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Abstract: The involvement of the extracellular matrix (ECM) in lesion evolution and functional
outcome is well recognized in spinal cord injury. Most attention has been dedicated to the “core”
area of the lesion and scar formation, while only scattered reports consider ECM modification based
on the temporal evolution and the segments adjacent to the lesion. In this study, we investigated
the expression profile of 100 genes encoding for ECM proteins at 1, 8 and 45 days post-injury, in
the spinal cord segments rostral and caudal to the lesion and in the scar segment, in a rat model.
During both the active lesion phases and the lesion stabilization, we observed an asymmetric gene
expression induced by the injury, with a higher regulation in the rostral segment of genes involved in
ECM remodeling, adhesion and cell migration. Using bioinformatic approaches, the metalloproteases
inhibitor Timp1 and the hyaluronan receptor Cd44 emerged as the hub genes at all post-lesion times.
Results from the bioinformatic gene expression analysis were then confirmed at protein level by tissue
analysis and by cell culture using primary astrocytes. These results indicated that ECM regulation
also takes place outside of the lesion area in spinal cord injury.

Keywords: spinal cord injury; extracellular matrix; secondary degeneration; remyelination; timp1; in-
flammation

1. Introduction

Spinal cord injury (SCI) is a devastating, incurable condition which can severely limit
motor abilities but also causes a number of sensory, visceral and systemic symptoms and
complications. According to the Global Burden of Diseases, Injuries and Risk Factors
Study (GBD) 2019, the age-standardized incidence rate for SCI is 13 per 100,000, while the
prevalence is 368 per 100,000 and 90% of cases are due to falls or accidents [1].

When a traumatic injury occurs, a cascade of cellular and molecular events follows
the mechanical impact, propagating the primary damage and causing it to spread during
a phenomenon known as “secondary degeneration.” Secondary degeneration has been
described in both animal models and humans [2] and includes an acute phase beginning
immediately after SCI, involving vascular damage, excitotoxicity, free radical formation,
inflammation, edema and necrotic cell death. This is followed by the subacute phase,
characterized by apoptosis, demyelination, axonal die-back and Wallerian degeneration,
matrix remodeling and scar formation. The final component is the chronic phase, involving
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the formation of a cystic cavity (syringomyelia, which is present in humans and to a lesser
extent in rodents [3], progressive axonal die-back and evolution toa fibrotic scar. The
secondary lesion evolves differently rostrally and caudally to the lesion; syringomyelia
extension being more severe caudally to the lesion [4], whereas white matter lesion appears
to be more severe rostrally to the lesion epicenter [5].

In this complex context, various roles have been attributed to the extracellular matrix
(ECM) components over the past decades with regard to the determination of SCI evolu-
tion, including free growth factor availability, axonal regeneration, resident and incoming
inflammatory cell activation, cell proliferation and migration and attempts at myelin repair.
Altered ECM composition after injury is caused by the degradation of certain ECM com-
ponents and the increased synthesis and activity of others [6]. Different metalloproteases
(MMPs), for example, can be released by activated microglia/macrophages, a mechanism
triggered by hyaluronan fragments, tenascins and sulfated proteoglycans liberated in the
site of injury [7]. The inhibitory role played by the robust up-regulation of chondroitin
sulphate proteoglycans on axonal regrowth following injury has been recognized for many
years [8]. In the event of injury to the meninges, incoming fibroblasts produce structural
components of the ECM, such as fibronectin, collagen and laminin [2]. ECM composition
changes are one of the major mechanisms which limit axonal sprouting and regrowth [9]
and which alter the process of oligodendrocyte precursor cell (OPC) maturation into newly
myelinating oligodendrocytes, responsible for remyelination attempts in the white matter
after lesion [10] and regarded as a potential therapeutic target [11].

A clear picture of the cascade of changes in ECM composition and structure at different
times after trauma, however, is still elusive, due in part to the complex and evolving nature
of this lesion, with no clear distinction between causal and secondary molecular events [12].
Moreover, the succession of partly overlapping pathophysiological events (mechanical
trauma, inflammation, excitotoxicity, demyelination and remyelination attempts, neurode-
generation via necrosis, apoptosis, Wallerian and retrograde degeneration, scar formation,
etc.) creates a number of confounding interactions. All of these unpredictable variables
challenge the classical hypothesis-oriented study design, while the burgeoning availability
of “omic” techniques offers a unique opportunity for a target discovery strategy, one which
combines a robust experimental design with the bioinformatic analysis of experimental
data and confirmatory in vivo and in vitro experiments.

We therefore designed a study to investigate the ECM protein encoding genes in
the spinal cord areas immediately rostral and caudal to the lesion core, using an mRNA
array profile and Real Time-Polymerase Chain Reaction (RT-PCR) comprising around
100 genes, with three timepoints corresponding to the inflammatory phase (24 h post-
lesion), ongoing secondary degeneration (8 days post-lesion) and the chronic phase (45 days
post-lesion), focusing our attention on the segments where most of the ascending and
descending tracts were compromised by the lesion. The hypothesis generated from the
bioinformatic analysis of the gene expression results was then validated at protein level
and by in vitro experiments.

2. Results
2.1. Animals and Lesion Characterization

The spinal cord area directly affected by the mechanical lesion is illustrated in a
schematic coronal section of the lesion segment of the spinal cord, including the area directly
impacted by the punch (Figure 1A, gray area). The general wellness of the animals was
monitored by body weight (Figure 1B) and an initial decrease was observed, followed by a
recovery starting from 8 Days Post Lesion (DPL). All animals showed a mild to moderate
locomotor impairment following SCI, as assessed by the Basso, Beattie, Bresnahan (BBB)
locomotor scale and a spontaneous recovery beginning at 7 DPL, which stabilized at 14 DPL
(Figure 1C). None of the study rats died.
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over the course of the experiment. Data is expressed as mean ± SEM; (C) Basso, Beattie, Bresnahan (BBB) score in lesioned 
animals over the course of the experiment, where 21 is the score of healthy pre-lesion animals. Data is expressed as mean 
± SEM; (D) Schematic diagram of spinal cord sampling; (E) Low-mag micrographs of the coronal section of the spinal cord 
at the center of the lesion, rostral and caudal levels (Nissl staining) from representative animals sacrificed at 24 h, 8 and 45 
days; (F) 3D reconstruction of the spinal cord cavitation at 45 days post lesion (DPL) as derived from low-magnification 
micrographs of longitudinal sections, showing the rostro-caudal and dorso-ventral extension. Abbreviations: A; dc, dorsal 
corticospinal tract; dh, dorsal horn; Gr gracile fasciculus; ICI, Intercalated nucleus; IML, intermediolateral column; IMM, 
intermediomedial column; lf, lateral funiculus; LSp, lateral spinal nucleus; psdc, post synaptic dorsal column; vf, ventral 
funiculus; vh, ventral horn; vmf, ventral medial fissure; vwc, ventral white commissure. 
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Center of the Lesion 

Figure 1. Functional and anatomical characterization of the traumatic spinal cord injury (SCI): (A) Gray area shows the
tip of the impactor on the anatomical schema of the spinal cord; (B) Percentage variation of the body weight of lesioned
rats over the course of the experiment. Data is expressed as mean ± SEM; (C) Basso, Beattie, Bresnahan (BBB) score in
lesioned animals over the course of the experiment, where 21 is the score of healthy pre-lesion animals. Data is expressed as
mean ± SEM; (D) Schematic diagram of spinal cord sampling; (E) Low-mag micrographs of the coronal section of the spinal
cord at the center of the lesion, rostral and caudal levels (Nissl staining) from representative animals sacrificed at 24 h, 8 and
45 days; (F) 3D reconstruction of the spinal cord cavitation at 45 days post lesion (DPL) as derived from low-magnification
micrographs of longitudinal sections, showing the rostro-caudal and dorso-ventral extension. Abbreviations: A; dc, dorsal
corticospinal tract; dh, dorsal horn; Gr gracile fasciculus; ICI, Intercalated nucleus; IML, intermediolateral column; IMM,
intermediomedial column; lf, lateral funiculus; LSp, lateral spinal nucleus; psdc, post synaptic dorsal column; vf, ventral
funiculus; vh, ventral horn; vmf, ventral medial fissure; vwc, ventral white commissure.

Lesion extension was analyzed by histology, using both longitudinal and coronal
sections. The anatomical schema in Figure 1D shows the general sampling strategy for
tissue analysis and includes the area directly affected by the mechanical lesion (center
of the lesion) and the rostral and caudal segments affected by secondary degeneration.
Panels in Figure 1E show representative micrographs of coronal sections collected at the
corresponding rostro-caudal level at 1, 8 and 45 DPL. Sections collected at the center of
the lesion at 1 and 8 DPL were almost destroyed and the resulting cavitation is evident at
45 days. Figure 1F shows the rostro-caudal and dorso-ventral extension of the lesion at
45 DPL, as obtained by 3D reconstruction of longitudinal sections from a representative
animal. The contusive lesion and secondary degeneration extended to a dorso-ventral
depth of approximately 2000 µm, reaching the ventral horn as expected and 6000 µm in
rostro-caudal direction, from segment T7 to segment T11.
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2.2. Gene Expression Profile in the Spinal Cord Segment Rostrally and Caudally to the Lesion
Center of the Lesion

The expression of genes encoding for proteins of the ECM was investigated at 1,
8 and 45 DPL following spinal cord lesion, rostrally and caudally to the lesion, therefore
in segments which are not directly involved in the mechanical lesion but affected by the
secondary degeneration process. This was done by comparing the expression profile of
84 genes to the respective segments of intact animals and the list of the investigated genes
is reported in Figure 2. For biological averaging and variance reduction, samples from each
group were pooled as for microarray experiments [13–15].

The relative gene expression is shown as a heat map showing correlated gene expres-
sion across each group and time point (Figure 2). The relative fold change for each gene is
shown in the table next to the clustergram, with red being the maximum and green the
minimum difference of expression from the median of each gene analyzed. Due to the
low expression in all experimental groups (threshold > 35 Ct), we excluded the Mmp1
gene from further investigation. The fold of difference normalized on the corresponding
spinal cord segment in intact animals is reported in the table, where up-regulated genes
are shown in red and down-regulated genes are shown in green.

The main focus of the study was to compare the ECM gene expression in the spinal
cord segments rostral and caudal to the lesion. The two hierarchical clusterization analyses
obtained using Gene Globe software revealed a similar regulation between the two seg-
ments soon after the lesion (1 DPL), characterized mainly by the up-regulation of the genes
involved in ECM remodeling (Timp1, Mmps, Sell, CD44, Fn1). However, the rostral segment
showed a higher number of up-regulated genes (rostral, n = 21; caudal n = 6) and a lower
number of down-regulated genes (rostral, n = 1; caudal n = 13), with CD44, Mmp3, Sell,
Thbs2, Timp1 and Tnc commonly up-regulated in the two segments. At longer time points
from the lesion, the caudal segment showed a similar pattern of gene regulation (8 and
45 DPL), with a slight down-regulation of most analyzed genes. The rostral segments
also showed a similar pattern of gene regulation compared to the caudal segments, while
the rostral segment clustered alone at 45 DPL, indicating that the overall gene expression
regulation differed from the other time points.

At this time point, only the Timp1 gene was still up-regulated in both segments, while
10 and 5 genes were down-regulated in the rostral and caudal segments respectively, with
Col8a1 the only common down-regulated gene in both segments.

To further investigate the similarities and differences between the rostral and caudal
segments in response to spinal cord lesion, we extracted the highly-responsive genes (fold
of changes > 4) from the PCR array analysis, grouping them as similar (Figure 3A) or
different regulation patterns (Figure 3B) between the two segments. In each graph, the
circle represents the rostral and the square the caudal segment, while the dotted horizontal
line indicates the intact spinal cord.
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Rostral to the lesion Caudal to the lesion
Symbol 1 DPL vs H 8 DPL vs H 45 DPL vs H 1 DPL vs H 8 DPL vs H 45 DPL vs H
Adamts1 3.13 1.33 −1.89 1.68 −1.77 −1.93
Adamts2 −1.23 1.52 −2.51 −1.81 −2.17 −1.98
Adamts5 1.75 1.22 −1.48 1.27 −1.19 1.32
Adamts8 −1.08 −1.38 −1.2 −1.84 −1.82 −2.27
Catna1 1.13 1.47 1.14 −1.5 −1.34 −1.21
Cd44 4.96 4.27 −1.66 2.31 1.4 1.05
Cdh1 1.06 1.42 −1.95 −2.04 −3.17 −1.13
Cdh2 −1.09 1.14 1.06 −1.93 −1.38 −1.44
Cdh3 −1.21 1.14 1.06 −2.05 −1.81 −1.22
Cdh4 −1.02 1.22 1.12 −1.63 −1.52 −1.16
Cntn1 −1.17 1.46 1.36 −2.04 −1.36 −2.25
Col1a1 2.5 4.09 −2.29 −1.41 −1.25 −1.28
Col2a1 −1.4 1.57 −1.89 −1.71 −2.42 −1.05
Col3a1 2.54 4.01 −6.03 −1.02 −1.48 −1.44
Col4a1 1.53 1.27 −1.57 1.6 −1.53 1.19
Col4a2 1.5 1.33 −1.17 1.04 −1.71 1.05
Col4a3 −1.29 1.2 1.13 −1.23 −1.24 −1.18
Col5a1 1.19 1.69 −2.35 −2.19 −2.8 −1.6
Col6a1 2.81 2.84 −1.78 1.1 −1.54 −1.15
Col8a1 2.53 4.33 −3.6 −1.11 −3 −2.19
Ctgf 1.21 1.17 −1.24 1.08 −1.93 −1.9
Ctnna2 −1.37 −1.06 −1.23 −2.32 −2.08 −2.62
Ctnnb1 −1.06 1.48 1.22 −1.93 −1.27 −1.34
Ecm1 2.02 1.74 −1.38 −1.05 −1.84 −1.62
Emilin1 1.53 2.44 1.04 −1.84 −1.23 −1.34
Entpd1 −1.08 1.86 −1.45 −1.57 1.09 −1.33
Fbln1 −1.07 1.56 −1.75 −2.3 −1.57 −1.01
Fn1 3.46 3.19 −1.89 1.46 −1.53 −1.2
Hapln1 −1.23 −1.32 1.74 −1.65 −1.9 −1.66
Icam1 2.31 2.72 1.02 −1.13 1.06 −1.13
Itga2 −1.45 1.05 −1.21 −1.5 −1.3 1.08
Itga3 −1.09 1.07 1.15 −1.87 −1.59 −1.63
Itga4 1.05 1.45 1.22 −1.17 −1.24 −1.95
Itga5 2.59 1.42 1.16 1.78 −1.02 −1.11
Itgad −1.03 1.25 1.3 −1.25 −1.18 −1.17
Itgae −1.56 2.21 1.64 −3.15 −1.04 −1.52
Itgal 2.02 2.6 1.02 1.02 2.55 −1.15
Itgam 2.28 2.65 −1.19 1.1 2.29 −1.16
Itgav −1.15 1.25 −1.29 −2.28 −1.52 −1.46
Itgb1 1.64 1.62 −1.26 −1.27 −1.2 −1.26
Itgb2 1.91 3.02 1.92 1.26 2.97 1.33
Itgb3 1.33 2.01 1.33 −1.09 −1.26 −1.22
Itgb4 −1.28 1.51 −1.84 −3.09 −2.92 1.29
Lama1 −1.28 1.18 1.07 −1.16 −1.44 −1.04
Lama2 −1.13 1.43 −2.94 −1.37 −1.52 1.54
Lama3 −1.09 1.49 1.16 −1.88 −1.7 −1.27
Lamb2 1.25 1.67 −1.15 −1.2 −1.31 1.03
Lamb3 −1 1.28 −1.1 1.47 −1.42 1.24
Lamc1 1.6 1.42 −2.67 −1.43 −1.45 −1.24
Mmp10 −1.29 1.23 1.07 1.35 −1.14 −1.17
Mmp11 −1.28 1.15 −2.1 −1.57 −1.38 −1.15
Mmp12 −1.03 3.85 1.3 −1.25 4.39 −1.17
Mmp13 2.98 −1.24 −1.2 1.94 −1.6 −1.26
Mmp14 1.66 1.65 −1.16 −1.12 −1.24 −1.07
Mmp15 −1.43 1.01 −1.05 −2.62 −1.69 −1.34
Mmp16 1.13 1.58 1.35 −1.51 1.05 −1.11
Mmp2 1.11 2.69 −1.83 −1.04 1.33 1.11
Mmp3 9.71 3.98 1.66 8.02 3.06 1.33
Mmp7 1.39 1.29 1.23 1.42 −1.24 −1
Mmp8 3.34 4.56 1.3 1.35 3.1 −1.17
Mmp9 1.3 1.12 1.19 1.68 −1.08 −1.33
Ncam1 −1.22 1.45 −1.43 −2.01 −1.35 −1.09
Ncam2 −1.2 1.1 −1.18 −1.7 −1.49 −1.26
Pecam1 −1.06 −1.4 −1.29 −1.09 −1.62 −1.91
Postn 3.06 5.06 −1.04 −1.5 −1.7 −2.03
Sele −1.33 −1.33 −1.01 1.45 −1.06 1.63
Sell 22.03 2.14 1.3 7.99 −1.21 −1.43
Selp 1.41 1.25 1.3 1.12 −1.49 −1.17
Sgce −1.1 1.58 1.1 −1.51 1.13 1.13
Sparc −1.06 1.75 1.22 −1.27 1.26 1.29
Spock1 −1.23 −1.06 1.01 −1.74 −1.39 −1.36
Spp1 1.89 2.15 1.25 1.43 1.38 1.27
Syt1 −1.61 −1.11 −1.56 −1.95 −1.67 1.01
Tgfbi 1.63 1.95 −4.46 −2.06 −2.04 1.18
Thbs1 2.79 3.51 −3.51 1.27 −3.64 −1.05
Thbs2 6.3 3.64 1.36 3.41 1.58 1.35
Timp1 28.57 12.4 2.32 13.95 5.22 2.29
Timp2 −1.07 1.55 1.19 −1.8 −1.08 1.14
Timp3 1.13 1.52 −1.33 −1.14 −1.44 1.09
Tnc 4.1 4.26 −1.91 3.67 2.88 1.53
Vcam1 −2.29 1.46 −1 −2.2 1.12 −1.29
Vcan 1.35 1.36 −1.11 −1.11 1.09 −1.4
Vtn −1.99 −1.02 −1.83 −1.89 −1.92 1.04

Figure 2. Heat map of the cluster analysis of extracellular matrix (ECM) gene expression regulation. ECM gene mRNA
expression in the rostral and caudal segments of the spinal cord at all time points are shown in the table as fold change
compared to the pool of intact segments of spinal cord (n = 5 per group, pooled). The clustergram shows the co-regulated
genes across the group, analyzed with a vertical dendrogram and the clusterization of the segments of spinal cord at each
time point illustrated with a horizontal dendrogram. A red color indicates a higher expression with respect to the median of
the gene, whereas a green color indicates a lower expression. Gene names in bold indicate the highly regulated genes (fold
of change > 4).
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Figure 3. Time-course changes in the mRNA expression level of highly regulated genes. The figure illustrates the data
obtained from the Polymerase Chain Reaction (PCR) array of genes regulated more than 4 times in at least one of the two
segments and at least one considered time point. Genes are divided into similarly (A) or differently (B) regulated in the
rostral and caudal segments. Circles represent the segment rostral while squares the region caudal to the lesion.

The highly responsive genes showing the same regulation pattern between the two
segments are mostly involved in ECM reorganization, with a strong representation of
Mmps and related proteins (Mmp3, Mmp8, Mmp12, Timp1, CD44, Sell and Tnc), while the
rostral segment responds to injury with an overexpression of collagen genes (Col1a1, Col3a1
and Col8a1) and the related Postn, with an up-regulation in early phases (1 and 8 DPL) and
a down-regulation at 45 DPL. Moreover, the Thbs1 gene showed the same temporal pattern,
while decreased expression in the caudal segment and the Tgfβ induced gene (Tgfbi) were
strongly down-regulated in the rostral segment at 45 DPL, while being up-regulated in the
caudal segment at the same time point.

Since we used a ready-made PCR array profile, we included the mRNA expression
analysis of 14 additional genes encoding for proteins of the neural ECM performed by RT-
qPCR, also finding different mRNA expression levels between the two segments of spinal
cord for these genes over the time points analyzed. We first confirmed the data obtained
using PCR arrays for CD44, Fn1, Postn, Sell and Tnc, showing a strong up-regulation in both
segments at 1 and 8 DPL (Supplementary Materials Figure S1). Among the other genes,
we found a different regulation in the two segments in 3 genes (Agrin, Bcan and Slit2) in
the acute phase (1 DPL) and 1gene (Lgals1) in the sub-acute phase (8 DPL) (Figure 4A).
Agrin is involved in the regulation of neurite outgrowth and synapse formation; Bcan
encodes for brevican, a chondroitin sulfate proteoglycan; Slit2 regulates axonal guidance
in the spinal cord, while Lgals1, which encodes for Galectin 1, a beta-galactoside binding
protein involved in cell-cell and cell-matrix interaction, showed a statistically significant
up-regulation in the rostral segment compared to the caudal segment at 8 DPL (2.5 vs.
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1.5 Log2 fold change). No significant variations either in the rostral and caudal segments
were observed for Cspg4, Slit1, Tnr or Ntn1 (Figure 4B).
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the lesion. Statistical analysis: one-way ANOVA with Fisher’s LSD, Agrin p = 0.041, t = 2.146 (4, 27); 
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Figure 4. Time-course changes in mRNA expression level for neural extracellular matrix encoding
genes: (A) Genes presenting a statistically significant difference in expression level; (B) Genes
presenting non-significant variation. Real Time – Polymerase Chain Reaction (RT-PCR) data is
represented as Log2 fold change of gene expression normalized on the respective intact segment of
spinal cord, shown by the dotted line (n = 4 animals per group per time point). The black bars show
the results obtained from the rostral segment, whereas the gray bars show the segment caudal to the
lesion. Statistical analysis: one-way ANOVA with Fisher’s LSD, Agrin p = 0.041, t = 2.146 (4, 27); Bcan
p = 0.0441, t = 2.112 (5, 27); Slit2 p = 0.0341, t = 2.232 (5, 27); Lgals1 p = 0.035, t = 2.22 (4, 27), * p < 0.05.
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Moreover, we performed a correlation between the gene expression levels from sin-
gle animals and the related BBB score, finding no differences for all the analyzed genes
(Supplementary Table S1).

2.3. Bioinformatic Analysis and PPI Interaction from Cluster Analysis

We then performed bioinformatic analysis of all genes in the array and RT-PCR single
gene analysis. We initially classified the up- and down-regulated genes for each segment
and time point using the Panther bioinformatic platform for gene enrichment (Supple-
mentary Materials Figure S2). Gene classification was based on their biological process, as
defined by Gene Ontology (GO) analysis. We confirmed the difference observed with the
PCR Array clustergram analysis and identified the common biological processes at 1 DPL in
both rostral and caudal segments, especially for up-regulated genes. The principal classes
of biological process showing different regulation modes between the segments on either
side of the lesion epicenter were biological adhesion (GO: 0022610) and cellular process
(GO: 0009987) but we also found alterations in immune system process (GO: 0002376),
localization (GO: 0051179), biological regulation (GO: 0065007) and developmental process
(GO: 0032502).

To identify the major genes involved in ECM remodeling following SCI, the list of
genes profiled by the Extracellular Matrix & Adhesion Molecules PCR Array from Qiagen,
with the addition of RT-PCR single cell analysis, was analyzed for the protein-protein
interaction (PPI) via the String online database and the information used to visualize the
ECM cluster on Cytoscape (v3.7.2). Subsequently, the gene expression profiles obtained
via PCR array and RT-qPCR for each region and time point were superimposed on to
the ECM cluster to include the genes with at least 2-fold change variations. The new sub
clusters were filtered by node degree to define a maximum of 10 hub genes for every
condition and the results are shown in Figure 5, where the color intensity indicates the
folds of gene expression regulation (red, up-regulation; green, down-regulation) and circle
size indicates node degree. At 1 DPL, we observed that Timp1 was the most up-regulated
gene in both the rostral and caudal segments, with Cd44 as the most relevant nodes in
both segments, while Fn1 seemed to be a relevant node in the rostral but not the caudal
segment. Timp1 also maintained a central role at 8 and 45 DPL in both segments, although
its expression progressively declined. Notably, Timp1 was still slightly up-regulated in the
stabilized chronic lesion (45 DPL), while all other altered genes (collagens and laminins)
were down-regulated.

To validate these bioinformatic results, we performed the Timp1 protein analysis in
the spinal cord tissue (rostral segments) at the same time points and the results are shown
in Figure 6A,B, confirming a slight increase and then a progressive Timp1 content decline
over the experimental time frame.
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Figure 6. Timp1 protein quantification in the spinal cord and expression of Cd44 and Timp1 in primary astrocyte cultures:
(A) Two representative gels are shown in the figure. Upper panel shows b-Actin (43 kDa), used as house-keeping protein,
lower panel shows Timp1 (23 kDa) in each analyzed group (intact animals: SCI-; lesioned: SCI+ at 1 DPL, 7 DPL and
60 DPL); (B) Graph shows relative Timp1 expression calculated as signals as measured by densitometry, indicated by relative
intensity (lesioned versus controls). Statistical analysis: one-way ANOVA and Tukey post-hoc test, * p < 0.05; ** p < 0.001;
(C) Micrograph illustrates pure astrocyte cultures stained for GFAP marker; (D,E) Graphs show mRNA expression level of
Cd44 (D) and Timp1 isoform b (E) in cultures exposed to vehicle or cytokine mix for 48 h. Statistical analysis. Student’s t-test.
Asterisk represents difference between vehicle- and cytokine- treated groups (* p > 0.05).

2.4. In Vitro Evaluation of the Cd44 and Timp1 Response to Inflammation and Timp1 Protein
Quantification in the Spinal Cord

To confirm data from mRNA expression, we quantified Timp1 protein level in the
segment rostral to the lesion at 1, 7 and 60 DPL (Figure 6A,B). Quantification results were
normalized at each time point on the Timp1 protein level in the same segment of spinal
cord from healthy animals, used as control. To minimize inter-gels variability, unlesioned
animals were distributed in each gel and inter-gel normalization was made both versus
b-actin (housekeeping protein) and lesioned versus unlesioned animals. Timp1 protein at
1 DPL was slightly but not significantly up-regulated in lesioned animals. On the contrary,
a significant downregulation of the Timp1 protein level was observed at 7 and 60 days
compared to unlesioned animals.

To demonstrate the direct link between inflammation and overexpression of the two
genes identified in vivo, we used primary culture of astrocytes (Figure 6C), one of the
main responsible for Cd44 and Timp1 production, exposed to a cytokine mix containing
molecules up-regulated in the CSF 24 h after SCI [16] able to block remyelination [17,18].
Gene expression results are shown in Figure 6D,E. Both Cd44 and Timp1 (isoform b) were up-
regulated by exposure to the cytokines (Student’s t-test; Cd44, p = 0.0006; Timp1, p = 0.0118).
Interestingly, we also analyzed the isoform “a” (precursor) of the Timp1 gene, which was
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not regulated by cytokine exposure (data not shown). Single ∆Ct data for each analyzed
gene are shown in Supplementary Materials Figure S3.

3. Discussion

Spinal cord trauma is followed by an extremely complex biological syndrome in-
volving different pathophysiological processes (hemorrhage, inflammation, excitotoxicity,
demyelination, axonal degeneration, cell death, scar formation, etc.) which evolve over
months and even years in humans [2]. Efforts to find a molecular signature which is also
able to drive drug discovery is complicated by the impressive regulation of dozens of
different cell types and hundreds of molecules which occurs after injury [19] and by the
highly personalized nature of each lesion, making each patient’s medical history unique.

All components of the neural ECM (interstitial, perineuronal, basement membrane)
are recognized as players in SCI evolution, repair attempts and therefore in functional
outcome in chronic lesions [12]. Most published reports, however, describe ECM variations
at the core of the lesion, focusing on scar formation [20] and to the best of our knowledge,
no data is available on the surrounding segments, where the ascending (caudal segment)
and descending (rostral segment) nerve pathways reside and where a bridge between the
pathological microenvironment of the scar and intact tissue is likely to take place [5,12]. In
these areas, active neurons, reactive glia, including astrocytes, microglia and NG2-OPCs
are present and play a possible role in ECM modification [21].

To demonstrate the molecular regulation of this microenvironment, spared from
mechanical injury and scarring on one hand but hit by a veritable “storm” of pathological
changes on the other, in this study we explored the transcriptome profile of the ECM-
encoding genes in the spinal cord tissue adjacent to the injury site. Analysis were focused
on the protein component of the ECM through gene expression modulation and does not
consider the hyaluronan component. We examined both the spatial and temporal changes,
examining the spinal cord segments adjacent to the lesion center of the lesion, in both rostral
and caudal directions and analyzing three time points after lesion corresponding to the
direct effects of the mechanical impact (24 h post-lesion; 1 DPL), secondary degeneration
(8 DPL) and the chronic, stabilized phase (45 DPL).

First of all, we carefully characterized the lesion extension at the investigated times.
The areas directly affected by the Impactor tip included the gray matter (dorsal and
part of the ventral horn) and the white matter with regard to the dorsal funiculus, which
includes the ascending fasciculus gracilis and the descending corticospinal tracts. Following
contusion injury, the lesion developed a cystic cavity at the center of the lesion, which
spread coronally and longitudinally in both rostral and caudal directions from the 1.5 mm
wide impact, extending for more than 4.0 mm across the center of the lesion at 3 DPL,
then expanding further, surrounded by scar tissue, an evolution which corresponds to
the literature in the field [4,22–24]. Quantitative MRI indicated that most of the axons
directly affected by the impact degenerated rostrally to the injury site, while minor damage
was observed caudally [25]. Axonal damage and myelin pathology in the descending
corticospinal tract were also clear, both caudally and rostrally to the injury, due to axonal
retraction (rostral) and axonal dieback (caudal), expanding for up to 8 weeks even at a long
distance from the injury site.

Overall, we observed an unexpected asymmetry in ECM gene expression regulation in
the rostral compared to the caudal segment. Grouping the results of the gene array analysis
in “active lesion phases” including 1 and 8 DPL and considering ≥ 2 folds regulation as
significant, we observed that 28 out of 80 genes were up-regulated in the rostral segment,
while only 10 were up-regulated in the caudal segment. On the contrary, 20 genes were
down-regulated in the caudal segment, while none were down-regulated in the rostral
segment. It should also be noted that the more strongly up-regulated genes, such as
CD44, Mmp3, Sell, Timp1, Tnc, were regulated in both segments. At lesion stabilization
(45 DPL), 10 genes were down-regulated and only one up-regulated (Timp1) in the rostral
segment, while 3 were down-regulated and one up-regulated (Timp1) in the caudal segment.
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Notably, it has been described that other proteins not related to the ECM are differentially
regulated at the center of the lesion and in the rostral and caudal segments [26–28], thus
confirming the asymmetric profile of molecular regulation around the injury site. Since
the meninges were undamaged in the contusive model, these molecular changes do not
involve peripheral cells such as fibroblasts but are described as mainly due to astrocytes,
pericytes and other glial cell types [29].

Even if it has been described that Mmp1 protein is strongly activated after SCI in both
humans and animals [30,31], this protein activation is not confirmed at gene expression level
in our model. However, Mmp1 is normally in an inactive state as a pro-proteinase requiring
the proteolysis from other metalloproteinases, like Mmp3, for its activation [32] (https:
//reactome.org/content/detail/R-RNO-1592297). In fact, we found a strong upregulation
of Mmp3 at 1 DPL which is sustained also at 8 DPL. Thus, we hypothesized that the absence
of Mmp1 expression is not correlated to the absence of this proteinase in the lesioned spinal
cord but rather to the activation of Mmp1 at protein level.

With regard to highly regulated genes (×4 fold change), different collagen and
collagen-related genes (Col1a1, Col3a1, Col8a1, Postn) were strongly responsive in the
rostral but not in the caudal segment. Type 1 collagen has already been described as
up-regulated in SCI models in the segment rostral to the lesion [33] but a difference be-
tween the rostral and caudal segments has never been described. In the healthy CNS,
fibril-forming collagens are present in the vessel structure and in meningeal membranes,
while non-fibril-forming collagen proteins are widely distributed throughout the CNS,
where they play a major role in CNS wiring and repair [34,35]. Although collagen IV is
the most widely studied component of the fibrous scar tissue which develops after CNS
injury [36], an up-regulation of collagen 1is also seen as an activator of astrocytes, driving
them to a scar-forming phenotype [37]. Interestingly, Col1a1-positive cells have recently
been identified as perivascular stromal cells activated following brain and spinal cord
injuries, participating in fibrosis scar formation and secreting retinoic acid and other funda-
mental signaling molecules [38]. The Thbs1 gene, which encodes for thrombospondin 1, is
a key astrocyte-derived factor regulating synaptogenesis in the developing brain [39], and
is reactivated in case of injuries and inflammation [40,41]. Thbs1 has been also described as
a synaptogenic molecule expressed by astrocytes in the perineuronal process and involved
in the recovery of excitatory synapses on axotomized motor neurons in the CNS [42].
Moreover, together with Tgfβ, thrombospondin 1 levels rapidly increase at the injury site
and both proteins are implicated in angiogenesis, scar deposition and inflammation, as
well as affecting astrocyte mobility [43]. Finally, Tgfbi, a collagen-related protein, seems
to be involved in both axonal regeneration [44] and scar formation [45] in the spinal cord
following injury. These collagen-related genes are not regulated in the caudal segment.

Several genes were also equally regulated in the rostral and caudal segments in the
acute phase of the lesion (1 DPL) and most were then down-regulated at 45 DPL. The
mostly up-regulated genes included Cd44, Mmp12, Mmp3, Mmp8, Timp1, Sell and Tnc,
indicating the Mmps-related mechanisms as those most affected by injury. Using a bioin-
formatic approach, we identified Timp1 and Cd44 as the hub genes, which emerged as
the most strongly up-regulated gene and most connected gene, respectively, at all post-
lesion times. Timp1 is an inhibitory molecule which regulates matrix metalloproteinases
(MMPs), a disintegrin and metalloproteases (ADAMs) and ADAMs with thrombospondin
motifs (ADAMTSs) [46]. In the context of a traumatic lesion of the CNS, MMPs including
Timp1 are critical for synaptic recovery following axonal injury, mediating secondary
degeneration and regulating angiogenesis and glial scar formation [47]. Timp1 also has
pro-oligodendroglial properties in different in vitro contexts which promote OPC mat-
uration [48] and in vivo inhibition of Timp1 activity completely abolishes spontaneous
remyelination [49]. This protein is also associated with various integrins, including ItgaV,
Itgb1 and Itgb3, which are involved in OPC differentiation into myelinating oligodendro-
cytes [50]. Our data shows that there is a strong increase in the translation of mRNA of
Timp1 especially in the segment rostral to the center of the lesion. Moreover, the western
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blot analysis of the same region of the spinal cord showed a marked decrease in Timp1 pro-
tein level in the cell, this could be coupled to the higher release of Timp1 in the extracellular
environment, confirming an increased activation of this protein after SCI [51]. This protein,
in fact, is a fundamental inducer for OPCs cell division and axonal regeneration after
injury [52].

CD44, a non-kinase transmembrane glycoprotein, belongs to a family of cell surface
glycoprotein receptors which are widely expressed in normal adult tissues, serving as
adhesion molecules and mediating various biological processes, including wound repair
and leucocyte trafficking [53]. CD44 is also required for migration of the myelin-repairing
cells known as OPCs to focal inflammatory demyelinating lesions in the spinal cord [54].
Even if in the present study we focused only on the protein component of the ECM, Cd44 is
a hyaluronic acid receptor and the hyaluronan component of the ECM is affected by the
SCI, being also directly involved in the induction of astrocytes proliferation [55]. Thus,
the regulation of Cd44 expression by SCI suggests an involvement of the hyaluronan
component remodeling.

Using a bioinformatic approach, we analyzed the differentially regulated genes in
correlation with their role in the ECM protein-protein interaction net, finding a central role
of Timp1 and Cd44. The need of an informatic-based approach was also highlighted by lack
of correlation between the single gene expression analysis and the motor-functional BBB
score. The bioinformatic resources is able to expand the obtained results through algorithms
involving protein-protein interactions from validated literature databases adding also
different molecular players outside the analyzed genes net.

The bioinformatic prediction was then experimentally confirmed by the protein anal-
ysis of Timp1 in spinal cord tissue and by in vitro experiments using primary astrocytes,
mainly involving Cd44 [56] and TIMP1- producing cells [57]; indeed when cultures of pri-
mary astrocytes are exposed to inflammatory stimuli, a strong activation in the expression
level of both proteins is observed.

In conclusion, in this study, we demonstrated that a complex regulation of ECM
composition, one which is both anatomically and temporally specific, takes place in the
spinal cord segments outside the lesioned area following injury. This indicates that not
only the ECM related to the scar formation but also the ECM adjacent to the lesion areas
(interstitial, perineuronal, basement membrane), are profoundly altered in SCI. The tempo-
ral and anatomical profile of such regulation mechanisms should also be considered for
regenerative medicine purposes, including the use of “smart” biomaterials.

4. Materials and Methods
4.1. Animals and Surgery

All animal protocols described herein were carried out according to European Com-
munity Council Directive 2010/63/EU and Italian legislation (Legislative Decrete 26/2014)
and in compliance with the ARRIVE (Animal Research Reporting of In Vivo Experiments)
guidelines and NIH Guide for the Care and Use of Laboratory Animals. The project has
been reviewed by the Animal Welfare Body of IRET Foundation and approved by the
Italian Ministry of Health (authorization no. 574/2015-PR of 22/06/2015).

Female CD-Sprague Dawley rats (200–250 g) were used in this study (Charles River
Laboratories, Lecco, Italy). All animals were housed in pairs and had food and water
ad libitum. On the day of surgery, the rats were pre-medicated with enrofloxacin and
tramadol (5 mg/kg, s.c.), then anesthetized with isoflurane (1–3%) in O2, before undergoing
a contusive spinal cord lesion at thoracic level T9. Briefly, the rats were immobilized on the
stereotaxic table and a 4 cm longitudinal, median dorsal incision made from T8 to T10. The
soft tissues were dissected layer by layer to fully expose the processus spinosus of T8 to
T11 and the T9 processus spinosus and lamina were removed by clamp to expose the spinal
canal and spinal dura. Spinal cord injury was performed using Impact One Impactor (Leica
Biosystems, Wetzlar, Germany) at T9 level using a 1.5 mm tip with a force of 1 N (0.75 m/s)
and 0 s of stance time and the depth of impact was 1.5 mm in order to reach the ventral
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horns of the gray matter. The back muscles were sutured and the skin incision closed with
wound clips. The rats were treated with antibiotics and painkillers (enrofloxacin 5 mg/kg
and tramadol 5 mg/kg s.c.) for 3 days post lesion and unlesioned animals were used as a
control group.

The wellness of the rats was assessed by body weight monitoring and clinical score
recording, evaluated daily for the first two weeks, then once a week until the day of sacrifice.
Hind limb functional locomotor loss was evaluated using the BBB score [58] prior to the
lesion, three days post-lesion, then once a week after surgery. Lesioned animals receiving a
score greater than 10 at 3 DPL were excluded from the study.

On the day of sacrifice at 1, 8 or 45 DPL, the rats were euthanized with chloral hydrate
(37%). The tissues of interest were dissected, immediately snap frozen and stored at −80 ◦C
until use (gene expression study) or perfused with 4% paraformaldehyde and 14% picric
acid in 0.2 M Sorensen buffer (pH 6.9) (histology study). The number of animals included
in each experiment is indicated in the results section and in the legend to the figures.

4.2. Molecular Biology Analysis

For mRNA pathway array analysis, spinal cord segments of 1 cm length rostral and
caudal to the lesion were collected, snap frozen and stored at −80 ◦C. The total RNA was
extracted from the homogenized tissues using RNeasy Plus Universal Mini Kit (Qiagen,
Hilden, Germany) according to manufacturer’s instructions. For cDNA synthesis, 5 µg of
pooled RNAs were used from each experimental group. The cDNA was synthesized using
the RT2 first strand kit (Qiagen). Eighty-four genes involved in the extracellular matrix
were analyzed using the RT2 Profiler Extracellular Matrix and Adhesion Molecules PCR
Array (Qiagen, PARN-013ZD). According to the manufacturer’s protocol, real-time PCR
was performed using the RT2 SYBR Green qPCR Mastermix (Qiagen) with the CFX96 Touch
Real Time PCR Detection System (Biorad, CA, USA).

For RT-qPCR analysis, cDNA synthesis of 1 µg of single sample RNA was performed
using the iScriptg DNA Clear cDNA Synthesis Kit (Biorad), according to the manufacturer’s
protocol. A total of 10 ng per sample of cDNA was used for each RT-qPCR for single gene
analysis (see Table 1 for primer list). Amplification was performed using the SsoAdvanced
Universal SYBR Green Supermix (Biorad) and CFX96 Touch Real Time PCR Detection
System (Biorad). Relative quantification of mRNA was calculated using the comparative
cycle threshold method. Ct values were collected for each gene analyzed, standardized on
the Rplp1 house-keeping gene and normalized on the respective intact segment of spinal
cord. Gene expression fold change was then calculated as 2ˆ(−∆∆Ct).

Table 1. Sequences and genetic loci of primers used for RT-qPCR analysis.

Gene Specificity Genetic Locus Forward Sequence (5’–3’) Reverse Sequence (5’–3’)

Acan rat NM_022190.1 GTGAGATCGACCAGGAGCCA TCGGGAAAGTGGCGATAACA

Agrin rat NM_175754.1 CCTGCAACATCTGCTTGATCC GGATTCCAGGTTTGTAGTTGCTG

Bcan rat NM_001033665.1 GGACCTCACAAGTTCTTCCAAGT CTTTCAGGTCATCAGCGAGGG

Cd44 rat NM_012924.2 AACTACAGCCTTGATGACTACCC ATGACTCTTGGACTCTGATGGTT

Cd44 mouse NM_009851.2 AGAAGAGCACCCCAGAAAGC CTTGCAATGGTGGCCAAGG

Cspg4 rat NM_031022.1 AACAGGAAAAAGCACCCCCA ACCTGTCTTGTTGCGTTTGC

Fn1 rat NM_019143.2 AAGACAGATGAGCTTCCCCAA TGAACTGTGGAGGGAACATCC

Gapdh rat/mouse NM_001113417.1 GGCAAGTTCAATGGCACAGTCAAG CATACTCAGCACCAGCATCAC

Lgals1 rat NM_019904.1 TTCAATCATGGCCTGTGGTCT CTCTCCCCGAACTTTGAGACA

Ntn1 rat NM_053731.2 AGGACTATGCTGTCCAGATCCA TACGACTTGTGCCCTGCTTG
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Table 1. Cont.

Gene Specificity Genetic Locus Forward Sequence (5’–3’) Reverse Sequence (5’–3’)

Postn rat NM_001108550.1 TGCAAAAAGACACACCTGCAAA GGCCTTCTCTTGATCGCCTT

Rplp1 rat NM_001007604.2 GGCAGTCTACAGCATGGCTT GTTGACATTGGCCAGAGCCT

Sell rat NM_019177.3 ATCGCAGGAAAGGATGGATGAT GGTTTTTGGTGGCGGTTGTT

Slit1 rat NM_022953.2 CGCAAGGGCGCATCGT GGGGCTATCTCCAGGTGCTAT

Slit2 rat NM_022632.2 GGGGCCATAATGTAGCAGAGG GACTGGTGACCTTCTTCCTCA

Tnc rat NM_053861.1 ATTGTCTACCTCTCTGGAATTGCTC TTCCGGTTCAGCTTCTGTGG

Tnr rat NM_013045.1 CCTCAATGGGGAGTTAAGCCA CTGGAAAACAATCCAGCCGC

Timp1-a mouse NM_011593.2 TGGGTGGATGAGTAATGCGTC GGCCATCATGGTATCTCTGGT

Timp1-b mouse NM_001294280.2 CAACTCGGACCTGGATGCTAA ACTCTTCACTGCGGTTCTGG

4.3. Bioinformatic Data Analysis

The data obtained from the PCR array was analyzed using the GeneGlobe platform
(Qiagen) All PCR arrays were normalized on the same house-keeping gene (Rplp1) as
suggested by the software and cut-off for Ct was set at 35. Gene expression variation was
expressed as fold change with the ∆Ct method, with respect to each segment from the
intact animal group. To visualize the distribution of gene expression across the group and
their clusterization, gene expression was plotted on a clustergram using the Cts values
for each gene in the array and relative gene expression shown using heat maps of the
PCR array. Genes with a fold change of ±2 or more were used for bioinformatic analysis.
Panther software was used for clustering genes according to the biological function [59].

The Search Tool for the Retrieval of Interacting Genes (STRING v11) online database (
http://string-db.org/) gives a critical assessment as well as the integration of PPIs, includ-
ing experimental and predicted associations [60]. The Qiagen RT2 PCR array gene list was
elaborated by the STRING software to outline protein-protein interactions (PPIs) of the
ECM. Cytoscape v3.7.2 [61] is a widely used opensource software tool for the visualization
of complex networks, with the ability to integrate all types of attribute data. Cytoscape was
used to identify the hub genes, using a gene expression profile superimposed over the ECM
network to eliminate nodes with fold regulation > ±2. This generated a specific network
for each sample and the networks were continuously filtered based on degree parameter to
give a maximum of 10 nodes. These genes were then used for further investigations.

4.4. Histology

After perfusion, the spinal cord tissue was dissected, post-fixed for 24 h, then washed
in 5% sucrose in 0.2 M Sorensen buffer (pH 7.4). The spinal cords were collected and divided
into 1 cm segments rostral and caudal to the lesion. Coronal (n = 3) and longitudinal (n = 3)
cryostat sections (CM1950, Leica Biosystems) with a thickness of 14 µm were collected
and processed for hematoxylin/eosin (H/E) and Nissl staining, to characterize the lesion
extension at all time points. To define the lesion area, sections were captured using a
Nikon Microphot—FXA equipped with a Nikon DXM1200F CCD camera (Nikon) at 4×
magnification and reconstructed using Photoshop’s photomerge function (Adobe). The
lesion area was then determined for each reconstructed section using ImageJ software
(NIH) by calculating the number of pixels occupying the lesion site and different levels of
the same spinal cord were aligned to give a 3D reconstruction (sampling step 210 µm).

4.5. Western Blot

Western blot analysis was performed to quantify Timp1 protein expression in the
spinal cord at 1, 7 and 60 DPL. The rostral segments of spinal cord were homogenized
according to RNeasy Mini Kit (Qiagen) protocol (with a ratio of mg of tissue to ml of
lysis buffer, provided by the kit, equivalent to 1:10 weight/volume). Protein isolation was
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performed from the first flow-through of the spin column, by precipitation in acetone.
Briefly, four volumes of ice-cold acetone were added to the flow-through from the RNeasy
spin column, then incubated for 30 min at −20 ◦C. After spinning at 15,300× g for 10 min
and removing the supernatant, the pellet was allowed to dry, then resuspended in RIPA
buffer and protease inhibitor (1× Cocktail Sigma, 1 nM of PMSF, 10 nM of sodium fluoride,
1 nM of sodium orthovanadate).

Total protein concentration was estimated using a standard colorimetric method based
on the Lowry assay (DC Protein Assay, Bio-Rad). For each sample, 40 µg of proteins
and the marker protein (Precision Plus Protein Standards, Bio-Rad), diluted at a ratio of
1:100, was added to a solution of Laemmle/β-mercaptoethanol and after heating treatment
(100 ◦C, 5 min), the proteins were resolved in 4–20% Mini-PROTEAN TGX Stain-Free Gels
(Bio-Rad). Nitrocellulose Membrane (Bio-Rad AmershamProtran 0.45µm) has been used
for protein transfer. A solution of 2.5% BSA in TBST (Tris Buffer Saline solution containing
1% Tween20) has been used for blocking. Incubation with the primary antibody (rabbit
Timp1 Abcam ab61224, 1:500; mouse β-actin, Santa Cruz Biotechnology -Dallas, Texas,
1:200) has been performed overnight at 4 ◦C, whereas the incubation with HRP-conjugated
secondary antibodies (swine anti-rabbit, Dako, 1:5000; swine anti-mouse, Dako, 1:5000)
and HRP-conjugated protein for marker visualization (Precision Protein StrepTactin HRP-
conjugate, Bio-Rad, 1:20,000) for 1 h at RT. Three washes with TBST was performed after
incubation with antibodies, either the primary both the secondary. Clarity Western ECL
Substrate (Bio-Rad −5 min incubation at RT in darkness) and the BioRadChemi DOC MP
imaging system was used to detect immunoreactive signal.

The Fiji (ImageJ v2.1.0) software was used to measure densitometry. TIMP1 signal
was normalized first on β-actin and then the ratio of lesioned (SCI+) to intact (SCI-) was
calculated with samples present in the same gel.

4.6. Cell Cultures, Gene Expression Analysis and Immunocytochemistry

Primary astrocytes were isolated from 7-day-old mice using a standard protocol [62]
and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 15% fetal
bovine serum (FBS), non-essential amino acid mixture (Sigma-Aldrich, St Louis, MO,
USA) pen/strep (Invitrogen, Carlsbad, CA, USA) and 2 mM Glutamine (Invitrogen). Cul-
tures were seeded in T25 flasks (125,000 cells/cm2) and maintained at 37 ◦C 5% CO2,
detached with trypsin (10 min, 37 ◦C) and split twice before use.

When astrocytes shown 70% confluence the cytokine mix (TGF-β1, TNF-α, IL-1β, IL-6,
IL-17 and IFN-γ; 20 ng/mL each; (Thermo Fisher Scientific, Waltham, MA, USA) or vehicle
(0.04% of the cytokine solvent: 10% glycerol/100 nM glycine/25 nM Tris, pH 7.3) was
added in the culture medium for 48 h. Cells were than lysed and the total RNA extracted
using the RNeasy micro kit (Qiagen) following the manufacturer’s instructions and total
RNA quantified by Nanodrop 2000 spectrophotometer. First strand cDNA was obtained
using iScriptTM cDNA Synthesis Kit (Bio-Rad) following the manufacturer’s instructions
and using a No-RT sample to check for genomic DNA contamination.

Semi-quantitative real-time PCR was performed using the CFX96 real-time PCR
system (Bio-Rad) with 20 µL total volume, containing 1× SYBR Green qPCR master mix
(Bio-Rad), 0.4 µM forward and reverse primers and 10 ng cDNA. The PCR reaction thermal
profile consisted of 40 cycles of amplification (95 ◦C for 15 s and 60 ◦C for 60 s) after an
initial denaturation step (95 ◦C, 2 min). Melting curves of the amplified products were
obtained according to the following temperature/time scheme. The 2ˆ(−∆∆Ct) method
was used for the calculation of the relative gene expression, using Gapdh as house-keeping
gene and the two isoforms of Timp1 (a and b) and Cd44 as investigated genes.

To check the quality of the cultures, a number of astrocytes were seeded on coverslips,
fixed and stained for GFAP expression. In particular, the cells were fixed with ice-cold 4%
paraformaldehyde for 20 min at RT. After two washes in PBS, the cells were incubated for
1 h with 1% BSA/1% donkey serum in PBS-0.3% Triton-X 100, then incubated overnight
with primary antibody anti-GFAP (rabbit, Dako, 1:1000) diluted in PBS-0.3% Triton-X 100.
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The cells were then washed with PBS and incubated with secondary antibody goat Alexa
568-conjugated anti-rabbit (Invitrogen) for 30 min at 37 ◦C. After immunofluorescence
staining, cells were incubated with the nuclear dye Hoechst 33,258 (1 µg/mL in PBS, 0.3%
Triton-X 100) for 20 min at RT. As a final step, the cells were washed in PBS and coverslipped
in glycerol and PBS (3:1, v/v) as mounting medium containing 0.1% paraphenylenediamine.
A Nikon Eclipse E600 microscope (Nikon Instruments Europe BV, Amsterdam, Netherland)
equipped with a QImaging Retiga 20002V digital CCD camera (QImaging, Surrey, BC,
Canada) was used for the acquisition of representative images.

4.7. Statistical Analysis

All statistical analyses were performed using GraphPad Prism v8.0 (GraphPad Software,
San Diego, CA, USA). BBB scoring and animal weight were represented as mean ± SEM.
For PCR array analysis, the data was reported as relative fold change expression. For the
mRNA expression analysis obtained with qPCR, the data was reported as the Log2 of
fold change and p values were calculated using one-way ANOVA on the ∆∆Cts from each
single animal, normalized on the mean of the ∆Ct of the respective group of intact spinal
cord segment. Uncorrected Fisher’s LSD post hoc analysis was used to compare the relative
expression of each time point in the spinal cord segments rostral and caudal to the lesion
and Dunnett’s post hoc analysis was used to compare the relative expression of lesioned
animals compared to intact. p values inferior to 0.05 were considered significant.
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18. Baldassarro, V.A.; Krężel, W.; Fernández, M.; Schuhbaur, B.; Giardino, L.; Calzà, L. The role of nuclear receptors in the
differentiation of oligodendrocyte precursor cells derived from fetal and adult neural stem cells. Stem Cell Res. 2019, 37, 101443.
[CrossRef]

19. Wang, S.; Smith, G.M.; Selzer, M.E.; Li, S. Emerging molecular therapeutic targets for spinal cord injury. Expert Opin. Targets 2019,
23, 787–803. [CrossRef] [PubMed]

20. Kjell, J.; Götz, M. Filling the gaps-a call for comprehensive analysis of extracellular matrix of the glial scar in region- and
injury-specific contexts. Front. Cell. Neurosci. 2020, 14. [CrossRef]

21. O’Shea, T.M.; Burda, J.E.; Sofroniew, M.V. Cell biology of spinal cord injury and repair. J. Clin. Investig. 2017, 127, 3259–3270.
[CrossRef]

22. Liu, X.Z.; Xu, X.M.; Hu, R.; Du, C.; Zhang, S.X.; McDonald, J.W.; Dong, H.X.; Wu, Y.J.; Fan, G.S.; Jacquin, M.F.; et al. Neuronal and
glial apoptosis after traumatic spinal cord injury. J. Neurosci. 1997, 17, 5395–5406. [CrossRef]

23. Tomko, P.; Farkaš, D.; Cizkova, D.; Vanický, I. Longitudinal enlargement of the lesion after spinal cord injury in the rat: A
consequence of malignant edema? Spinal Cord 2016, 55, 255–263. [CrossRef]

24. Bighinati, A.; Focarete, M.L.; Gualandi, C.; Pannella, M.; Giuliani, A.; Beggiato, S.; Ferraro, L.; Lorenzini, L.; Giardino, L.; Calzà,
L.; et al. Improved functional recovery in rat spinal cord injury induced by a drug combination administered with an implantable
polymeric delivery system. J. Neurotrauma 2020, 37, 1708–1719. [CrossRef]

25. Kozlowski, P.; Raj, D.; Liu, J.; Lam, C.; Yung, A.C.; Tetzlaff, W. Characterizing white matter damage in rat spinal cord with
quantitative MRI and histology. J. Neurotrauma 2008, 25, 653–676. [CrossRef] [PubMed]

http://doi.org/10.1016/S1474-4422(18)30415-0
http://doi.org/10.3389/fneur.2019.00282
http://www.ncbi.nlm.nih.gov/pubmed/30967837
http://doi.org/10.1002/cne.10736
http://www.ncbi.nlm.nih.gov/pubmed/12794745
http://doi.org/10.1107/S1600577517011201
http://www.ncbi.nlm.nih.gov/pubmed/29091065
http://doi.org/10.1016/j.neuroscience.2013.12.024
http://www.ncbi.nlm.nih.gov/pubmed/24361176
http://doi.org/10.1007/s12035-020-01916-3
http://www.ncbi.nlm.nih.gov/pubmed/32328876
http://doi.org/10.1016/j.expneurol.2013.11.020
http://doi.org/10.1523/JNEUROSCI.14-12-07616.1994
http://doi.org/10.1523/JNEUROSCI.23-28-09276.2003
http://www.ncbi.nlm.nih.gov/pubmed/14561854
http://doi.org/10.1002/glia.23702
http://doi.org/10.1016/j.neulet.2016.09.053
http://doi.org/10.1155/2018/2952386
http://doi.org/10.1002/sim.1548
http://doi.org/10.1093/biostatistics/4.3.465
http://doi.org/10.1186/s12974-016-0757-6
http://www.ncbi.nlm.nih.gov/pubmed/27846891
http://doi.org/10.1089/neu.2018.6362
http://doi.org/10.1002/glia.23025
http://www.ncbi.nlm.nih.gov/pubmed/27404574
http://doi.org/10.1016/j.scr.2019.101443
http://doi.org/10.1080/14728222.2019.1661381
http://www.ncbi.nlm.nih.gov/pubmed/31460807
http://doi.org/10.3389/fncel.2020.00032
http://doi.org/10.1172/JCI90608
http://doi.org/10.1523/JNEUROSCI.17-14-05395.1997
http://doi.org/10.1038/sc.2016.133
http://doi.org/10.1089/neu.2019.6949
http://doi.org/10.1089/neu.2007.0462
http://www.ncbi.nlm.nih.gov/pubmed/18578635


Int. J. Mol. Sci. 2021, 22, 1744 19 of 20

26. Burnside, E.R.; Bradbury, E.J. Review: Manipulating the extracellular matrix and its role in brain and spinal cord plasticity and
repair. Neuropathol. Appl. Neurobiol. 2014, 40, 26–59. [CrossRef] [PubMed]

27. Moghieb, A.; Bramlett, H.M.; Das, J.H.; Yang, Z.; Selig, T.; Yost, R.A.; Wang, M.S.; Dietrich, W.D.; Wang, K.K.W. Differential
neuroproteomic and systems biology analysis of spinal cord injury. Mol. Cell. Proteom. 2016, 15, 2379–2395. [CrossRef]

28. Devaux, S.; Cizkova, D.; Quanico, J.; Franck, J.; Nataf, S.; Pays, L.; Hauberg-Lotte, L.; Maass, P.; Kobarg, J.H.; Kobeissy, F.;
et al. Proteomic analysis of the spatio-temporal based molecular kinetics of acute spinal cord injury identifies a time- and
segment-specific window for effective tissue repair. Mol. Cell. Proteom. 2016, 15, 2641–2670. [CrossRef]

29. Bradbury, E.J.; Burnside, E.R. Moving beyond the glial scar for spinal cord repair. Nat. Commun. 2019, 10, 1–15. [CrossRef]
[PubMed]

30. Buss, A.; Pech, K.; Kakulas, B.A.; Martin, D.; Schoenen, J.; Noth, J.; Brook, G.A. Matrix metalloproteinases and their inhibitors in
human traumatic spinal cord injury. BMC Neurol. 2007, 7. [CrossRef] [PubMed]

31. Zhou, Y.; Cui, Z.; Xia, X.; Liu, C.; Zhu, X.; Cao, J.; Wu, Y.; Zhou, L.; Ben, Z.; Song, Y.; et al. Matrix metalloproteinase-1 (MMP-1)
expression in rat spinal cord injury model. Cell. Mol. Neurobiol. 2014, 34, 1151–1163. [CrossRef] [PubMed]

32. Nagase, H.; Suzuki, K.; Morodomi, T.; Enghild, J.J.; Salvesen, G. Activation mechanisms of the precursors of matrix metal-
loproteinases 1, 2 and 3. Matrix 1992, 1, 237–244. [PubMed]

33. Okada, M.; Miyamoto, O.; Shibuya, S.; Zhang, X.; Yamamoto, T.; Itano, T. Expression and role of type I collagen in a rat spinal
cord contusion injury model. Neurosci. Res. 2007, 58, 371–377. [CrossRef]

34. Fox, M.A. Novel roles for collagens in wiring the vertebrate nervous system. Curr. Opin. Cell Biol. 2008, 20, 508–513. [CrossRef]
[PubMed]

35. Hubert, T.; Grimal, S.; Carroll, P.; Fichard-Carroll, A. Collagens in the developing and diseased nervous system. Cell. Mol. Life Sci.
2009, 66, 1223–1238. [CrossRef] [PubMed]

36. Klapka, N.; Müller, H.W. Collagen matrix in spinal cord injury. J. Neurotrauma 2006, 23, 422–436. [CrossRef]
37. Tang, B.L.; Neo, S.H. Collagen 1 signaling at the central nervous system injury site and astrogliosis. Neural Regen. Res. 2017, 12,

1600–1601. [CrossRef]
38. Kelly, K.K.; MacPherson, A.M.; Grewal, H.; Strnad, F.; Jones, J.W.; Yu, J.; Pierzchalski, K.; Kane, M.A.; Herson, P.S.; Siegenthaler,

J.A.; et al. Col1a1+ perivascular cells in the brain are a source of retinoic acid following stroke. BMC Neurosci. 2016, 17. [CrossRef]
39. Lu, Z.; Kipnis, J. Thrombospondin 1-a key astrocyte-derived neurogenic factor. FASEB J. 2010, 24, 1925–1934. [CrossRef]
40. Pu, Y.; Meng, K.; Gu, C.; Wang, L.; Zhang, X. Thrombospondin-1 modified bone marrow mesenchymal stem cells (BMSCs)

promote neurite outgrowth and functional recovery in rats with spinal cord injury. Oncotarget 2017, 8, 96276–96289. [CrossRef]
41. Hennekinne, L.; Colasse, S.; Triller, A.; Renner, M. Differential control of thrombospondin over synaptic glycine and AMPA

receptors in spinal cord neurons. J. Neurosci. 2013, 33, 11432–11439. [CrossRef]
42. Tyzack, G.E.; Sitnikov, S.; Barson, D.; Adams-Carr, K.L.; Lau, N.K.; Kwok, J.C.; Zhao, C.; Franklin, R.J.M.; Karadottir, R.T.;

Fawcett, J.W.; et al. Astrocyte response to motor neuron injury promotes structural synaptic plasticity via STAT3-regulated
TSP-1 expression. Nat. Commun. 2014, 5, 4294. [CrossRef]

43. Wang, X.-J.; Maier, K.; Fuse, S.; Willis, A.I.; Olson, E.; Nesselroth, S.; Sumpio, B.E.; Gahtan, V. Thrombospondin-1-induced
migration is functionally dependent upon focal adhesion kinase. Vasc. Endovasc. Surg. 2008, 42, 256–262. [CrossRef] [PubMed]

44. Shih, C.-H.; Lacagnina, M.; Leuer-Bisciotti, K.; Pröschel, C. Astroglial-derived periostin promotes axonal regeneration after spinal
cord injury. J. Neurosci. 2014, 34, 2438–2443. [CrossRef] [PubMed]

45. Yokota, K.; Kobayakawa, K.; Saito, T.; Hara, M.; Kijima, K.; Ohkawa, Y.; Harada, A.; Okazaki, K.; Ishihara, K.; Yoshida, S.; et al.
Periostin promotes scar formation through the interaction between pericytes and infiltrating monocytes/macrophages after
spinal cord injury. Am. J. Pathol. 2017, 187, 639–653. [CrossRef]

46. Arpino, V.; Brock, M.; Gill, S.E. The role of TIMPs in regulation of extracellular matrix proteolysis. Matrix Biol. 2015, 44, 247–254.
[CrossRef] [PubMed]

47. Trivedi, A.; Noble-Haeusslein, L.J.; Levine, J.M.; Santucci, A.D.; Reeves, T.M.; Phillips, L.L. Matrix metalloproteinase signals
following neurotrauma are right on cue. Cell. Mol. Life Sci. 2019, 76, 3141–3156. [CrossRef] [PubMed]

48. Nicaise, A.M.; Johnson, K.M.; Willis, C.M.; Guzzo, R.M.; Crocker, S.J. TIMP-1 Promotes oligodendrocyte differentiation through
receptor-mediated signaling. Mol. Neurobiol. 2019, 56, 3380–3392. [CrossRef]

49. Houben, E.; Janssens, K.; Hermans, D.; Vandooren, J.; Haute, C.V.D.; Schepers, M.; Vanmierlo, T.; Lambrichts, I.; Van Horssen, J.;
Baekelandt, V.; et al. Oncostatin M-induced astrocytic tissue inhibitor of metalloproteinases-1 drives remyelination. Proc. Natl.
Acad. Sci. USA 2020, 117, 5028–5038. [CrossRef]

50. Baron, W.; Colognato, H.; Ffrench-Constant, C. Integrin-growth factor interactions as regulators of oligodendroglial development
and function. Glia 2005, 49, 467–479. [CrossRef]

51. Shilts, J.; Broadie, K. Secreted tissue inhibitor of matrix metalloproteinase restricts trans-synaptic signaling to coordinate
synaptogenesis. J. Cell Sci. 2017, 130, 2344–2358. [CrossRef]

52. Liu, H.; Angert, M.; Nishihara, T.; Shubayev, I.; Dolkas, J.; Shubayev, V.I. Spinal glia division contributes to conditioning
lesion–induced axon regeneration into the injured spinal cord. J. Neuropathol. Exp. Neurol. 2015, 74, 500–511. [CrossRef] [PubMed]

53. Stephenson, E.L.; Yong, V.W. Pro-inflammatory roles of chondroitin sulfate proteoglycans in disorders of the central nervous
system. Matrix Biol. 2018, 71, 432–442. [CrossRef]

http://doi.org/10.1111/nan.12114
http://www.ncbi.nlm.nih.gov/pubmed/24438519
http://doi.org/10.1074/mcp.M116.058115
http://doi.org/10.1074/mcp.M115.057794
http://doi.org/10.1038/s41467-019-11707-7
http://www.ncbi.nlm.nih.gov/pubmed/31462640
http://doi.org/10.1186/1471-2377-7-17
http://www.ncbi.nlm.nih.gov/pubmed/17594482
http://doi.org/10.1007/s10571-014-0090-5
http://www.ncbi.nlm.nih.gov/pubmed/25073870
http://www.ncbi.nlm.nih.gov/pubmed/1480033
http://doi.org/10.1016/j.neures.2007.04.009
http://doi.org/10.1016/j.ceb.2008.05.003
http://www.ncbi.nlm.nih.gov/pubmed/18573651
http://doi.org/10.1007/s00018-008-8561-9
http://www.ncbi.nlm.nih.gov/pubmed/19031044
http://doi.org/10.1089/neu.2006.23.422
http://doi.org/10.4103/1673-5374.217323
http://doi.org/10.1186/s12868-016-0284-5
http://doi.org/10.1096/fj.09-150573
http://doi.org/10.18632/oncotarget.22018
http://doi.org/10.1523/JNEUROSCI.5247-12.2013
http://doi.org/10.1038/ncomms5294
http://doi.org/10.1177/1538574408314440
http://www.ncbi.nlm.nih.gov/pubmed/18319354
http://doi.org/10.1523/JNEUROSCI.2947-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24523534
http://doi.org/10.1016/j.ajpath.2016.11.010
http://doi.org/10.1016/j.matbio.2015.03.005
http://www.ncbi.nlm.nih.gov/pubmed/25805621
http://doi.org/10.1007/s00018-019-03176-4
http://www.ncbi.nlm.nih.gov/pubmed/31168660
http://doi.org/10.1007/s12035-018-1310-7
http://doi.org/10.1073/pnas.1912910117
http://doi.org/10.1002/glia.20132
http://doi.org/10.1242/jcs.200808
http://doi.org/10.1097/NEN.0000000000000192
http://www.ncbi.nlm.nih.gov/pubmed/25933384
http://doi.org/10.1016/j.matbio.2018.04.010


Int. J. Mol. Sci. 2021, 22, 1744 20 of 20

54. Piao, J.-H.; Wang, Y.; Duncan, I. CD44 is required for the migration of transplanted oligodendrocyte progenitor cells to focal
inflammatory demyelinating lesions in the spinal cord. Glia 2012, 61, 361–367. [CrossRef]

55. Struve, J.; Maher, P.C.; Li, Y.-Q.; Kinney, S.; Fehlings, M.G.; Kuntz, C.; Sherman, L.S. Disruption of the hyaluronan-based
extracellular matrix in spinal cord promotes astrocyte proliferation. Glia 2005, 52, 16–24. [CrossRef]

56. Moon, C.; Heo, S.; Sim, K.-B.; Shin, T. Upregulation of CD44 expression in the spinal cords of rats with clip compression injury.
Neurosci. Lett. 2004, 367, 133–136. [CrossRef] [PubMed]

57. Gardner, J.; Ghorpade, A. Tissue inhibitor of metalloproteinase (TIMP)-1: The TIMPed balance of matrix metalloproteinases in
the central nervous system. J. Neurosci. Res. 2003, 74, 801–806. [CrossRef] [PubMed]

58. Basso, D.M.; Beattie, M.S.; Bresnahan, J.C. A sensitive and reliable locomotor rating scale for open field testing in rats. J. Neuro-
trauma 1995, 12, 1–21. [CrossRef] [PubMed]

59. Mi, H.; Muruganujan, A.; Huang, X.; Ebert, D.; Mills, C.; Guo, X.; Thomas, P.D. Protocol update for large-scale genome and gene
function analysis with the PANTHER classification system (v.14.0). Nat. Protoc. 2019, 14, 703–721. [CrossRef]

60. Szklarczyk, D.; Gable, A.L.; Lyon, D.; Junge, A.; Wyder, S.; Huerta-Cepas, J.; Simonovic, M.; Doncheva, N.T.; Morris, J.H.;
Bork, P.; et al. STRING v11: Protein–protein association networks with increased coverage, supporting functional discovery in
genome-wide experimental datasets. Nucleic Acids Res. 2019, 47, D607–D613. [CrossRef]

61. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504. [CrossRef]
[PubMed]

62. Baldassarro, V.A.; Marchesini, A.; Giardino, L.; Calzà, L. Vulnerability of primary neurons derived from Tg2576 Alzheimer mice
to oxygen and glucose deprivation: Role of intraneuronal amyloid-β accumulation and astrocytes. Dis. Model. Mech. 2017, 10,
671–678. [CrossRef] [PubMed]

http://doi.org/10.1002/glia.22438
http://doi.org/10.1002/glia.20215
http://doi.org/10.1016/j.neulet.2004.05.101
http://www.ncbi.nlm.nih.gov/pubmed/15308314
http://doi.org/10.1002/jnr.10835
http://www.ncbi.nlm.nih.gov/pubmed/14648584
http://doi.org/10.1089/neu.1995.12.1
http://www.ncbi.nlm.nih.gov/pubmed/7783230
http://doi.org/10.1038/s41596-019-0128-8
http://doi.org/10.1093/nar/gky1131
http://doi.org/10.1101/gr.1239303
http://www.ncbi.nlm.nih.gov/pubmed/14597658
http://doi.org/10.1242/dmm.028001
http://www.ncbi.nlm.nih.gov/pubmed/28237964

	Introduction 
	Results 
	Animals and Lesion Characterization 
	Gene Expression Profile in the Spinal Cord Segment Rostrally and Caudally to the Lesion Center of the Lesion 
	Bioinformatic Analysis and PPI Interaction from Cluster Analysis 
	In Vitro Evaluation of the Cd44 and Timp1 Response to Inflammation and Timp1 Protein Quantification in the Spinal Cord 

	Discussion 
	Materials and Methods 
	Animals and Surgery 
	Molecular Biology Analysis 
	Bioinformatic Data Analysis 
	Histology 
	Western Blot 
	Cell Cultures, Gene Expression Analysis and Immunocytochemistry 
	Statistical Analysis 

	References

