatment to ablate the bone marrow. Next,

busulfan treated mice received a BM transfer of cells from a GFP+ C57BL6 donor mouse.
After BM reconstitution (3 weeks), GFP+ BM chimeric mice were assigned to naive or
thoracic SCI groups. Mice were perfused and fixed and the spinal cord was collected 24 h
later. B-1) Representative images of GFP+ cells in the spinal cord of naive mice (B, F) and
24 h after SCI in the cervical (C, G), epicenter (D, H), and lumbar (E, I) regions. High
magnification images show (F-1) show increased detail of GFP+ cells. Solid lines indicate
the outer border of the spinal cord, while dashed lines outline the gray matter. GFP+ cells
were also noted in the peripheral nerve roots after SCI (not quantified; B, D, E, F). Data is
further quantified via cell counts and flow cytometry in subsequent figures. Scale bar is 100
pm.
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Figure 5. Increased infiltration of GFP™ BM derived cells into lumbar cord 24 hours after
thoracic SCI
GFP+ BM chimeric mice were assigned to naive or to a thoracic SCI. Mice were perfused

and fixed and the spinal cord was collected 24 h later. The presence of GFP+ cells in and out
of the vasculature (Ly6C+) of the lumbar cord (L1-L3) was determined. Representative
images of the GFP+ (green) and Ly6C (red) labeling in naive mice within the dorsal horn,
intermediate laminae and ventral horn gray matter of the lumbar cord (A-C). Representative
images of the GFP+ (green) and Ly6C (red) labeling in SCI mice with the dorsal column,
intermediate laminae and ventral horn gray matter (D-F) of the lumbar cord. Inserts show
the anatomical region within the spinal cord used. Dashed white outline shows the gray
matter of the cord in labeled sections. Scale bar is 100um. The number of GFP+ cells in the
G) dorsal horn, H) intermediate laminae and I) ventral horn matter of the lumbar cord. Bars
represent the mean + SEM. Means with (*) are significantly different than controls. Data
were analyzed using one-way ANOVA (n=4).
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gigure 6. BM-derived GFP+ macrophages persisted in the parenchyma of the lumbar cord at 7
ays

GgP+ chimeric C57BL6 mice were naive or subjected to thoracic SCI. Mice were perfused
and fixed and the spinal cord was collected at 24 h or 7 d. A) Representative images of the
GFP+ (green), Ly6C (red), and DAPI (blue) labeling in the ventral horn 24 h (left) and 7
days (right) after SCI. Inserts show the anatomical region within the spinal cord used.
Yellow arrow highlights rod or circular GFP+ cell and the white arrows highlight ramified
GFP+ cells. Scale bar is 50um. The presence of GFP+ and Iba-1+ cells was determined
alongside a quantification of cells that displayed a ramified morphology. B) Representative
images of the GFP+ (green) and Iba-1 (red) in the ventral horn. White arrows highlight GFP
+/Iba-1 cell in the lumbar cord 7 days after SCI. The number of ramified GFP+ cells in the
parenchyma (GFP+/Ly6C-) 24 h and 7 d after SCI was determined in C) dorsal horn, D)
intermediate laminae, and E) ventral horn of the lumbar cord. The number of GFP+/lba+1
cells in the parenchyma 24 h and 7 d after SCI was determined in the F) dorsal horn, G)
intermediate and H) ventral horn of the lumbar cord. Bars represent the mean + SEM. Means
with (*) are significantly different between groups. Data were analyzed using one-way
ANOVA (n=4).
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Figure 7. MMP-9-dependent breakdown of the lumbosacral vasculature 7 days after thoracic
SClI

MMPOWT or MMP9KO mice were naive or subjected to a thoracic SCI. Mice were injected
with evans blue dye (EBD) as naive, and at 24 h or 7 d after SCI. Mice were perfused 30
minutes after injection, fixed, and the spinal cord was collected. Vascular permeability was
described via fluorescence using confocal microscopy. Representative images of evans blue
labeling in L5/L6 of the lumbar cord of A) MMPOWT 24 h, B) MMP9OWT 7 day, and C)
MMP9KO 7 day mice. D) Quantification of evans blue labeling through the lumbar cord.
Bars represent the mean + SEM. Means with (*) are significantly different from 24 h. The
same mice were labeled for CD45 expression in the lumbar cord. Representative images of
CD45 labeling in lumbar cord of E) naive, F) MMP9WT 7 days, and G) MMP9XC 7 day
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mice. The number of CD45 positive cells is quantified in H. Bars represent the mean + SEM.
Means with (*) are significantly different from naive. Data were analyzed using one-way
ANOVA and Tukey's HSD post hoc tests for significant main effects (n=5-7). Inserts show
the anatomical region within the spinal cord used. Scale bar is 100um.
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Figure 8. MMP-9-dependent enhancement of GAD67 labeling in lumbar cord 7 days after
thoracic SCI

MMPOWT or MMP9KO mice were assigned to naive or to thoracic SCI and survived for 7 d.
Mice perfused, fixed, and the spinal cord was collected. A) Representative images of
GADG7 (yellow) labeling in naive mice or 7 days after SCI in L1-L3 segments of the lumbar
cord. B) Inserts show the anatomical cord segments examined. C) Representative images of
GADSG67 (yellow) and DAPI (blue) labeling 7 days after SCI in L1-L3 of the lumbar cord.
The proportional area of labeling for GADG67 in the D) dorsal horn, E) intermediate laminag,
and F) ventral horn of the lumbar cord. Means with (*) are significantly different than naive
control. Data were analyzed using one-way ANOVA and Tukey's HSD post hoc tests for
significant main effects (n=3-4). Inserts show the anatomical region within the spinal cord
used. Scale bar is 100um.
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