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Modified Methacrylate Hydrogels Improve Tissue Repair after Spinal Cord Injury
Reprinted from: Int. J. Mol. Sci. 2018, 19, 2481, doi:10.3390/ijms19092481 . . . . . . . . . . . . . . 100

v



Sian F. Irvine and Jessica C. F. Kwok

Perineuronal Nets in Spinal Motoneurones: Chondroitin Sulphate Proteoglycan around
Alpha Motoneurones
Reprinted from: Int. J. Mol. Sci. 2018, 19, 1172, doi:10.3390/ijms19041172 . . . . . . . . . . . . . . 116

Kiyoshi Kikuchi, Kentaro Setoyama, Takuto Terashi, Megumi Sumizono, 
Salunya Tancharoen, Shotaro Otsuka, Seiya Takada, Kazuki Nakanishi, Koki Ueda, 
Harutoshi Sakakima, Ko-ichi Kawahara, Ikuro Maruyama, Gohsuke Hattori, 
Motohiro Morioka, Eiichiro Tanaka and Hisaaki Uchikado

Application of a Novel Anti-Adhesive Membrane, E8002, in a Rat Laminectomy Model
Reprinted from: Int. J. Mol. Sci. 2018, 19, 1513, doi:10.3390/ijms19051513 . . . . . . . . . . . . . . 135

Yoshitoshi Kasuya, Hiroki Umezawa and Masahiko Hatano

Stress-Activated Protein Kinases in Spinal Cord Injury: Focus on Roles of p38
Reprinted from: Int. J. Mol. Sci. 2018, 19, 867, doi:10.3390/ijms19030867 . . . . . . . . . . . . . . . 144

Marina Gazdic, Vladislav Volarevic, C. Randall Harrell, Crissy Fellabaum, Nemanja Jovicic,

Nebojsa Arsenijevic and Miodrag Stojkovic

Stem Cells Therapy for Spinal Cord Injury
Reprinted from: Int. J. Mol. Sci. 2018, 19, 1039, doi:10.3390/ijms19041039 . . . . . . . . . . . . . . 159

Dana M. Otzel, Jimmy Lee, Fan Ye, Stephen E. Borst and Joshua F. Yarrow

Activity-Based Physical Rehabilitation with Adjuvant Testosterone to Promote Neuromuscular
Recovery after Spinal Cord Injury
Reprinted from: Int. J. Mol. Sci. 2018, 19, 1701, doi:10.3390/ijms19061701 . . . . . . . . . . . . . . 173

Kyriakos Dalamagkas, Magdalini Tsintou, Amelia Seifalian and Alexander M. Seifalian

Translational Regenerative Therapies for Chronic Spinal Cord Injury
Reprinted from: Int. J. Mol. Sci. 2018, 19, 1776, doi:10.3390/ijms19061776 . . . . . . . . . . . . . . 209

vi



About the Special Issue Editor

Pavla Jendelova, PhD, is the Head of the Department of tissue cultures and stem cells at the

Institute of Experimental Medicine, Czech Academy of Sciences. She has focused her research

on the regeneration and repair of brain and spinal cord injury using different stem cells and

anti-inflammatory compounds. Her group also works in collaboration with the Institute of

Macromolecular Chemistry on developing biomaterials for CNS injury for combined therapies. For

the success of cell therapy, it is important to monitor the fate of transplanted cells in vivo. Therefore,

another research focus is to develop theranostic magnetic nanoparticles as labels for cell tracking and

drug delivery.

vii





Preface to ”Therapeutic Strategies to Spinal 
Cord Injury”

The first description of spinal cord injury comes from the Edwin Smith papyrus, dating from the 
seventeenth century BC. In this unique treatise, spinal cord injury (SCI) was considered as an ailment 
that could not be treated. To date, we still do not have the tools needed to regenerate nervous tissue. 
However, different approaches and strategies continue to emerge, putting pieces of knowledge 
together and trying to challenge SCI and improve patients’ quality of life. Modern techniques have 
been employed to analyze the changes after SCI, and some of the new approaches and strategies are 
described or summarized in this Special Issue. We have put together eight research articles covering a 
broad range of strategies on how to combat spinal cord injuries, from searching for therapeutic target 
molecules, tackling the inflammatory reaction, and utilizing cell therapy or cell-based products, 
combining strategies (pharmacological treatment or polymer bridges) with cell therapy, to axonal 
plasticity assessment and the prevention of post-surgical epidural adhesions. Moreover, four reviews 
cover recent findings about the role of stress-activated protein kinases in SCI; progress in stem cell 
therapies; the mechanisms and benefits of activity-based physical rehabilitation therapies with 
adjuvant testosterone; and, finally, translational regenerative therapies for chronic spinal cord injury. 
I believe that this book will be inspiring for numerous readers, not only those from the field of spinal 
cord injury.

Pavla Jendelova   
Special Issue Editor
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The first description of spinal cord injury (SCI) comes from the Edwin Smith papyrus, dating
from seventeenth century “B.C”. In this unique treatise, SCI was considered as an ailment that could
not be treated [1]. To date, we still do not have the tools needed to regenerate nervous tissue. However,
different approaches and strategies continue to emerge, putting pieces of knowledge together and
trying to challenge SCI and improve patients’ quality of life. Modern techniques have been employed to
analyze the changes after SCI. Some of the new approaches and strategies are described or summarized
in this Special Issue. The combination of transcriptomics, proteomics, and bioinformatics provides a
comprehensive overview of proteins with persistent differential expression at the mRNA and protein
level, and from the subacute (7 days) to the chronic (8 weeks) phase of SCI lesion development.
A combined analysis identified 40 significantly upregulated versus 48 significantly downregulated
molecules. This screening revealed several possible therapeutic candidates, which were so far not
considered as potential targets, but they possess important bioactivity, such as the upregulated
purine nucleoside phosphorylase (PNP), cathepsins A, H, Z (CTSA, CTSH, CTSZ), and proteasome
protease PSMB10, as well as the downregulated ATP citrate lyase (ACLY), malic enzyme (ME1), and
sodium-potassium ATPase (ATP1A3) [2].

The first assessment of pro- and anti-inflammatory cytokines, depending on the site of injury,
revealed differences in Vascular Endothelial Growth Factor (VEGF), leptin, Interferon gamma-induced
protein 10 (IP10), Interleukin 8 (IL18), Granulocyte-colony stimulating factor (GCSF), and fractalkine
in thoracic and cervical lesions. Overall, cervical SCI had reduced expression of both pro- and
anti-inflammatory proteins relative to thoracic SCI [3]. In response to the release of inflammatory
cytokines, stress-activated protein kinases (SAPKs)—c-Jun N-terminal kinase (JNK) and p38
mitogen-activated protein kinase (p38 MAPK)—are activated in various types of cells. In animal models
of SCI, the inhibition of either JNK or p38 has been shown to promote neuroprotection-associated
functional recovery. Therefore, p38 could serve as a promising target for therapeutic intervention
in SCI [4]. Among the drugs used for other pathologies, atorvastatin (ATR)—a potent inhibitor of
cholesterol biosynthesis—can modulate secondary injury, reducing Interleukin 1 (IL1), M1 macrophage
infiltration, and decreasing the activity of caspase 3. These changes lead to increased sprouting and
improved locomotor activity [5]. Pharmacological treatment can be combined with stem cells, but
these therapies do not always have to synergize, as in the case of ependymal stem/progenitor cells
combined with a pharmacological compound FM19G11, which reduced glial scar and increased the
expression of Olig1 in vivo, but did not lead to greater behavioral improvement when compared with
the individual treatments [6]. Stem cells have promising therapeutic potential to rescue or repair
damaged spinal cord tissue. Particularly, endogenous stem cell populations have been considered as
a promising therapeutic approach to enhance repair mechanisms in SCI. Their potential is reviewed
in [7]. However, further investigations are necessary to confirm the neurological benefits by adjusting
the doses and time points for the administrations of stem cells. It has been confirmed that the efficacy
of cell therapy is dose-dependent and can be enhanced by repeated applications, as was shown in
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a study of Wharton Jelly mesenchymal stem cells (WJMSCs) grafted into acute spinal cord balloon
compression lesions. Histochemical analyses revealed a gradually increasing effect of grafted cells,
resulting in a significant increase in the number of sprouting fibers, a higher amount of spared
gray matter, and reduced astrogliosis. mRNA expression of macrophage markers and apoptosis
was downregulated after the repeated application of 1.5 million cells [8]. An attractive option as
an alternative to cell therapy is the use of stem cell secretomes, since the immunomodulatory and
neurotrophic properties of stem cells rely on released secretomes, comprising a soluble fraction of
proteins, growth factors, cytokines, miRNA, and other bioactive molecules. Indeed, an effect similar to
cell grafting was obtained after the repeated intrathecal delivery of conditioned media obtained from
bone marrow mesenchymal stem cells [9]. It is important to highlight that stem cell-based therapy
alone is not sufficient to bridge a spinal cord lesion. Therefore, a repair strategy based on a combination
of well-established therapeutic modalities, including surgery and medications, and/or bridging
the lesion with biocompatible scaffolds, is another approach for the treatment of SCI. Methacrylate
hydrogels are biocompatible polymers used for bridging large cavities. They can be coated or modified
with extracellular matrix (ECM) components such as laminin and fibronectin, which can improve
cell adhesion and survival by generating a permissive microenvironment within the biomaterial.
Hydrogels based on hydroxypropylmethacrylamid (HPMA) and 2-hydroxyethylmethacrylate (HEMA)
coated with fibronectin support the ingrowth of axons and blood vessels when grafted into rat
hemisection [10].

Perineuronal nets (PNNs) are extracellular matrix structures surrounding neuronal
sub-populations throughout the central nervous system, regulating plasticity. Enzymatically removing
PNNs successfully enhances plasticity and thus functional recovery, particularly in models of spinal
cord injury. While PNNs within various brain regions are well-studied, much of the composition and
associated populations in the spinal cord is as yet unknown. Kwok’s lab investigated the populations
of PNN neurons involved in functional motor recovery. Insights into the role of PNNs and their
molecular heterogeneity in the spinal motor pools could aid in designing targeted strategies to enhance
functional recovery post-injury [11].

Neuropathic pain after spinal surgery—the so-called failed back surgery syndrome—is a
frequently observed common complication. One cause of the pain is scar tissue formation, observed
as post-surgical epidural adhesions. These adhesions may compress the surrounding spinal
nerves, resulting in pain, even after successful spinal surgery. An anti-adhesive membrane can
reduce adhesions and scar formation and lower the numbers of fibroblasts and inflammatory
cells [12]. Neuromuscular impairment and reduced musculoskeletal integrity are hallmarks of
SCI that hinder locomotor recovery. Activity-based physical rehabilitation therapies (ABTs) can
promote neuromuscular plasticity after SCI. However, ABT efficacy declines as SCI severity
increases. Additionally, many men with SCI exhibit low testosterone, which may exacerbate
neuromusculoskeletal impairment. Incorporating testosterone adjuvant to ABTs may improve
musculoskeletal recovery and neuroplasticity, as androgens attenuate muscle loss and promote
motoneuron survival. In a review [13], the mechanisms and benefits of a multimodal strategy involving
ABT with adjuvant testosterone are discussed.

Despite all the promising results in preclinical research, translation into the clinic is progressing
slowly. The most promising clinical trials and biomaterials with high translational potential are
presented in a review [14]. To date, the majority of patients remain in a chronic state for the rest of their
lives. To solve this so-far incurable condition, we need to include more clinically relevant chronic SCI
models, which would allow a reliable assessment of the therapeutic strategies for future treatments of
SCI patients.
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Abstract: Spinal cord injury (SCI) causes irreversible tissue damage and severe loss of neurological
function. Currently, there are no approved treatments and very few therapeutic targets are under
investigation. Here, we combined 4 high-throughput transcriptomics and proteomics datasets, 7 days
and 8 weeks following clinically-relevant rat SCI to identify proteins with persistent differential
expression post-injury. Out of thousands of differentially regulated entities our combined analysis
identified 40 significantly upregulated versus 48 significantly downregulated molecules, which were
persistently altered at the mRNA and protein level, 7 days and 8 weeks post-SCI. Bioinformatics
analysis was then utilized to identify currently available drugs with activity against the filtered
molecules and to isolate proteins with known or unknown function in SCI. Our findings revealed
multiple overlooked therapeutic candidates with important bioactivity and established druggability
but with unknown expression and function in SCI including the upregulated purine nucleoside
phosphorylase (PNP), cathepsins A, H, Z (CTSA, CTSH, CTSZ) and proteasome protease PSMB10,
as well as the downregulated ATP citrate lyase (ACLY), malic enzyme (ME1) and sodium-potassium
ATPase (ATP1A3), amongst others. This work reveals previously unappreciated therapeutic
candidates for SCI and available drugs, thus providing a valuable resource for further studies
and potential repurposing of existing therapeutics for SCI.

Keywords: spinal cord injury; transcriptomics; proteomics; bioinformatics

1. Introduction

Severe injury to the mammalian spinal cord causes irreversible tissue damage and in most cases,
results in permanent loss of sensorimotor function below the affected site. At the molecular level SCI
is characterized by neuronal death and loss of axons, aggressive inflammation, maladaptive tissue
remodelling, excessive accumulation of extracellular matrix and scarring [1,2]. These events cause
permanent pathological changes at the injury site and prevent neuronal regeneration and axonal
growth. With the exception of reducing acute inflammation using corticosteroids, a therapeutic
approach which remains controversial [3], followed by chronic rehabilitation physiotherapy, there are
no approved therapies for SCI and to date, no drugs can reverse tissue damage or facilitate regrowth
of surviving axons through the lesion site. There are few experimental therapies currently under
investigation, including antibodies against highly neurotoxic myelin debris proteins (i.e., anti-Nogo
antibodies [4]), stabilization of axonal microtubules using paclitaxel/taxol and epothilone B to facilitate
the regrowth of damaged axons [5,6] and chondroitinase ABC, an enzyme that digests the growth
inhibitory glycosaminoglycan moieties in proteoglycans, which accumulate abundantly in the fibrotic
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scar that develops after severe SCI and prevent neuronal growth through the injury site [7–9].
The complexity of the spinal tissue and the very severe inflammatory, fibrotic and neurodegenerative
pathology together with the fact that the SCI patient population is relatively small in comparison to
other neurological disorders, make the process of drug discovery difficult.

One possible approach to facilitate the discovery of novel pathological mechanisms and therapeutic
targets is to utilize high-throughput -omics such as transcriptomics and proteomics. Contemporary
high-throughput methods allow the interrogation of thousands of differentially regulated transcripts
or proteins in multiple biological replicates in single quantitative experiments [10]. When combined
with rigorous computational analysis of the large data that they return, –omics experiments can provide
systems-wide insight into the pathological changes taking place in disease and allow the screening of
multi-molecular changes instead of limited focusing towards single genes or proteins.

In this article, we sought to identify previously unappreciated and potentially promising therapeutic
candidates for SCI by combining high-throughput transcriptomics and proteomics to profile gene and
protein expression changes following clinically-relevant models of rat SCI. To ensure careful filtering of
potential therapeutic candidates, we only retrieved molecules that were significantly regulated at the mRNA
and protein level in tandem and showed consistent differential expression at 7 days (subacute) and 8 weeks
(chronic) post-injury. We subsequently isolated druggable proteins and mined their potential function in
SCI. This work could provide the basis for future mechanistic and preclinical studies investigating bioactive
molecules with disease-modifying potential in SCI. Importantly, all transcriptomics and proteomics data,
as well as the source code for the computational analysis that we developed, are available and freely
accessible online via the Mendeley Data repository (Elsevier; https://data.mendeley.com) and our analysis
is based on highly-cited freely accessible bioinformatics tools.

2. Results

2.1. Transcriptomics and Proteomics Analysis 7 Days and 8 Weeks after Rat SCI

SCI is a complex disorder which involves multiple different cell types and tissue substrates
(neurons and axons, microglia and infiltrating immune cells, astrocytes, vascular cells, meningeal cells
and others). It is also affected by the immune privilege of the central nervous system and the vascular
limitations of the blood-brain-barrier. Multiparametric high-throughput approaches that examine
large-scale transcript and protein changes in tandem can offer a broad understanding of molecular
changes in SCI. To this end, we combined high-throughput transcriptomics and proteomics and at two
different time-points (7 days and 8 weeks) after SCI to capture consistent and persistent molecular
changes post-SCI and to identify proteins with important bioactivity and drug-targeting potential.

First, we performed an intersection of differentially regulated genes identified in a publicly
available rat SCI microarray performed recently by Chamankhah and colleagues [11], to identify
molecules that were significantly up or downregulated at the mRNA level, both at 7 days and 8 weeks
post-SCI. Injury was performed by clip-compression using a 35 g aneurysm clip for 60 s, producing
moderate to severe SCI [11]. We chose to use this transcriptomics study because it was performed
by an experienced group, it had identical time-points to our proteomics analysis (see below) and
importantly, compression SCI shares pathological similarities to contusion injury. This transcriptomics
analysis compared uninjured (control) T7 spinal cord segments (n = 4) versus injured spinal cord,
either at 7 days (n = 4) or 8 weeks (n = 4) post-injury. All microarray data was made freely accessible
online from the authors [11] via the gene expression omnibus (GEO-NCBI: https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE45006). Moreover, all differentially regulated transcripts from
7 days and 8 weeks post-SCI were downloaded from GEO-NCBI and have been publicly deposited
as easily accessible excel files in Mendeley Data: control versus 7 days post-SCI microarray: https:
//goo.gl/XqbbgN; control versus 8 weeks post-SCI microarray: https://goo.gl/BXYEeT. Only genes
that had adjusted p-value ≤ 0.05 were accepted in the analysis. 902 were significantly upregulated at
both 7 days and 8 weeks versus 835 genes significantly downregulated at both time-points.
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Second, to expand the transcriptomics findings to protein expression post-SCI, we used
high-throughput proteomics datasets obtained from spinal tissue LC-MS/MS (liquid chromatography-
tandem mass spectrometry) performed in our lab. High-throughput analysis at the protein level is
biologically important given that transcripts tend to be short-lived in comparison to proteins and
mRNA expression does not necessarily reflect protein expression or accumulation at tissue sites,
especially given the substantial tissue remodelling that takes place in injured tissues.

To improve the relative enrichment of different protein species and the depth of protein identifications,
we used a solubility-based tissue protein subfractionation method previously developed by us,
which allows separate analysis of cellular and extracellular proteins by LC-MS/MS and is based on
using 0.08% SDS to isolate cellular proteins followed by 4 M guanidine for extracellular matrix and
insoluble proteins [10,12,13]. Control (uninjured) versus injured rat spinal cord proteomics comparisons
were made again at 7 days and 8 weeks post-SCI, matching the transcriptomics data. Relative estimation
of protein abundance in tissue samples by LC-MS/MS was performed using spectral counting [14].
This comparison returned 115 proteins that were significantly upregulated and 149 proteins that were
significantly downregulated in tandem, at both 7 days and 8 weeks post-SCI. All protein identification
datasets, differentially regulated proteins and statistically analysed spectral counts from 7 days and
8 weeks post-SCI are publicly deposited as easily accessible excel files in Mendeley Data: 7 days proteomics:
https://goo.gl/k93LwN; 8 weeks proteomics: https://goo.gl/qYoTJz.

2.2. Integration of Transcriptomics and Proteomics Datasets to Identify Persistently Differentially
Regulated Molecules

To filter entities with consistent and persistent differential regulation at the mRNA and protein
level and at 7 days and 8 weeks post-SCI, we integrated the transcriptomics and proteomics
datasets described above. To ensure stringent selection, we accepted only molecules that were
significantly differentially regulated (control vs. injured; t-test p ≤ 0.05) in all 4 high-throughput
datasets (transcriptomics and proteomics, 7 days and 8 weeks post-SCI). This combined analysis
returned a filtered signature of only 40 upregulated (Figure 1a–c) and 48 downregulated (Figure 1d–f)
molecules, at the transcript and protein level and both at 7 days and 8 weeks post-SCI. These
consistent signatures are summarised as heatmaps, which display differential expression from
shotgun proteomics (upregulated; Figure 1a and downregulated; Figure 1d) as well as protein-protein
interaction networks, which highlight the interconnectivity of the differentially regulated proteins
(upregulated; Figure 1b and downregulated; Figure 1e). Figure 1c,f depict 10 upregulated and
downregulated proteins respectively, with the highest network betweenness centrality, a measure of
how associated and central a protein is in comparison to other network proteins and offers an unbiased
assessment of its relative biological importance [15]. Conceivably, proteins with high betweenness
centrality and therefore extensive biological association with other proteins, might be considered as
good drug targets given that they likely have an important function in the system either in isolation or
as part of a functional pathway.

2.2.1. 40 Persistently Upregulated Proteins

The network of the 40 upregulated entities (Figure 1a,b) contains multiple proteins involved
in extracellular matrix metabolism, including minor glycoproteins galectin 3 (LGALS3), lumican
(LUM) and decorin (DCN) together with annexin A2 (ANXA2) and both alpha chains of collagen-1
(COL1A1 and COL1A2). The upregulated network (Figure 1a,b) also contains cytoskeletal proteins
such as LIMA1 (actin-binding), CALD1 (actin-binding caldesmon), AIF1 (microglia/macrophage
cytoskeletal protein commonly known as IBA1), LCP1 (plastin-2, T cell actin-binding protein), filamin
A (FLNA) and vimentin (VIM) an abundant non-epithelial cytoskeletal protein with key collagen-1
mRNA-stabilising function.

Consistently upregulated proteins also include 5 cathepsins (lysosomal proteases); A (CTSA),
B (CTSB), D (CTSD), H (CTSH) and Z (CTSZ) (Figure 1a,b) covering a large spectrum of cellular
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and extracellular proteolytic substrates. Cathepsin upregulation, proteolytic activity and lysosomal
involvement are often associated with inflammatory tissue remodelling and loss of normal tissue
function as well as activation of cell death pathways. Cathepsins are typically associated with activated
macrophages and other immune cells [16]. The multicatalytic proteasome proteinase PSMB10 and
dipeptidase PEPD, the latter with an important function in collagen-1 metabolism, are also present
(Figure 1a,b). VIM, CTSD and ANX A2 have high betweenness centrality (Figure 1c), followed by
FLNA and COL1A1 (Figure 1c), indicating relative biological importance in the system. The persistent
upregulation of these proteins highlights the dominance of inflammation and scarring after SCI,
driving pathological matrix remodelling and extensive proteolysis.

Figure 1. Persistently differentially regulated molecules at the mRNA and protein level 7 days and 8 weeks
post-spinal cord injury (SCI): (a) 40 molecules that were consistently and significantly upregulated (t-test
p ≤ 0.05, Con vs. 7 ds and Con vs. 8 weeks) in all transcriptomics and proteomics datasets, at both
7 days and 8 weeks post-SCI. Heat-map displays differential protein expression quantified by spectral
counting using shotgun proteomics. Heat-map values were normalised from −3 (green; low spectral
counts) to +3 (red; high spectral counts). (b) The 40 persistently upregulated molecules were collected
into a protein-protein interaction network using StringDB and Cytoscape. Node colours indicate protein
betweenness centrality (how connected a protein is with others in the network); green nodes: low score;
red nodes: high score. The width and colour of edges indicates protein-protein interaction score obtained
from StringDB (green and slim: low interaction; red and broad: high interaction). Betweenness centrality
and interaction scores were calculated and visualised in Cytoscape. (c) Ten upregulated proteins with the
highest betweenness centrality score from network (b) are depicted. (d) 48 molecules that were consistently
and significantly downregulated (t-test p ≤ 0.05, Con vs. 7 ds and Con vs. 8 weeks) in all transcriptomics
and proteomics datasets, at both 7 days and 8 weeks post-SCI. Heat-map displays differential protein
expression quantified by spectral counting. (e) The 48 persistently downregulated molecules were collected
into a protein-protein interaction network using StringDB and Cytoscape as above. (f) Ten downregulated
proteins with the highest betweenness centrality from network (e) are depicted.
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2.2.2. 48 Persistently Downregulated Proteins

Unsurprisingly, the network of the 48 persistently downregulated proteins (Figure 1d,e) contains
multiple neuronal proteins with direct involvement in synaptic transmission including CPLX1
(complexin-1) and STX1B (syntaxin-1B) involved in synaptic vesicle function, ABAT (mitochondrial
aminobutyrate aminotransferase) and ALDH5A1 (mitochondrial aldehyde dehydrogenase), both
involved in the degradation of the neurotransmitter GABA, CPNE6 (copine-6; dendrite formation),
HPCA (neuron-specific calcium-binding hippocalcin; regulates calcium channels), ME1 (malic enzyme)
and AMPH (amphiphysin; involved in synaptic exocytosis). The persistent downregulation of
synaptic-associated proteins is likely the result of neurodegeneration following SCI.

The downregulated network also contains 7 proteins involved in cholesterol and lipid synthesis
and metabolism including MVD and MVK (mevalonate decarboxylase and kinase respectively),
FDPS (farnesyl diphosphate/pyrophosphate kinase), HMGCS1 (catalyses synthesis of mevalonate
from acetyl-CoA), ACSS2 (acetyl-CoA synthetase), ACLY (ATP citrate lyase) involved in acetyl-CoA
metabolism) and SEC14L2 (supernatant protein factor). The central nervous system-specific heat-shock
protein 70, 12A (HSPA12A) has the highest betweenness centrality (Figure 1f) reflecting the role of
chaperone heat-shock proteins in multiple biological functions. Neuron-specific gamma-enolase (ENO2
or NSE) with a catalytic role in the synthesis of pyruvate and CALB2 (calretinin; a neuron- specific
calcium-binding protein) follow HSPA12A in betweenness centrality (Figure 1f). The consistent
downregulation of proteins involved in cholesterol metabolism is very interesting and such
mechanisms in SCI are not well understood. One likely hypothesis is their involvement in myelin
synthesis [17] and as such, their restoration might promote myelination after SCI. In contrast,
downregulation of cholesterol synthesis has been associated with the highly effective regenerative
capacity that is observed in peripheral nerves [18].

2.3. Identification of Druggable Proteins in SCI

To examine further the tight list of 40 upregulated and 48 downregulated molecules, we first
looked for proteins that could be targeted using currently available, clinically-approved or experimental
drugs/bioactive chemicals and second, we asked whether these druggable proteins have been cited
in studies related to SCI. Druggable proteins were predicted using DGIdb v3 [19] and further
validated with StitchDB v5 [20]. The relevance of druggable proteins to SCI was then examined
using an automated PubMed text-mining tool that we developed for this study (source code deposited
online: https://goo.gl/vRScJ3). Druggable proteins were searched in PubMed in conjunction to the
terms “spinal cord injury” and “spinal injury” as well as with the words “trauma,” “contusion” or
“transection” replacing “injury” in the query.

DGIdb and StitchDB identified 15 upregulated druggable proteins, 10 of which returned at
least one citation in SCI and 19 downregulated druggable proteins, 7 with at least one citation in
SCI. These are summarised in Figure 2a. Druggable proteins are plotted against the number of
drugs predicted to act against them (x axis) versus their betweenness centrality (y axis), to visualise
druggability versus relative biological importance Figure 2a. Next, StitchDB-validated druggable
proteins and their protein-protein as well as protein-drug interactions are illustrated in 4 networks.
Figure 2b: 10 upregulated proteins with SCI citations plus 60 associated drugs; Figure 2c: 5 upregulated
proteins with no SCI references plus 22 associated drugs; Figure 2d: 7 downregulated proteins with
SCI citations plus 33 associated drugs; Figure 2e: 12 downregulated druggable proteins with no
SCI citations plus 34 linked drugs. The predicted drugs from networks in Figure 2b–e were also
text-mined in PubMed for potential reference to SCI (as described above) and the number of retrieved
articles is shown in Figure 2f–i. All identified drugs from each network (Figure 2b–e) are listed here
(https://goo.gl/zwbuq1) together with the number of citations retrieved from text-mining using SCI
terms (as explained above) and compared to terms “brain,” “spinal cord” and “central nervous system”
for comparison. Links to the drug database PubChem is also provided for fast screening of essential
drug information.

8



Int. J. Mol. Sci. 2018, 19, 1461

Figure 2. Mining druggable proteins using DGIdb and StitchDB: (a) DGIdb analysis followed by
StitchDB identified 15 upregulated druggable proteins 10 of which returned at least one citation in SCI
and 19 downregulated druggable proteins 7 of which with at least one citation in SCI. Proteins are
summarised in 3 dimensions. Druggable proteins are plotted against the number of drugs predicted to
act against them (x axis) versus their network betweenness centrality (y axis) to visualise druggability
versus relative biological importance. The size of nodes (3rd dimension) indicates the number of
PubMed articles citing these proteins in SCI. Grey nodes are proteins with no SCI citations in PubMed.
(b) Protein-protein-drug interaction network of the 10 upregulated druggable proteins with at least
one citation in SCI. The network was made using StitchDB and visualised in Cytoscape. Nodes and
edges are colour-coded according to their betweenness centrality while the width and colour of edges
indicates the strength of interaction between molecules (proteins and drugs) as predicted by StitchDB.
(c) Protein-protein-drug interaction network of the 5 upregulated druggable proteins with no citations
in SCI. (d) Protein-protein-drug interaction network of the 7 downregulated druggable proteins with at
least one citation in SCI. (e) Protein-protein-drug interaction network of the 12 upregulated druggable
proteins with no citations in SCI. (f–i) Predicted drugs from networks were text-mined in PubMed for
potential reference to SCI and the number of articles is presented; (f) drugs interacting with proteins in
network (b); (g) drugs interacting with proteins in network (c); (h) drugs interacting with proteins in
network (d); (i) drugs interacting with proteins in network (e).
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2.3.1. Upregulated Druggable Proteins with SCI Citations (Figure 2b,f)

In the group of upregulated proteins with SCI citations (Figure 2b), the association of annexin
A1 (ANXA1) with classic corticosteroids (cortisone, dexamathasone, prednisone, amcinonide and
associated steroids and hormones, i.e. estradiol and progesterone) dominates the network (Figure 2b).
The potent anti-inflammatory effect of corticosteroids in tissues is thought to be exerted, at least
in part, by regulating the synthesis and function of ANXA1 [21]. Interestingly, while ANXA1 has
received limited attention in SCI, corticosteroids have been extensively used to reduce acute SCI
inflammation (Figure 2f) but their efficacy in alleviating long-term pathology is debatable and their use
is controversial [22,23]. Steroid hormones estradiol and progesterone are also well studied (Figure 2f)
and are considered neuroprotective in SCI [24].

Another notable cluster in Figure 2b includes the well-studied cathepsins B and D (CTSB, CTSD)
and the numerous mostly experimental inhibitors that block their proteolytic activity. Both CTSB
and CTSD are likely involved in the degradation of axonal components after SCI [25] but notably
anti-cathepsin drugs have not been used in SCI thus far in either preclinical or clinical studies. NPM1
(nucleophosmin; Figure 2b) is associated with anti-neoplastic drugs crizotinib and deguelin (plus
associated compounds). While inhibition of NPM1 was recently noted to block neuronal apoptosis
after SCI in one study [26], neither deguelin nor crizotinib have been tested in SCI (Figure 2f).

Although vimentin (VIM; Figure 2b) has been cited extensively in SCI, mainly as a non-specific
marker of proliferating (astrocytes, ependymal cells, fibroblasts) or invading (macrophages, endothelial
cells, progenitors) mesenchymal cells in the injury site, it has not been tested as a putative drug
target thus far. The cytoskeletal protein, which has very high betweenness centrality (Figure 2a),
is recently gaining attention as a potential target in glioma and other cancers using antibodies against
its ectodomain (pritumumab [27]). In SCI, anti-vimentin antibodies could be conceivably used for the
removal of vimentin-positive cells but the selectivity of such an approach against a protein that is highly
abundant in multiple cell types, some with potentially neuroprotective roles [28], is questionable.

The archetypal matrix and fibrosis protein collagen-1 (chain COL1A1; Figure 2b) is persistently
upregulated after SCI, it has high betweenness centrality (Figure 2f) and is associated with the
anti-fibrosis collagen expression blocker halofuginone [29], as well as with the beta-adrenergic receptor
agonist isoproterenol (Figure 2b), known to increase its expression [30]. Notably, this is one of the
very few cases of an agonist present in our analysis. The potential involvement of collagen-1 in matrix
remodelling, fibrosis and scarring after SCI is a promising area for future investigation.

2.3.2. Upregulated Druggable Proteins without SCI Citations (Figure 2c,g)

In this small network the extensive druggability of PNP (purine nucleoside phosphorylase),
an enzyme that converts ribonucleosides into purine bases, is striking. PNP has been implicated
as an inflammatory mediator in glia as well as peripheral T and B-cells and is a good target for
anti-inflammatory therapies especially with regards to T-cell activity [31–33]. PNP has not been studied
in SCI and might represent an interesting drug target given its persistent upregulation, its involvement
in inflammatory mechanisms and the sizeable cohort of associated drugs (Figure 2c) that can block its
function (i.e. immucillins and forodesine). Interestingly, purine derivatives that associate with PNP
(guanosine, inosine, hypoxanthine) are used in experimental SCI as neuroprotective/neurotrophic
agents but this is independent to their biological connection to PNP [34].

Unlike cathepsins B and D (CTSB, CTSD) discussed above, the function of upregulated CTSA, CTSH
and CTSZ in SCI is unknown (Figure 2c). Similarly, neither specific cathepsin blockers (PPTs: odanacatib,
toluenesulfonic acid) nor other protease inhibitors (telaprevir, boceprevir), have been tested in SCI. CTSA,
CTSH and CTSZ are all persistently upregulated after SCI and CTSA has high betweenness centrality
(Figure 2a). Thus, the availability of cathepsin blockers (Figure 2c) and the lack of knowledge about these
cathepsins make them interesting candidates for further investigation. In addition to cathepsins, the role
of the proteasome protease PSMB10 (Figure 2c) in the spinal cord is not studied and not much is known
about the proteasome-ubiquitin system in SCI [35]. The proteasome inhibitor carfilzomib which interacts
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with PSMB10 (Figure 2c), was recently shown to exert an acute neuroprotective effect after T10 transection
SCI in rats (Figure 2g) but the authors did not implicate PSMB10 to this effect [36].

2.3.3. Downregulated Druggable Proteins with SCI Citations (Figure 2d,h)

This dense network contains few multi-druggable entities (Figure 2d,h). The classic neuronal
tubulin beta-3 (TUBB3) is associated with many cytoskeleton-regulating drugs, mainly paclitaxel (taxol)
and derivatives (docetaxel, cabazitaxel, epothilone D, patupilone/epothilone B) plus other putative
microtubule stabilisers like estramustine, vinblastine and vincristine (Figure 2d). Although mainly
used as anti-neoplastic agents, microtubule stabilisers (notably paclitaxel and patupilone/epothilone
B) are currently at the forefront of experimental SCI therapies [5,6]. Another microtubule assembly
protein, MAP2 (microtubule-associated protein 2) is consistently downregulated after SCI (Figure 1d)
and is also predicted to interact with these drugs (Figure 2d). MAP2 is a well-studied neuronal
marker. It has been previously shown to be downregulated after SCI and its loss is associated with
destabilization and depolymerization of axonal microtubules [37].

The activity of the acidic fibroblast growth factor FGF1 can be blocked by the tyrosine kinase inhibitor
pazopanib (FGF1 activates tyrosine kinase signalling) and by the anti-inflammatory amlexanox (Figure 2d)
both with no citations in SCI. Nevertheless, the use of drugs that block FGF1 activity is counterintuitive,
as it is persistently downregulated in our analysis plus it has been shown to be neurotrophic and
neurorestorative after SCI in preclinical studies [38]. Like FGF1, neuron-specific enolase (ENO2/NSE;
Figure 2d) has broad neuroprotective function in the central nervous system [39]. ENO2 is a protein with
high betweenness centrality (Figure 2a) and potentially high biological importance. The anti-cancer drug
fenretinide has been found to interact with enolase (Figure 2d) but the exact pharmacological action is
unknown. Interestingly, fenretinide was recently shown to alleviate inflammation in murine contusion SCI
but the authors did not connect this effect to ENO2 [40].

Key downregulated sterol synthesis enzymes MVK and HMGCS1 interact with the chemical
farnesol (Figure 2d) but potential pharmacological effects are unclear. They also interact with substrates
geranyl and farnesyl diphosphate, again with unknown pharmacological benefit. The role of MVK
and HMGCS1 is unclear but cholesterol metabolism and the mevalonate cascade are recently gaining
attention in the field [41].

2.3.4. Downregulated Druggable Proteins without SCI Citations (Figure 2e,i)

In conjunction with MVK and HMGCS1 from (Figure 2d), farnesyl diphosphate/pyrophosphate
synthase (FDPS) is a critical mevalonate synthesis enzyme with multiple established biphosphonates
(i.e., alendronate, etidronate, etc.) as well as experimental (NE-10575, NSC724480) inhibitors (Figure 2e)
and medium betweenness centrality (Figure 2a). Yet, the enzyme has not been studied in SCI and its
function in the brain and spinal cord remains elusive [42]. In contrast, clinical and experimental inhibition
of FDPS by biphosphonates is the gold-standard approach to block bone resorption by inhibiting the
function of osteoclasts. As a result, biphosphonates are currently used to regulate inactivity-induced bone
resorption in SCI patients [43] and this is independent to any potential function of FDPS in the spinal
cord. ACSS2 and ACLY are important lipid synthesis mediators with high betweenness centrality but
unknown role in SCI (Figure 2a). They are prominent in the drug network (Figure 2e), mainly due to
their interaction with adenosine phosphate (and MgATP) and lipid metabolism intermediaries palmitate,
succinate and pyruvate. Potential therapeutic effects are unknown. Notably, ACLY is involved in the
synthesis of the neurotransmitter acetylcholine in the brain [44]. ACLY is also associated with ME1 (malic
enzyme; Figure 2e) which generates NADPH for fatty acid synthesis. The role of ME1 in the spinal cord is
also unknown but it was recently shown, together with other lipid synthesis molecules, to have a possible
function in white matter development in infants [45].

ATP1A3 (Figure 2e), a sodium/potassium pump ATPase is another enzyme with unknown
function in SCI and high betweenness centrality (Figure 2a). The enzyme has a distinct neuronal
function as it is involved in the generation of electrical impulses and in the transport of
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neurotransmitters and calcium ions across the plasma membrane [46,47]. It is associated with the
cardiac glycoside digoxin/digitoxin and derivatives, which have not been tested as SCI treatments
and are rarely used in modern clinical practice to enhance cardiac function.

Two highly druggable, downregulated proteins with high betweenness centrality are aldehyde
dehydrogenase 5A (ALDH5A1) and 4-aminobutyrate aminotransferase (ABAT) (Figure 2a,e) both
involved in the catabolism of the inhibitory neurotransmitter GABA [48,49]. Interestingly, although
the role of these GABA catabolic enzymes in SCI is unknown, the associated drug valproate (plus
associated vigabatrin, chlormerodrin and tiagabine) are used (Figure 2i) to increase GABA and prevent
the spasticity and involuntary muscle contractility that affects the majority of SCI patients [50]. Thus,
it could be speculated that the persistent downregulation of ALDH5A1 and ABAT described here,
might contribute to the molecular mechanisms of post-SCI spasticity which is nevertheless caused by
very complex neuronal mechanisms following injury to upper or lower motor neurons.

2.3.5. Transcription Factor Regulation of Persistently Differentially Regulated Proteins

One approach to regulate gene and protein expression in tissues is via interference with relevant
transcription factor activity. Given that our combined intersection of transcriptomics and proteomics
datasets isolated a filtered list of 40 significantly upregulated and 48 significantly downregulated
proteins both at the mRNA and protein level and both at 7 days and 8 weeks post-SCI (Figure 1),
we sought to examine likely transcription factor promoter-binding sites for the identified proteins.
To do this, we used TRANSFAC-7-based computational prediction for transcription factor promoter
binding sites (MSigDB; [51]). This analysis returned 9 transcription factors as potential regulators of the
40 upregulated proteins (Figure 3a) and 5 transcription factors potentially controlling the expression of
the 48 downregulated proteins (Figure 3b).

SP1 followed by TCF3 (or TFE2) are predicted to bind to the highest number of upregulated gene
promoters (Figure 3a) while MAZ and SP1 are predicted for the highest number of downregulated
genes (Figure 3b). These transcription factors are conserved and abundant housekeepers and regulate
a plethora of genes, hence their involvement is not surprising. Nevertheless, potential specific role of
either MAZ or SP1 in SCI is currently unknown.

Figure 3. Transcription factor promoter binding site analysis for 40 and 48 persistently differentially
regulated proteins: (a,b) MSigDB was used to identify transcription factors with likely promoter
binding sites for the molecules that were consistently upregulated (a) or downregulated (b) in all
4 transcriptomics and proteomics datasets, at both 7 days and 8 weeks post-SCI. Graphs display the
number of proteins (x axis) likely regulated by listed transcription factors. ELF1 is upregulated while
NFATC1 is downregulated in both 7 days and 8 weeks transcriptomics datasets. (c) Protein-protein-drug
interaction network made in StitchDB and Cytoscape depicting interacting transcription factors
(from a,b) and associated drugs. Neither ELF1 nor NFATC1 have predicted drugs with either DGIdb or
StitchDB. The upregulated (red) and downregulated proteins with likely promoter binding sites for
ELF1 and NFATC1 are highlighted in (d).
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When we examined the expression profile of these transcription factors in the transcriptomics
and proteomics datasets we found that although none were differentially regulated at the protein level
(proteomics datasets) ELF1 which was predicted to regulate 7 of the 40 persistently upregulated proteins
(Figure 3a), was itself upregulated at the mRNA level both at 7 days and 8 weeks post-SCI (7 days SCI
microarray: https://goo.gl/XqbbgN; 8 weeks SCI microarray: https://goo.gl/BXYEeT). On the other
hand, NFAT transcription factor complex promoter binding sites were predicted for 11 of the 48 persistently
downregulated proteins (Figure 3b) and NFATC1, one of the NFAT components, was downregulated at the
mRNA level at both 7 days and 8 weeks post-SCI (7 days SCI microarray: https://goo.gl/XqbbgN; 8 weeks
SCI microarray: https://goo.gl/BXYEeT). As for SP1 and MAZ (both upregulated at the mRNA level at
7 days but not 8 weeks), the potential function of either ELF1 or NFATC1 in SCI is unknown. Upregulated
proteins with predicted regulation by ELF1 and downregulated proteins with predicted regulation by
NFATC1 are depicted in Figure 3d. Predicted transcription factors from Figure 3a,b were also examined
using DGIdb and StitchDB for potential association with drugs (Figure 3c). Neither ELF1 nor NFATC1
appear to be druggable. SP1 and ESRRA, are instead associated with anti-cancer compounds (Figure 3c)
which have not been tested in SCI thus far. Interestingly, the only transcription factor found in the filtered
list of the 40 upregulated molecules at the mRNA and protein level, 7 days and 8 weeks post-SCI, is STAT1
(signal transducer and activator of transcription 1), a key regulator of inflammatory mechanisms and
interferon signalling in particular [52,53]. STAT1 is persistently upregulated after SCI and has a high
betweenness centrality (Figure 1a–c). Although it has been involved in various inflammatory mechanisms
and diseases, its function after SCI is not well-studied, albeit few recent studies have shown that blocking
STAT1 activity has a positive effect post-SCI [54,55]. To the best of our knowledge, no approved drugs or
inhibitors offer selective inhibition of STAT1.

3. Discussion

In this manuscript combination of transcriptomics, proteomics and bioinformatics provides
a comprehensive overview of proteins with persistent differential expression at the mRNA and
protein level and from the subacute (7 days) to the chronic (8 weeks) phase of SCI lesion development.
To ensure stringent filtering, we accepted only molecules that were significantly differentially regulated
in all high-throughput datasets (transcriptomics and proteomics, 7 days and 8 weeks post-SCI).
The intersection of transcriptomics and proteomics is useful given that while mRNA screening provides
a snapshot of the dynamic gene expression changes following SCI, proteomics confirms functional
expression of proteins from regulated transcripts and underscores proteotypic changes in the injured
spinal cord. To the best of our knowledge, this is the first attempt to systematically analyse the
molecular druggability of SCI in high-throughput.

The intersection of transcriptomics and proteomics at 2 different injury time-points and from 2
independent labs using comparable contusion and compression SCI models in female rats, ensures
unbiased validation of the high-throughput data and offers confidence in the filtering of these molecular
targets. Nevertheless, it is important to note that the transcriptomics and proteomics data were based
on two different SCI models as well as rat strains. More specifically, the transcriptomics analysis by
Chamankhah et al. was based on a T7 aneurysm clip (35 g) compression injury (moderate to severe)
in female Wistar rats [11], while our proteomics analysis was based on automated 150 kilo-dyne
(1.5 Newton) spinal contusion injuries (moderate), performed on female Sprague-Dawley rats (see
Section 4 for more details and [7,9,10,56]). It is important to note that different injury models might
cause variable tissue pathology and sensorimotor outcomes. Differences and similarities between
contusive and compressive injuries have not been studied in detail but both models are considered
comparable, as they rely on blunt trauma to the spinal cord and normally involve neither penetration of
the meninges, nor sharp severing of axons (as occurs in hemisections and full transections). As a result,
they better simulate the biomechanical damage observed in the majority of human injuries (reviewed
and summarized in [57–60]). Few studies have directly compared contusions with compressions.
Pinzon et al., showed that gross lesion pathological features did not appear to differ greatly between

13



Int. J. Mol. Sci. 2018, 19, 1461

contusion and compression injuries [61]. More recently, Geremia and colleagues concluded that lesion
volumes and gross tissue pathology were not significantly different between contusion (severe T12,
200 kilo-dyne) and clip-compression (moderate to severe T12, 35 g aneurysm clip), albeit clearly
increased hematoma formation and spreading in the severe contusion group [62]. Differences in
contusion/compression forces applied in different studies are clearly important in terms of defining
injury severity. Comparison between strains has revealed differences in a number of studies not only
between strains but even in same strains obtained from different vendors [63]. 20 years ago Popovich
and colleagues focused on differences in inflammation after SCI. They found that while the basic
inflammatory reaction after SCI follows similar patterns in Sprague-Dawley and Lewis rats, differences
were observed in the magnitude and duration of macrophage activation and T-cell infiltration in lesions.
The authors attributed these differences to strain-specific variations in corticosteroid regulation of
inflammation [64]. Accordingly, using a neuronal-specific gene array, Schmitt et al., showed that
the expression of several genes varies between Sprague-Dawley, Long Evans and Lewis rats after
contusive SCI [65] and in a study focusing on post-SCI sensorimotor function, Mills et al., showed that
strain selection significantly affects functional recovery in Sprague-Dawley and Wistar rats [57]. Thus,
different strains might exhibit pathological or sensorimotor differences. Nevertheless, our focus on
proteins that are differentially regulated in both models, both time-points and both at the mRNA and
protein level highlights the likely importance of these differentially regulated signatures to SCI.

Our high-throughput intersection returned 40 persistently upregulated and 48 persistently
downregulated proteins. To further narrow down the list of target molecules, we applied two-tier
computational protein-protein-drug interaction screening combined with literature text-mining.
This analysis isolated previously unappreciated druggable proteins and pharmacological substances
that could be examined in future experimental and preclinical SCI studies. Notably, excluding a few
proteins that have been studied extensively in SCI (i.e., vimentin, IBA1, decorin, ceruloplasmin, CTSB,
CTSD, tubulin beta-3, ENO2/NSE, FGF1, MAP2 and others) many proteins and drugs identified in
our comparative analysis have received little to no experimental attention and some might be excellent
targets for future investigations.

While it would be very difficult within the limits of this manuscript to cover in detail the function
of each protein and their potential role in SCI, we have made an effort to describe the bioactivity
of multiple druggable proteins and put it in the context of SCI where applicable (see Figure 2 and
associated Results). Given that the majority of drugs are antagonists, inhibitors, or function-blockers,
upregulated molecules are excellent primary candidates for drug targeting. In contrast, downregulated
entities might be modulated with function agonists or over-expression with more complex molecular
tools such as viruses or CrispR/CAS9.

Based on biological function, druggability and crucially, lack of knowledge with regards to SCI,
we could highlight few interesting proteins that are consistently upregulated or downregulated at the
mRNA and protein level, at 7 days and 8 weeks individually depicted in Figure 4. From the upregulated
cohort, PNP (purine nucleoside phosphorylase) is a protein with well-documented involvement in T-cell
activity and function and PNP inhibitors exert potent immunomodulatory effects against T-cells, especially
in diseases with dominant involvement of adaptive immunity [32,66,67]. The role of PNP in B-cell function
is also under investigation. Notably, not only the potential function of PNP in SCI is unknown but in
addition, the role of T-cells is still unclear, although T-cells infiltrate spinal lesions [64]. Thus, given the
importance of inflammation in primary and secondary SCI pathology and the importance of T-cells in
immune processes, the highly druggable PNP (Figure 2c) is a very interesting candidate.

Similarly, the role of upregulated lysosomal cathepsin A (CTSA; Figure 4) in SCI is unknown.
This serine protease and carboxypeptidase is involved in the activation of sialidase and its deficiency
causes the lysosomal storage disease galactosialidosis [68]. It also seems to play an important role
in autophagy, which is involved in the regulation of various inflammatory mechanisms including
SCI [69]. Recent work in mice showed that CTSA deficiency is associated with a severe neurological
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phenotype [70]. Similarly, the role of the other consistently upregulated cathepsins CTSH and CTSZ
(Figure 4) in SCI is unknown.

Figure 4. Highlighted differentially regulated proteins after SCI. Graphs depict the differential
expression of upregulated purine nucleoside phosphorylase (PNP), cathepsins A, H and Z (CTSA,
CTSH, CTSZ) and downregulated ACSS2 (acetyl-CoA synthetase), ATP citrate lyase (ACLY), malic
enzyme (ME1) and sodium-potassium ATPase (ATP1A3) proteins using spectral counting values from
shotgun liquid chromatography-tandem mass spectrometry (LC-MS/MS). These proteins are amongst
the molecules that were consistently upregulated or downregulated at the mRNA and protein level
and at 7 days and 8 weeks post-SCI. n = 3 per group; mean +SD; ANOVA and Fisher post-hoc test
(independent comparison); stars indicate significance versus CON (control intact T10 spinal cord
segments); * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. CTSA and CTSZ spectral counts are also significantly
different from 7 days to 8 weeks.

From the persistently downregulated proteins, lipid and sterol synthesis mediators including
ACSS2, ACLY and ME1 (Figure 4) are attractive candidates for further research. They might be involved
in lipid and energy homeostasis or in myelin synthesis post-injury. The distinctly neuronal ATP1A3
is another persistently downregulated protein (Figure 4) with very interesting properties given its
involvement in neurotransmission [47]. The protein has been studied extensively for its function in the
central nervous system but its role in SCI is unknown. Mutations that impair ATP1A3 activity cause
rapid-onset dystonia in humans and permanent neurological dysfunction [71]. The enzyme is also
downregulated after neonatal cortical injury in rats [46].

In summary, by using a combination of transcriptomics, proteomics and bioinformatics we
isolated multiple proteins with drug-targeting potential and unknown function in SCI. While it might
be difficult to speculate on the best possible drug target or identify a panacea for SCI, our systematic
analysis might stimulate further mechanistic or therapeutic studies in the future.

4. Materials and Methods

4.1. Rat Transcriptomics—Microarray Analysis of Rat SCI

The rat microarray datasets analysed and integrated in this manuscript were recently performed
and published by Chamankhah and colleagues. Information about the ethical use of animals in this
study and in-depth information about the clinically-relevant compressive SCI model utilised in their
study has been published [11]. Briefly, the authors used a clip compression SCI in female Wistar rats
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using a 35 g aneurysm clip for 60 s producing a moderate to severe T7 SCI. The compression model
produces comparable blunt-force gross pathology and lesion characteristics to the contusion model
that we used on the thoracic spinal cord (see below). Microarray data is available online via the gene
expression omnibus (GEO-NCBI). Microarray data from GEO is qualitatively and statistically curated
and MIAME-compliant. Rat T7 spinal clip compression injury microarray n = 4 intact versus injured
T7 spinal cord samples at 7 days (n = 4) and 8 weeks (n = 4) post-injury. Microarray experimental
information is available here (GEO-NCBI: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE45006). Additionally, microarray expression data was downloaded and compiled to excel files
(.xlsx) to enable uncomplicated examination of differential mRNA expression between control and
injured spinal cord specimens at 7 days and 8 weeks post-SCI and to allow investigation of individual
genes. Due to their excessive size, these excel files have been publicly deposited and are free to
download from the Mendeley Data public repository. Control versus 7 days post-SCI microarray
comparison can be found here: (7 days SCI microarray: https://goo.gl/XqbbgN; 8 weeks SCI
microarray: https://goo.gl/BXYEeT). Expression and statistical analysis was performed by GEO-NCBI
using standard t-test p-values and multiple p-value error adjustments. We only accepted transcripts
that were significant with an adjusted p ≤ 0.05 and 2-fold change at both 7 days and 8 weeks.

4.2. Spinal Cord Injury Model in Rats for Proteomics Analysis

We have previously characterised in detail spinal cord contusion in adult rats [7,9,10,56]. Briefly,
adult female Sprague-Dawley rats (~200 g) were anesthetised using breathable isofluorane. 5 mg/kg
Baytril (antibiotic) and 5 mg/kg Carprofen (NSAID pain and inflammation control) were given
subcutaneously at the time of surgery and the morning after surgery. Spinal laminectomies were
performed at vertebral level T10, the vertebral column was stabilised using Adson forceps and
the rat-specific impactor probe was positioned 2 mm above the spinal cord. An impact force of
150 kilo-dyne (mean 152.3 kilo-dyne; standard deviation 3.2; n = 6 contused animals) was delivered
to the exposed spinal cord through the intact dura with an Infinite Horizon impactor (Precision
Systems Instrumentation) which generates a moderate severity contusion injury according to our
Home Office-approved animal licence. This severity mimics more than 50% of human injuries that
are “incomplete” (i.e., where some white matter tissue is spared) containing uninjured axons and the
model is generally considered to be relatively clinically-relevant. After injury, all 6 animals used in
the study had full bilateral hind limb paralysis and started exhibiting limited spontaneous recovery
typically after the first week. After spinal contusion, the overlying muscle and skin were sutured,
anaesthesia was reversed using oxygen and animals recovered in cages placed on heated blankets.
Saline and Baytril (antibiotic) were given subcutaneously daily for 7 days, after injury. Bladders were
manually expressed twice daily until reflexive emptying returned (typically 6–9 days after injury).
The study has received approval by the institutional Animal Care and Use Committee (King’s College
London; PPL 70/8032, 14/11/2016) and all surgical procedures were performed in accordance with
the United Kingdom Animals (Surgical Procedures) Act 1996.

4.3. Shotgun LC-MS/MS Proteomics—Proteomics Analysis of Rat SCI

We have recently described in detail and published high-resolution shotgun LC-MS/MS proteomics
analysis of rat SCI [10]. Prior to proteomics spinal cord tissue from intact (n = 3) or injured T10 spinal cord
segments 7 days (n = 3) and 8 weeks (n = 3) post-injury were extracted using a sequential protein extraction
protocol previously developed by us [10,12,13]. This approach improves separation of easily soluble
cellular proteins (0.08% SDS) followed by isolation of insoluble and cross-linked, extracellular, matrix and
matrix-associated extracellular proteins from tissue specimens (4 M guanidine). This method has been
published multiple times and is widely used for different tissues including the spinal cord. Following
protein extraction shotgun LC-MS/MS was performed as described in depth [10]. Briefly, protein samples
were digested by trypsin, tryptic peptides were separated in 2–35%, 120 min acetonitrile gradient and
analysed on Q Exactive orbitrap mass spectrometer. Protein identifications were performed using Mascot
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Version 2.4.1 (Matrix Science). Scaffold [72] (version 4.2.1) was used to validate MS/MS based peptide
and protein identifications. Peptide identifications were accepted only if they could be established at
greater than 95.0% probability by the Peptide Prophet algorithm with Scaffold delta-mass correction.
Protein identifications were accepted only if they could be established at greater than 95.0% probability
and contained at least 2 unique identified peptides. Scaffold was also used to calculate normalised
spectral counts for quantitation. All accepted protein spectra (95% probability plus 2 unique peptides
minimum) were included in the analysis and no outliers were removed. Although there are multiple
different approaches to achieve relative protein quantitation using LC-MS/MS, spectral counting is very
simple and less prone to technical errors in comparison to protein-labelling approaches especially when
combined with orthogonal validation of findings [10,14]. In this manuscript, extra confidence is obtained
from the fact that we focus only on proteins that are common across 2 independent transcriptomics and
proteomics datasets and across 2 different time-points. Only proteins with t-test p ≤ 0.05 at both 7 days
and 8 weeks and concomitant significant differential regulation (p ≤ 0.05) at the transcript level (from
microarrays described above) at both 7 days and 8 weeks were accepted. All proteomics identifications
and spectral counting quantitation has been deposited online at Mendeley Data: 7 days proteomics:
https://goo.gl/k93LwN; 8 weeks proteomics: https://goo.gl/qYoTJz.

4.4. Computational and Bioinformatics Analysis of High-Throughput Data

Hierarchical clustering and heat-maps were created in the MeV TM4 platform [73]. Significantly
different (p ≤ 0.05; t-test) spectral counts were z-normalised (−3; low to +3; high) to obtain a more
linear colour representation of the data. Pairwise similarity in spectral counts between different
proteins (rows) was computed using Pearson correlation coefficient. Protein-protein interaction
networks were created using StringDB v10 (https://string-db.org) [74] of known and predicted
protein-protein interactions and inferring protein associations from multiple databases as well as
text-mining. For protein-protein interaction networks, a low threshold of association (0.15) was
used to capture the largest possible interaction probability. Network parameters were visualised in
CytoScape v2.8 [75], which was also used to calculate the betweenness centrality of interacting proteins
within networks. Drug candidate analysis was performed using DGIdb (http://www.dgidb.org) [19].
This software is searching multiple different drug databases and uses text-mining to identify drugs
matching input proteins. Drug-protein interactions were then validated and filtered using StitchDB v5
(http://stitch.embl.de) [20]. This step resulted in significant filtering of the drug-protein interaction
data. StitchDB also creates organic drug-protein and protein-protein interaction networks, the latter
using the StringDB platform and generates interaction scores. For protein-drug interactions, a medium
threshold of association (0.40) was used to ensure more stringent filtering of drugs and chemicals.
As above, network parameters were visualised in CytoScape v2.8, which was also used to calculate the
betweenness centrality of interacting proteins and drugs within networks. Transcription factor analysis
was performed using MSigDB (http://software.broadinstitute.org/gsea/msigdb) [51], transcription
factor targets sub-collection. Mammalian transcriptional regulatory motifs were extracted from v7.4
TRANSFAC database. Each gene set consists of all human genes whose promoters contains at least one
conserved instance of the TRANSFAC motif, where a promoter is defined as the non-coding sequence
contained within 4-kilobases from the transcription start site.

4.5. Gene and Drug Java Text-Mining Tool

The custom-made text-mining tool was constructed using Java in IntelliJ IDEA community edition.
The code used has been publicly deposited in Mendeley Data for Journals and can be found here
together with running instructions to operate the tool in IntelliJ for free (https://goo.gl/vRScJ3).
Firstly, the nomenclature for the text-mined genes is retrieved using the HGNC REST web-service
API (https://www.genenames.org/help/rest-web-service-help). The gene symbol, gene name and
synonym identifiers were used in the literature queries. The gene nomenclature is enriched by a set of
algorithms that are designed to permute names and omit obsolete name parts. The literature queries
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are performed using the Europe PubMed Central (EPMC) REST web-service API after nomenclature
retrieval. The EPMC database queries are structured into two blocks; the first block contains all gene
names, abbreviations, synonyms and accepted protein names from HGNC, whereas the second block
contains the keywords of interest including: “spinal cord injury” and “spinal injury” as well as with
the words “trauma,” “contusion” or “transection” replacing “injury” in the query. The search clause is
structured so that at least one search term belonging to each of the search blocks must be present in the
abstract or title of the retrieved articles. All search terms were enclosed in quotations to ensure that
the terms are searched as is and that individual words within the term are not matched mistakenly.
The retrieved articles were manually verified to satisfy search requirements. Drug text-mining was
performed similarly. The drugs for the differentially regulated genes were derived manually with
the use of DGIdb and StitchDB. Next, EPMC was queried in the same way as for the genes, where
the first block of the query contained the primary drug names instead of gene names. This article
set contained no false positives. Please note that different text-mining search engines such as Google
Scholar might retrieve more or different studies regarding the usage of certain drugs in SCI but in our
experience PubMed is more reliable with regards to peer-reviewed research-based studies and in our
experience, retrieves fewer false-positives. A deeper text-mining was then performed using all drug
synonyms, chemical names and commercial names to ensure a full, in-depth retrieval of literature.
Drug synonyms were retrieved using the PubChem REST web-service APIs. The risk for the retrieval
of false positive articles was high in this search due to the extensive variety of drug synonyms stored
in the PubChem database. To avoid the retrieval of false positives, the results of the deep text mining
were overlaid with the “drug name only” results and differences in article numbers between the two
datasets were inspected manually and false positives eliminated. URL addresses for all online database
queries (PubChem, HGNC, EPMC, UniProt) are output in the console at runtime. The user can verify
database query parameters by navigating to these URLs manually. Please not that although every
effort was made to minimise retrieval of false-positive associations via text-mining, users must ensure
a stringent manual search of target molecules.
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Abstract: While over half of all spinal cord injuries (SCIs) occur in the cervical region, the majority
of preclinical studies have focused on models of thoracic injury. However, these two levels are
anatomically distinct—with the cervical region possessing a greater vascular supply, grey-white
matter ratio and sympathetic outflow relative to the thoracic region. As such, there exists a significant
knowledge gap in the secondary pathology at these levels following SCI. In this study, we characterized
the systemic plasma markers of inflammation over time (1, 3, 7, 14, 56 days post-SCI) after
moderate-severe, clip-compression cervical and thoracic SCI in a rat model. Using high-throughput
ELISA panels, we observed a clear level-specific difference in plasma levels of VEGF, leptin,
IP10, IL18, GCSF, and fractalkine. Overall, cervical SCI had reduced expression of both pro- and
anti-inflammatory proteins relative to thoracic SCI, likely due to sympathetic dysregulation associated
with higher level SCIs. However, contrary to the literature, we did not observe level-dependent
splenic atrophy with our incomplete SCI model. This is the first study to compare the systemic
plasma-level changes following cervical and thoracic SCI using level-matched and time-matched
controls. The results of this study provide the first evidence in support of level-targeted intervention
and also challenge the phenomenon of high SCI-induced splenic atrophy in incomplete SCI models.

Keywords: spinal cord injury; inflammation; plasma

1. Introduction

Traumatic spinal cord injury (SCI)—despite breakthroughs in pre-operative, surgical and
post-operative care—continues to be a life-threatening injury, both acutely and chronically [1].
After primary mechanical injury, a dual-edged cascade of inflammatory and vascular events—collectively
referred to as the secondary injury phase—ensues [2,3]. While it is difficult to determine the causative
mechanism of secondary injury, several mechanisms including vascular disruption [4], glutamate
excitoxicity [5,6], lipid peroxidation [7–9], blood-spinal-cord-barrier disruption [10–12] and ionic
imbalance [13,14] have been the focus of therapeutic targeting. The ultimate consequence of these
events is apoptosis, neuronal and axonal death, and de/dys-myelination manifesting as grey and
white matter loss at the injury epicenter [1].

Preclinical SCI studies thus far, driven by post-operative care requirements and ease-of-use, have
most commonly employed thoracic SCI (tSCI) models despite the increased prevalence and incidence of
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cervical SCI (cSCI) [15]. A central rationale for specifically investigating cSCI models is the appreciation
that critical anatomical differences exist between the cervical and thoracic spinal cord resulting
in different pathophysiological responses to injury and treatment [16]. For instance, the cervical
spine is composed of smaller vertebrae with increased mobility, has increased central and peripheral
vascular supply and flow, a higher gray-white matter ratio, and contains the neural circuitry crucial for
respiration, forelimb motion, and sympathetic outflow to the heart. Pathophysiologically, the cervical
gray matter vasculature has less pericyte coverage than the thoracic cord, resulting in a blood spinal
cord barrier (BSCB) predisposed to increased permeability [10]. Further, in high-thoracic transection
models of SCI, removal of spinal sympathetic preganglionic neurons from supraspinal control
results in autonomic dysreflexia [17]. This in turn has been shown to instigate immunosuppressive
effects—known as SCI-induced immune depression syndrome (SCI-IDS)—that stem directly from early
splenocyte death and splenic atrophy due to acute and repeated chronic exposure to glucocorticoids
and intrasplenic norepinephrine [18].

As cSCI has a direct neurological impact on cardiovascular function and peripheral immunity [19–21],
we aimed to characterize the temporal profile (3–56 days) of vascular and inflammatory markers
after cSCI and tSCI and elucidate any level-specific changes in their expression. Further, as robust
spleen-mass changes were observed in the aforementioned transection studies on SCI-IDS, we also
evaluated time and sham-normalized spleen-body weight ratios in our model.

2. Results

Of the 35 proteins surveyed in this study, 19 passed our initial filtering criteria, while 16 proteins
that contained interpolated, extrapolated or out-of-range values were removed. All comparisons below
are presented in order from thoracic to cervical.

2.1. Level-Specific Differences in Plasma Protein Levels after Cervical and Thoracic Laminectomy

To investigate whether there were baseline differences in the expression of any of these
proteins after cervical and thoracic laminectomy, heat-mapping and statistical analyses of protein
concentrations were carried out with naïve plasma shown as a reference (excluded from cluster
analyses). Heat-mapping (Figure 1A) demonstrated several clusters of expression. While several
proteins had trending differences (RANTES, p = 0.06 at 14 days; LIX, p = 0.052 at 14 days; and IL10,
p = 0.068), two proteins within cluster 5 showed significant differences in the expression of IP10
(56 days, 131.5 ± 11.2 vs. 450.3 ± 15.8 pg/mL, p = 0.003) and IL18 (3 days, 745.1 ± 84.8 vs.
400.2 ± 47.5 pg/mL, p = 0.036). The time-series expression of these three proteins is shown in Figure 1B.

2.2. Level-Specific Differences in Plasma Protein Levels after Cervical and Thoracic SCI

Of the 19 proteins analyzed (Figure 2), six showed significant differences at one or more
time-points between time-matched, level-matched, laminectomy-normalized cSCI and tSCI groups
(expressed as fold-change to laminectomy). The six proteins that showed level-specific differences
were VEGF (day 7, −0.1 ± 0.2 vs. 1.325 ± 0.1, p = 0.03), leptin (day 1, 1.2 ± 0.4 vs. −0.05 ± 0.3,
p = 0.04; day 56, −0.1 ± 0.4 vs. −2.0 ± 0.4, p = 0.0009), IP10 (day 1, 0.3 ± 0.3 vs. −0.7 ± 0.04, p = 0.02;
day 7, −0.891 ± 0.3 vs. 0.4 ± 0.2, p = 0.0005; day 56, 0.9 ± 0.2 vs. −1.0 ± 0.3, p < 0.0001), IL18
(day 56, −1.5 ± 0.3 vs. −0.05 ± 0.4, p = 0.02), GCSF (day 7, 1.010 ± 0.187 vs. 3.943 ± 1.663, p = 0.006),
and fractalkine (day 1, 0.3 ± 0.1 vs. −0.6 ± 0.2, p = 0.004). Both of the proteins (IP10 and IL18) that
showed level-specific baseline differences were significant after SCI. However, while differences in the
56-day baseline of IP10 contributed to a significant result, the 3-day baseline difference in IL18 did not.
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A 
B 

Figure 1. (A) Heat map and hierarchical cluster analyses reveal six clusters of temporal expression
amongst cSham and tSham groups. Of the proteins analyzed, two proteins (marked with arrows)
within cluster 4 reached statistical significance (IL18 and IP10). Naive data are shown as a baseline
reference. Data are shown with relative color coding, with blue associated with the row minimum
and red with the row maximum; all data are based on raw concentration in pg/mL; (B) Temporal
expression of the two significant level-distinct proteins. Error bars represent SEM.

 

Figure 2. Temporal expression profile of the six significant differentially-expressed proteins: VEGF,
leptin, IP10, IL18, GCSF and fractalkine. Error bars represent SEM.
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2.3. Temporal Expression Patterns of Plasma Proteins after SCI

To dissect the various temporal expression patterns after cSCI and tSCI, heatmap and
k-means cluster analysis were performed (Figure 3). In tSCI, three main clusters were found with
cluster 1 showing acute/chronic upregulation with subacute downregulation; cluster 2 showing
an acute/subacute upregulation with chronic downregulation; and cluster 3 consisting of a single
member showing constitutive upregulation. Similarly, in cSCI, three major clusters were defined
with cluster 1 showing constitutive downregulation with some acute upregulation; cluster 2 showing
proteins with acute/subacute downregulation with chronic upregulation; and cluster 3 showing
proteins that had acute/subacute upregulation followed by chronic downregulation.

Figure 3. Heatmap and k-means clustering reveals three major clusters of temporal expression in
cSCI and tSCI. Expression is displayed as log2 (fold-change of laminectomy) with blue indicating
downregulation and red indicating upregulation.

2.4. Functional Classification of Serum Protein after SCI

Using several reviews and meta-analyses articles [22–29], pro-inflammatory and anti-inflammatory
functions were assigned to each of the 19 proteins to survey the overall inflammatory status after
cSCI and tSCI (Figure 4). It is evident that overall, tSCI has increased expression of both pro- and
anti-inflammatory proteins over time compared to cSCI. While most of these proteins are strikingly
upregulated in the acute phase of thoracic relative to cervical SCI, a few of these differences equilibrated
chronically (e.g., IL1b, fractalkine, IL10).

2.5. Spleen Weight

To identify whether splenic atrophy was observed in our model of incomplete SCI,
mass-normalized spleen weights were measured and expressed as a fold-change of time-matched
laminectomized shams (Figure 5). While a decrease in weight between injured and time-matched
laminectomized shams was seen in both cSCI and tSCI, this did not reach statistical significance.
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However, a significant increase in spleen weight was observed between 3 and 14 days in cSCI
(0.862 ± 0.078 vs. 1.188 ± 0.113, p = 0.03), but only trended for tSCI (p = 0.06).

Figure 4. Heat map of functionally-segregated proteins after cSCI and tSCI. Expression is displayed as
log2 (fold-change of laminectomy) with blue indicating downregulation and red indicating upregulation.
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Figure 5. Mass: spleen ratios expressed as fold-change of time-matched laminectomized shams.
Error bars represent SEM, and means are indicated by +. A significant change in spleen weight was
observed in cSCI between day 3 and day 14.
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3. Discussion

In summary, this is the first study to characterize the temporal plasma expression profile
of multiple cytokines, chemokines and growth factors after SCI. It is also the first study to use
clinically-relevant models of cSCI and tSCI to determine level-specific differences in the expression
of these inflammation-related molecules. This study establishes three main points: (1) time and
level-matched laminectomy controls are essential for accurate data interpretation after SCI; (2) there
exist both acute and chronic differences in plasma protein expression between cSCI and tSCI;
and (3) splenic atrophy is not a robust phenomenon after incomplete cSCI, and as there continues to be
evidence of peripheral immune depression after cSCI, it is also not a conclusive diagnostic tool for
assessing the state of SCI-IDS.

Inflammation after SCI is considered one of the major drivers of secondary injury and tissue loss,
and is often considered a dual-edged sword [30,31]. Our current results examined a small percentage of
the cytokine/chemokines/growth factors involved, however, due to the spectrum of cells that secrete
these factors, we cannot accurately pinpoint the cellular mediators of the temporal and level-specific
changes that we have observed. With regards to the cause of level-differences between laminectomized
shams, it is likely they are due to the degree of invasiveness and its associated fibrosis above the site of
laminectomy and its differential impact on the cord over time between the two levels.

Studies on five of the six level-distinct proteins have already been conducted in the rodent tSCI
model, with IL18 being the only exception with no SCI-associated studies. VEGF is well-known as
a potent angiogenic factor that promotes the growth and development of endothelial cells. Our lab
was one of the first to study the role of VEGF as a therapeutic agent after acute tSCI [32,33]. In these
studies, transcriptionally-enhancing VEGF expression resulted in increased axon preservation, reduced
necrosis, and an increase in blood vessels that ultimately translated to increased functional recovery as
measured by Catwalk gait analyses. Another study using a contusion tSCI model [34], found that acute
intraspinal infusion of VEGF into the lesion epicentre induced autophagy and reduced inflammation
in the spinal cord, ultimately resulting in functional recovery as measured by the BBB motor scale.
In this study, they showed that VEGF administration reduced the expression of IL1b, IL10 and TNFa
in in vitro cultures of LPS-treated neuro-glia co-cultures. In our study, VEGF was upregulated at day 7
relative to tSCI and this change did indeed coincide with striking systemic reductions in IL1b and IL10.
Further, an upregulation of these proteins was observed at 14- and 56-days post-cSCI when VEGF
expression returned to baseline. Perhaps one of the major underlying factors of this level-dependent
change after cSCI is the impact of cervical injury on the systemic vasculature as autonomic dysreflexia
contributes directly to frequent vascular stress. Overall, there is significant evidence to suggest that
VEGF therapy would be effective in both acute cSCI and tSCI, with the potential to also reduce chronic
inflammation in both models.

As a hormone produced mainly by adipose cells, leptin is crucial for energetic balance in the
central nervous system. Previous studies into leptin have shown that it is often upregulated both
locally and systemically after tSCI [35–37]. While these acute studies were severely limited by the lack
of time-matched controls, we observed a striking upregulation of plasma leptin in tSCI, but not cSCI at
1- and 56-days post-SCI. As leptin is regulated by the sympathetic nervous system, a study has shown
that patients with high level SCIs have dysfunctional leptin expression [38]—thus supporting our data.
A study [39] that acutely administered purified leptin in a rodent model of tSCI showed increased
expression of neuroprotective genes, reduced inflammation and improved BBB, Catwalk and von Frey
metrics suggesting that acute and chronic leptin deficiency may be a potent therapeutic target in SCI.

An upregulation in systemic and local IP10 has been demonstrated in both human and rodent
SCI [40–42], and while no time-matched controls were used, this upregulation persisted as long as
14 days post-SCI in the murine tSCI model. IP10, is a chemokine secreted by a wide array of immune
cells, endothelial cells and fibroblasts in response to IFNg [43]. In our study, IP10 expression was
inversely expressed between the two levels, with cSCI experiencing a peak of expression during the
subacute phase (days 3–14), and tSCI in the acute and chronic phases (day 1 and 56). Studies that
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neutralized the expression of IP10 showed markedly reduced inflammation, apoptosis, tissue loss and
showed modestly improved BBB and BMS outcomes [42,44,45].

While GCSF has had no reported systemic or local expression in the SCI literature, here we
find that the expression of GCSF is opposite in cSCI and tSCI. That is, while GCSF is upregulated
in tSCI, it is downregulated in cSCI with time-to-time changes also in contrary motion with the
exception of day 56. As purified GCSF administration alone and in combination with adipose- and
bone-marrow-derived stem and neural stem cells has been shown to be highly beneficial in rodent and
human tSCI—including increased tissue preservation, reduced apoptosis and scarring, and improved
BBB, BMS and A [46–56]—such a paradigm may prove to be even more effective in the all stages of
cSCI where a deficiency in GCSF is seen.

Receptor knockouts of the fractalkine receptor CX3CR1 have resulted in reduced iNOS+/Ly6Clow/
MHCII+/CD11c− macrophages and activated microglia that have reduced expression of IL6 and iNOS.
In these studies, the authors observed modest improvements in the BMS score [57–59]. In our study,
the systemic fractalkine ligand is significantly upregulated in tSCI at 1-day post-SCI relative to cSCI,
with both tSCI and cSCI experiencing late peaks 56-days post-SCI. Fractalkine is present in both
a cell-bound and soluble form, and while both forms are potent chemo-attractants for migrating
monocytes, the soluble form is also known to attract T cells. As such, while fractalkine receptor
antagonism may be an ideal therapeutic target for acute tSCI, it may also be a valuable target for
chronic tSCI and cSCI.

Two potential mechanisms by which cSCI induces an overall decrease in circulating protein
are (1) SCI-IDS [20,21] and (2) increased cellular localization (and as such cytokine/chemokines) to
the site of injury [26,28,41]. SCI-IDS is a phenomenon characterized by rapid splenic atrophy due to
repeated bouts of autonomic dysreflexia in higher-level injuries. Interestingly, level-dependent splenic
atrophy was not observed between our two incomplete models of cSCI and tSCI (Figure 5). The latter
cytokine/chemokine “sink” concept is well-supported by the literature, as recent characterizations of
cytokine/chemokine profiles in the spinal cord of SCI rodents and individuals show a striking acute and
chronically-persistent expression of many pro- and anti-inflammatory cytokines. This, in conjunction
with the increased BSCB permeability after cSCI, may well result in the formation of an inflammatory
milieu that can be a potent trigger for secondary injury—especially chronic inflammation. All in all,
we have shown striking evidence of level-specific differences in the systemic plasma expression of
various cytokines and chemokines. In light of these results, preclinical researchers should adapt
time-matched laminectomized controls and consider the impact of anatomical level on the therapeutic
target of interest.

4. Materials and Methods

All animal experiments were approved by the Animal Care Committee of the University Health
Network (Project ID Code: #2212, Date of Approval: 17 May 2017) in compliance with the Canadian
Council on Animal Care.

4.1. Clip-Compression SCI and Spleen Weight

Female adult Wistar rats (12-weeks old, 250–300 g, n = 5/group for injured, n = 3/group for
laminectomy and naïve) were used (Charles River Laboratories, Wilmington, MA, USA, http://www.
criver.com). Prior to surgery, 0.05 mg/kg of buprenorphine and 5 mL of saline were administered
subcutaneously. 1–2% of isoflurane in a 1:1 mixture of O2 and N2O was used for anesthesia, and a
laminectomy was performed at C6-7 and T6-7, respectively. Following this, a moderate-severe injury
was induced for 1-min at the cervical or thoracic level as described previously [15,60]. Until the
endpoint (1, 3, 7, 14, 56 days post-SCI), the animals were given subcutaneous buprenorphine
(0.05 mg/kg, bid), oral amoxicillin trihydrate/clavulanate potassium (Apotex Pharmaceuticals,
Toronto, ON, Canada) and subcutaneous saline injections (0.9%, 5 mL sid). Animals were housed
individually in cages at 27 ◦C, and their bladders were manually expressed thrice daily until recovery.
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Prior to sacrifice and perfusion, animal mass and spleens were collected from anesthetized rats and
their weight recorded and normalized to their body mass.

4.2. Neurobehavioural Assessments

Starting at 7 days post-SCI, weekly forelimb and hindlimb function were assessed with the grip
strength meter (SDI Grip Strength System DFM-10, San Diego Instruments, San Diego, CA, USA,
http://www.sandiegoinstruments.com) and the BBB Locomotor Rating Scale [61] for cSCI and tSCI,
respectively (Figure 6).

Figure 6. Hindlimb (BBB) and forelimb (Grip strength) assessments following tSCI and cSCI, respectively.
No statistical outliers were detected using Grubb’s test (α > 0.05) indicating good homogeneity of data.
Error bars represent SEM.

4.3. Blood Collection and High-Throughput ELISA

Blood was collected via a cardiac puncture prior to perfusion using a BD-Vacutainer® Safety-Lok™
(Franklin Lakes, New Jersey, US) blood collection set containing EDTA. The blood samples were
kept on ice and immediately centrifuged at 3000 rpm (Eppendorf 5810R) for 10 min at 4 ◦C.
The plasma (supernatant) was then carefully aspirated and transferred to a Protein Lo-Bind
tube (Eppendorf, Hamburg, Germany). 100 μL of the sample was then sent to Eve Technologies
(Calgary, AB, Canada, https://www.evetechnologies.com) for high-throughput ELISA profiling
using their rat Discovery Assays™ for cytokine/chemokines (RD27) and vascular injury markers
(P1, P2). All proteins that contained interpolated/extrapolated/out-of-range values were removed
from the study. The concentration of these proteins was calculated using a standard curve and
expressed in pg/mL.

4.4. Clustering and Statistical Analysis

Data are presented as mean±SEM and comparisons are presented in order from cervical to
thoracic. Heatmap, k-means and hierarchical row clustering (1−Cosine Similarity) was performed
using the Morpheus software package from the Broad Institute (Cambridge, MA, USA, https://
software.broadinstitute.org/morpheus/). Assessment of normality was performed for each group
using the Shapiro-Wilk test of the Rfit package. All protein level comparisons between cSCI and tSCI
were performed in GraphPad using either the one-way ANOVA function with post-hoc Sidak’s for
multiple corrections (parametric, p-adjusted threshold = 0.05) or Krustal-Wallis test with post-hoc
Dunn’s for multiple corrections (non-parametric, p-adjusted threshold = 0.05). Spleen-body mass ratio
comparisons were done in GraphPad using a one-way ANOVA with post-hoc Sidak for multiple
corrections (p-adjusted threshold = 0.05).
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BBB Basso, Beattie and Bresnahan
BMS Basso Mouse Scale
BSCB Blood-spinal-cord-barrier
PBS Phosphate buffer solution
SCI Spinal cord injury
GMCSF Granulocyte-macrophage colony-stimulating factor
IL1a Interleukin 1 alpha
IL1b Interleukin 1 beta
IL2 Interleukin-2
IL17A Interleukin-17A
IL18 Interleukin-18
MCP1 Monocyte chemoattractant protein-1
IP10 Interferon gamma-induced protein 10
LIX Lipopolysaccharide-induced CXC chemokine
MIP2 macrophage inflammatory protein 2
RANTES regulated on activation, normal T cell expressed and secreted
GCSF Granulocyte-colony stimulating factor
IL4 Interleukin-4
IL10 Interleukin-10
IL12 Interleukin-12
IL5 Interleukin-5
IFNg Interferon gamma
VEGF Vascular endothelial growth factor

References

1. Ahuja, C.S.; Wilson, J.R.; Nori, S.; Kotter, M.R.N.; Druschel, C.; Curt, A.; Fehlings, M.G. Traumatic spinal
cord injury. Nat. Rev. Dis. Primers 2017, 3, 17018. [CrossRef] [PubMed]

2. Tator, C.H.; Fehlings, M.G. Review of the secondary injury theory of acute spinal cord trauma with emphasis
on vascular mechanisms. J. Neurosurg. 1991, 75, 15–26. [CrossRef] [PubMed]

3. Tator, C.H.; Koyanagi, I. Vascular mechanisms in the pathophysiology of human spinal cord injury.
J. Neurosurg. 1997, 86, 483–492. [CrossRef] [PubMed]

4. Figley, S.A.; Khosravi, R.; Legasto, J.M.; Tseng, Y.-F.; Fehlings, M.G. Characterization of vascular disruption
and blood-spinal cord barrier permeability following traumatic spinal cord injury. J. Neurotrauma 2014, 31,
541–552. [CrossRef] [PubMed]

5. Rothstein, J.D.; Dykes-Hoberg, M.; Pardo, C.A.; Kanai, Y.; Bristol, L.A.; Kuncl, R.W.; Welty, D.F.; Jin, L.;
Hediger, M.A.; Wang, Y.; et al. Knockout of Glutamate Transporters Reveals a Major Role for Astroglial
Transport in Excitotoxicity and Clearance of Glutamate. Neuron 1996, 16, 675–686. [CrossRef]

31



Int. J. Mol. Sci. 2018, 19, 2167

6. Agrawal, S.K.; Fehlings, M.G. Role of NMDA and Non-NMDA Ionotropic Glutamate Receptors in Traumatic
Spinal Cord Axonal Injury. J. Neurosci. 1997, 17, 1055–1063. [CrossRef] [PubMed]

7. Braughler, J.M.; Duncan, L.A.; Chase, R.L. Interaction of lipid peroxidation and calcium in the pathogenesis
of neuronal injury. Cent. Nerv. Syst. Trauma 1985, 2, 269–283. [CrossRef] [PubMed]

8. Diaz-Ruiz, A.; Rios, C.; Duarte, I.; Correa, D.; Guizar-Sahagun, G.; Grijalva, I.; Ibarra, A. Cyclosporin-A
inhibits lipid peroxidation after spinal cord injury in rats. Neurosci. Lett. 1999, 266, 61–64. [CrossRef]

9. Kaptanoglu, E.; Solaroglu, I.; Okutan, O.; Surucu, H.S.; Akbiyik, F.; Beskonakli, E. Erythropoietin exerts
neuroprotection after acute spinal cord injury in rats: Effect on lipid peroxidation and early ultrastructural
findings. Neurosurg. Rev. 2004, 27, 113–120. [CrossRef] [PubMed]

10. Winkler, E.A.; Sengillo, J.D.; Bell, R.D.; Wang, J.; Zlokovic, B.V. Blood-spinal cord barrier pericyte reductions
contribute to increased capillary permeability. J. Cereb. Blood Flow Metab. 2012, 32, 1841–1852. [CrossRef]
[PubMed]

11. Whetstone, W.D.; Hsu, J.-Y.C.; Eisenberg, M.; Werb, Z.; Noble-Haeusslein, L.J. Blood-spinal cord barrier
after spinal cord injury: Relation to revascularization and wound healing. J. Neurosci. Res. 2003, 74, 227–239.
[CrossRef] [PubMed]

12. Noble, L.J.; Wrathall, J.R. Blood-spinal cord barrier disruption proximal to a spinal cord transection in the
rat: Time course and pathways associated with protein leakage. Exp. Neurol. 1988, 99, 567–578. [CrossRef]

13. Fehlings, M.G.; Agrawal, S. Role of sodium in the pathophysiology of secondary spinal cord injury. Spine
1995, 20, 2187–2191. [CrossRef] [PubMed]

14. Schwartz, G.; Fehlings, M.G. Evaluation of the neuroprotective effects of sodium channel blockers after
spinal cord injury: Improved behavioral and neuroanatomical recovery with riluzole. J. Neurosurg. Spine
2001, 94, 245–256. [CrossRef]

15. Wilcox, J.T.; Satkunendrarajah, K.; Nasirzadeh, Y.; Laliberte, A.M.; Lip, A.; Cadotte, D.W.; Foltz, W.D.;
Fehlings, M.G. Generating level-dependent models of cervical and thoracic spinal cord injury: Exploring the
interplay of neuroanatomy, physiology, and function. Neurobiol. Dis. 2017, 105, 194–212. [CrossRef]
[PubMed]

16. Ulndreaj, A.; Badner, A.; Fehlings, M.G. Promising neuroprotective strategies for traumatic spinal cord injury
with a focus on the differential effects among anatomical levels of injury. F1000Res 2017, 6, 1907. [CrossRef]
[PubMed]

17. Zhang, Y.; Guan, Z.; Reader, B.; Shawler, T.; Mandrekar-Colucci, S.; Huang, K.; Weil, Z.; Bratasz, A.; Wells, J.;
Powell, N.D.; et al. Autonomic Dysreflexia Causes Chronic Immune Suppression after Spinal Cord Injury.
J. Neurosci. 2013, 33, 12970–12981. [CrossRef] [PubMed]

18. Lucin, K.M.; Sanders, V.M.; Popovich, P.G. Stress hormones collaborate to induce lymphocyte apoptosis after
high level spinal cord injury. J. Neurochem. 2009, 110, 1409–1421. [CrossRef] [PubMed]

19. Partida, E.; Mironets, E.; Hou, S.; Tom, V.J. Cardiovascular dysfunction following spinal cord injury.
Neural Regen. Res. 2016, 11, 189–194. [PubMed]

20. Brommer, B.; Engel, O.; Kopp, M.A.; Watzlawick, R.; Müller, S.; Prüss, H.; Chen, Y.; DeVivo, M.J.;
Finkenstaedt, F.W.; Dirnagl, U.; et al. Spinal cord injury-induced immune deficiency syndrome enhances
infection susceptibility dependent on lesion level. Brain 2016, 139, 692–707. [CrossRef] [PubMed]

21. Schwab, J.M.; Zhang, Y.; Kopp, M.A.; Brommer, B.; Popovich, P.G. The paradox of chronic neuroinflammation,
systemic immune suppression, autoimmunity after traumatic chronic spinal cord injury. Exp. Neurol. 2014,
258, 121–129. [CrossRef] [PubMed]

22. Waykole, Y.P.; Doiphode, S.S.; Rakhewar, P.S.; Mhaske, M. Anticytokine therapy for periodontal diseases:
Where are we now? J. Indian Soc. Periodontol. 2009, 13, 64–68. [CrossRef] [PubMed]

23. Audet, M.-C.; Anisman, H. Interplay between pro-inflammatory cytokines and growth factors in depressive
illnesses. Front. Cell. Neurosci. 2013, 7, 68. [CrossRef] [PubMed]

24. Kofler, S.; Nickel, T.; Weis, M. Role of cytokines in cardiovascular diseases: A focus on endothelial responses
to inflammation. Clin. Sci. 2005, 108, 205–213. [CrossRef] [PubMed]

25. Mukhamedshina, Y.O.; Akhmetzyanova, E.R.; Martynova, E.V.; Khaiboullina, S.F.; Galieva, L.R.;
Rizvanov, A.A. Systemic and Local Cytokine Profile following Spinal Cord Injury in Rats: A Multiplex
Analysis. Front. Neurol. 2017, 8, 581. [CrossRef] [PubMed]

32



Int. J. Mol. Sci. 2018, 19, 2167

26. Bartholdi, D.; Schwab, M.E. Expression of pro-inflammatory cytokine and chemokine mRNA upon
experimental spinal cord injury in mouse: An in situ hybridization study. Eur. J. Neurosci. 1997, 9, 1422–1438.
[CrossRef] [PubMed]

27. Klusman, I.; Schwab, M.E. Effects of pro-inflammatory cytokines in experimental spinal cord injury. Brain Res.
1997, 762, 173–184. [CrossRef]

28. Schnell, L.; Fearn, S.; Schwab, M.E.; Perry, V.H.; Anthony, D.C. Cytokine-induced acute inflammation in the
brain and spinal cord. J. Neuropathol. Exp. Neurol. 1999, 58, 245–254. [CrossRef] [PubMed]

29. Francos Quijorna, I.; Santos-Nogueira, E.; Gronert, K.; Sullivan, A.B.; Kopp, M.A.; Brommer, B.; David, S.;
Schwab, J.M.; Lopez Vales, R. Maresin 1 promotes inflammatory resolution, neuroprotection and functional
neurological recovery after spinal cord injury. J. Neurosci. 2017, 29, 11731–11743. [CrossRef] [PubMed]

30. Anderson, A.J.; Robert, S.; Huang, W.; Young, W.; Cotman, C.W. Activation of complement pathways after
contusion-induced spinal cord injury. J. Neurotrauma 2004, 21, 1831–1846. [CrossRef] [PubMed]

31. Kasinathan, N.; Vanathi, M.B.; Subrahmanyam, V.M.; Rao, J.V. A review on response of immune system
in spinal cord injury and therapeutic agents useful in treatment. Curr. Pharm. Biotechnol. 2015, 16, 26–34.
[CrossRef] [PubMed]

32. Figley, S.A.; Liu, Y.; Karadimas, S.K.; Satkunendrarajah, K.; Fettes, P.; Spratt, S.K.; Lee, G.; Ando, D.;
Surosky, R.; Giedlin, M.; et al. Delayed administration of a bio-engineered zinc-finger VEGF-A gene therapy
is neuroprotective and attenuates allodynia following traumatic spinal cord injury. PLoS ONE 2014, 9, e96137.
[CrossRef] [PubMed]

33. Liu, Y.; Figley, S.; Spratt, S.K.; Lee, G.; Ando, D.; Surosky, R.; Fehlings, M.G. An engineered transcription
factor which activates VEGF-A enhances recovery after spinal cord injury. Neurobiol. Dis. 2010, 37, 384–393.
[CrossRef] [PubMed]

34. Wang, H.; Wang, Y.; Li, D.; Liu, Z.; Zhao, Z.; Han, D.; Yuan, Y.; Bi, J.; Mei, X. VEGF inhibits the inflammation
in spinal cord injury through activation of autophagy. Biochem. Biophys. Res. Commun. 2015, 464, 453–458.
[CrossRef] [PubMed]

35. Wang, L.; Tang, X.; Zhang, H.; Yuan, J.; Ding, H.; Wei, Y. Elevated leptin expression in rat model of traumatic
spinal cord injury and femoral fracture. J. Spinal Cord Med. 2011, 34, 501–509. [CrossRef] [PubMed]

36. Gezici, A.R.; Ergun, R.; Karakas, A.; Gunduz, B. Serum leptin levels following acute experimental spinal
cord injury. J. Spinal Cord Med. 2009, 32, 416–421. [CrossRef] [PubMed]

37. Garshick, E.; Walia, P.; Goldstein, R.L.; Teylan, M.; Lazzari, A.A.; Tun, C.G.; Hart, J.E. Plasma Leptin and
Reduced FEV1 and FVC in Chronic Spinal Cord Injury. PM R 2017, 10, 276–285. [CrossRef] [PubMed]

38. Jeon, J.Y.; Steadward, R.D.; Wheeler, G.D.; Bell, G.; McCargar, L.; Harber, V. Intact sympathetic nervous
system is required for leptin effects on resting metabolic rate in people with spinal cord injury. J. Clin.
Endocrinol. Metab. 2003, 88, 402–407. [CrossRef] [PubMed]

39. Fernández-Martos, C.M.; González, P.; Rodriguez, F.J. Acute leptin treatment enhances functional recovery
after spinal cord injury. PLoS ONE 2012, 7, e35594. [CrossRef] [PubMed]

40. Kwon, B.K.; Streijger, F.; Fallah, N.; Noonan, V.K.; Bélanger, L.M.; Ritchie, L.; Paquette, S.J.; Ailon, T.;
Boyd, M.C.; Street, J.; et al. Cerebrospinal Fluid Biomarkers To Stratify Injury Severity and Predict Outcome
in Human Traumatic Spinal Cord Injury. J. Neurotrauma 2017, 34, 567–580. [CrossRef] [PubMed]

41. Lee, Y.L.; Shih, K.; Bao, P.; Ghirnikar, R.S.; Eng, L.F. Cytokine chemokine expression in contused rat spinal
cord. Neurochem. Int. 2000, 36, 417–425. [CrossRef]

42. Glaser, J.; Gonzalez, R.; Sadr, E.; Keirstead, H.S. Neutralization of the chemokine CXCL10 reduces apoptosis
and increases axon sprouting after spinal cord injury. J. Neurosci. Res. 2006, 84, 724–734. [CrossRef] [PubMed]

43. Di Lernia, V. Targeting the IFN-γ/CXCL10 pathway in lichen planus. Med. Hypotheses 2016, 92, 60–61.
[CrossRef] [PubMed]

44. Glaser, J.; Gonzalez, R.; Perreau, V.M.; Cotman, C.W.; Keirstead, H.S. Neutralization of the chemokine
CXCL10 enhances tissue sparing and angiogenesis following spinal cord injury. J. Neurosci. Res. 2004, 77,
701–708. [CrossRef] [PubMed]

45. Gonzalez, R.; Hickey, M.J.; Espinosa, J.M.; Nistor, G.; Lane, T.E.; Keirstead, H.S. Therapeutic neutralization of
CXCL10 decreases secondary degeneration and functional deficit after spinal cord injury in mice. Regen. Med.
2007, 2, 771–783. [CrossRef] [PubMed]

33



Int. J. Mol. Sci. 2018, 19, 2167

46. Min, J.; Kim, J.H.; Choi, K.H.; Yoon, H.H.; Jeon, S.R. Is There Additive Therapeutic Effect When GCSF
Combined with Adipose-Derived Stem Cell in a Rat Model of Acute Spinal Cord Injury? J. Korean
Neurosurg. Soc. 2017, 60, 404–416. [CrossRef] [PubMed]

47. Nishio, Y.; Koda, M.; Kamada, T.; Someya, Y.; Kadota, R.; Mannoji, C.; Miyashita, T.; Okada, S.; Okawa, A.;
Moriya, H.; et al. Granulocyte colony-stimulating factor attenuates neuronal death and promotes functional
recovery after spinal cord injury in mice. J. Neuropathol. Exp. Neurol. 2007, 66, 724–731. [CrossRef] [PubMed]

48. Kato, K.; Koda, M.; Takahashi, H.; Sakuma, T.; Inada, T.; Kamiya, K.; Ota, M.; Maki, S.; Okawa, A.;
Takahashi, K.; et al. Granulocyte colony-stimulating factor attenuates spinal cord injury-induced mechanical
allodynia in adult rats. J. Neurol. Sci. 2015, 355, 79–83. [CrossRef] [PubMed]

49. Dittgen, T.; Pitzer, C.; Plaas, C.; Kirsch, F.; Vogt, G.; Laage, R.; Schneider, A. Granulocyte-colony stimulating
factor (G-CSF) improves motor recovery in the rat impactor model for spinal cord injury. PLoS ONE 2012, 7,
e29880. [CrossRef] [PubMed]

50. Kadota, R.; Koda, M.; Kawabe, J.; Hashimoto, M.; Nishio, Y.; Mannoji, C.; Miyashita, T.; Furuya, T.; Okawa, A.;
Takahashi, K.; et al. Granulocyte colony-stimulating factor (G-CSF) protects oligodendrocyte and promotes
hindlimb functional recovery after spinal cord injury in rats. PLoS ONE 2012, 7, e50391. [CrossRef] [PubMed]

51. Guo, Y.; Liu, S.; Wang, P.; Zhang, H.; Wang, F.; Bing, L.; Gao, J.; Yang, J.; Hao, A.
Granulocyte colony-stimulating factor improves neuron survival in experimental spinal cord injury by
regulating nucleophosmin-1 expression. J. Neurosci. Res. 2014, 92, 751–760. [CrossRef] [PubMed]

52. Koda, M.; Nishio, Y.; Kamada, T.; Someya, Y.; Okawa, A.; Mori, C.; Yoshinaga, K.; Okada, S.; Moriya, H.;
Yamazaki, M. Granulocyte colony-stimulating factor (G-CSF) mobilizes bone marrow-derived cells into
injured spinal cord and promotes functional recovery after compression-induced spinal cord injury in mice.
Brain Res. 2007, 1149, 223–231. [CrossRef] [PubMed]

53. Lee, J.-S.; Yang, C.-C.; Kuo, Y.-M.; Sze, C.-I.; Hsu, J.-Y.C.; Huang, Y.-H.; Tzeng, S.-F.; Tsai, C.-L.; Chen, H.-H.;
Jou, I.-M. Delayed granulocyte colony-stimulating factor treatment promotes functional recovery in rats
with severe contusive spinal cord injury. Spine 2012, 37, 10–17. [CrossRef] [PubMed]

54. Takahashi, H.; Yamazaki, M.; Okawa, A.; Sakuma, T.; Kato, K.; Hashimoto, M.; Hayashi, K.; Furuya, T.;
Fujiyoshi, T.; Kawabe, J.; et al. Neuroprotective therapy using granulocyte colony-stimulating factor for
acute spinal cord injury: A phase I/IIa clinical trial. Eur. Spine J. 2012, 21, 2580–2587. [CrossRef] [PubMed]

55. Kamiya, K.; Koda, M.; Furuya, T.; Kato, K.; Takahashi, H.; Sakuma, T.; Inada, T.; Ota, M.; Maki, S.;
Okawa, A.; et al. Neuroprotective therapy with granulocyte colony-stimulating factor in acute spinal
cord injury: A comparison with high-dose methylprednisolone as a historical control. Eur. Spine J. 2015, 24,
963–967. [CrossRef] [PubMed]

56. Yoon, S.H.; Shim, Y.S.; Park, Y.H.; Chung, J.K.; Nam, J.H.; Kim, M.O.; Park, H.C.; Park, S.R.; Min, B.-H.;
Kim, E.Y.; et al. Complete Spinal Cord Injury Treatment Using Autologous Bone Marrow Cell Transplantation
and Bone Marrow Stimulation with Granulocyte Macrophage-Colony Stimulating Factor: Phase I/II Clinical
Trial. Stem Cells 2007, 25, 2066–2073. [CrossRef] [PubMed]

57. Poniatowski, Ł.A.; Wojdasiewicz, P.; Krawczyk, M.; Szukiewicz, D.; Gasik, R.; Kubaszewski, Ł.;
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Abstract: The aim of our study was to limit the inflammatory response after a spinal cord injury
(SCI) using Atorvastatin (ATR), a potent inhibitor of cholesterol biosynthesis. Adult Wistar rats were
divided into five experimental groups: one control group, two Th9 compression (40 g/15 min) groups,
and two Th9 compression + ATR (5 mg/kg, i.p.) groups. The animals survived one day and six weeks.
ATR applied in a single dose immediately post-SCI strongly reduced IL-1β release at 4 and 24 h and
considerably reduced the activation of resident cells at one day post-injury. Acute ATR treatment
effectively prevented the excessive infiltration of destructive M1 macrophages cranially, at the lesion
site, and caudally (by 66%, 62%, and 52%, respectively) one day post-injury, whereas the infiltration
of beneficial M2 macrophages was less affected (by 27%, 41%, and 16%). In addition, at the same
time point, ATR visibly decreased caspase-3 cleavage in neurons, astrocytes, and oligodendrocytes.
Six weeks post-SCI, ATR increased the expression of neurofilaments in the dorsolateral columns and
Gap43-positive fibers in the lateral columns around the epicenter, and from day 30 to 42, significantly
improved the motor activity of the hindlimbs. We suggest that early modulation of the inflammatory
response via effects on the M1/M2 macrophages and the inhibition of caspase-3 expression could be
crucial for the functional outcome.

Keywords: spinal cord compression; inflammatory response; Atorvastatin; caspase-3; macrophages;
Gap43; neurofilaments; gene expression

1. Introduction

Spinal cord injury (SCI) is one of the most devastating and complex clinical conditions,
often leading to irreversible neurological deficits. The complex pathophysiology of a SCI, consisting
of primary and secondary mechanisms, may explain the difficulty of finding a suitable therapy [1].
SCI is caused by two distinct events, which follow a somewhat overlapping temporal sequence: the
acute (seconds to minutes after the injury) phase, the secondary (minutes to weeks after the injury)
phase, and the chronic (months to years after the injury) phase [2,3]. In the acute phase, due to
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the direct mechanical insult, the spinal tissue undergoes a cascade of events followed by secondary
damage affecting intact, neighboring tissue [4]. Inflammatory response is one of the key mechanisms
of secondary injury (sub-acute phase). It includes the activation of resident cells (microglia, astrocytes),
the recruitment of immune cells (macrophages and neutrophils) from the bloodstream to the site of the
injury, and evident up-regulation of the NADPH oxidase (NOX) enzyme. The resident and immune
cells release proinflammatory cytokines, including interleukins (IL-1β, IL-6) and tumor necrosis
factor-α (TNF-α), all of which increase the extent of the inflammatory response. These events play an
important role in secondary tissue damage and cell death [2,3,5,6]. During this period, the astrocytes
begin to migrate out of the epicenter, producing molecules, such as proteoglycans and laminin, in the
extracellular space. In the chronic phase of injury, there is continued necrosis, and demyelination in
the white matter due to apoptotic oligodendrocytic death. Reactive astrocytes continue to invade the
region surrounding the lesion center, leading to the formation of a cystic cavity surrounded by glial
scar, which has been hypothesized to be a physical and biochemical barrier to axonal regeneration [7,8].

Research over the last few years has revealed numerous therapeutic approaches contributing to the
modulation of the inflammation response and the reduction of the negative symptoms of a SCI [9–12].
Statins, the 3-hydroxyl-3-methylglutaryl-coenzyme A reductase inhibitors, are currently used for
treatment of high cholesterol, coronary artherosclerosis, and atherosclerosis [13–15]. Atorvastatin (ATR),
a drug with anti-inflammatory and immunomodulatory effects, has been widely studied in various
ischemia-reperfusion and traumatic SCI models. When applied for several days before/after a SCI,
it has been found to be neuroprotective [16–19]. It significantly reduced the release of pro-inflammatory
cytokines and inhibited macrophage infiltration and microglial activation. In addition, this drug
inhibited apoptosis and demyelination after traumatic injury and promoted the recovery of
neurological functions [16,17].

Although pre- or post-long-lasting treatments with ATR have been shown to be effective in
limiting pathology due to a traumatic SCI [17,18], the present study focused on treating animals in
the very critical first moments after injury and on finding out whether an acute single dose of this
clinically relevant drug would effectively minimize the negative impact of an acute, traumatic SCI.
We found that ATR (5 mg/kg, i.p.) applied immediately after a Th9 compression favorably reduced
the course of acute inflammation by decreasing the release of interleukin 1β 4 h and 1 d after a
SCI. This statin significantly reduced macrophage infiltration, resident cell activation, and caspase-3
expression one day post-SCI and promoted axon outgrowth in the whole cranio-caudal extent after
six weeks of survival. The mitigation of the strong inflammatory response soon after a SCI promoted
regeneration at the lesion site and cranially and caudally from the epicenter and significantly improved
the neurological outcome from day 30 to 42. These results strongly support the use of ATR as one of
the first-line therapeutic drugs to treat an acute, traumatic SCI.

2. Results

2.1. Short-Term Survival (24 h)

2.1.1. Releasing of Pro-Inflammatory Cytokine IL-1β after Spinal Cord Trauma and the
Atorvastatin Treatment

The activation of the inflammatory response after a spinal cord injury leads to the release of pro-
and anti-inflammatory cytokines into the bloodstream [20]. We examined the effect of a single dose
of ATR (5 mg/kg; i.p.) on the level of pro-inflammatory cytokine IL-1β in the blood serum at 4 and
24 h after a SCI. Figure 1 shows strong, up to 12-fold increase in the level of IL-1β (490.3 ± 82 pg/mL)
at the acute (4 h) time point and rapid decrease in the cytokine level (84.8 ± 11.6 pg/mL) 24 h after
the SCI. The concentration of IL-1β remained 2.9-fold higher after the SCI than the in naive spinal
cord (29.3 ± 1.2 pg/mL). A single dose of Atorvastatin injected immediately after a Th9 compression
decreased the release of IL-1β to 42.8 ± 7.3 pg/mL after 4 h. A similar level of IL-1β was maintained
24 h after the SCI and the ATR treatment (46.3 ± 4.6 pg/mL).
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Figure 1. Concentration of pro-inflammatory cytokine IL-1β in the blood serum after a traumatic SCI
and the ATR treatment. A significant elevation of IL-1β was noted 4 h after the SCI. ATR applied
in a single dose (5 mg/kg; i.p.) immediately after the SCI reduced the release of IL-1β after 4 and
24 h. Data are the mean values of eight experiments ±SD. The results were statistically evaluated
using two-way analysis of variance (ANOVA) and post hoc Tukey’s HSD test; **** p < 0.0001.
ATR—Atorvastatin; IL-1β—interleukin 1β; SCI—spinal cord injury.

2.1.2. Macrophage Response after a Spinal Cord Compression and the ATR Treatment

The ED-1 antibody, recognizing an intracellular antigen in activated macrophages, was used for
identification of macrophages (ED-1) in immunostained cross-sections at the lesion site (Figure 2).
No infiltrated ED-1 positive cells were detected in the intact spinal cord tissue; however, one day after
the SCI, the macrophage infiltration was obvious (Figure 2B). Quantitative analysis revealed a higher
number of ED-1 positive cells in the white matter (293 ± 22.9) than in the grey matter (257 ± 20.4).
ATR significantly reduced the number of infiltrated macrophages in both the white (145 ± 40) and
grey (109 ± 33) matter (Figure 2C,D).

Macrophages exhibit functional adaptability and can change phenotypes in response to
stimuli [21]. One day after the SCI, both CD86 mRNA (M1 phenotype) and CD163 mRNA (M2
phenotype) were expressed at the lesion site and 1 cm cranially and caudally (Figure 2E,F).
ATR significantly inhibited both the M1 and M2 phenotypes, but the decrease was more pronounced in
the M1 phenotype, known to initiate a cascade of neurotoxic responses. Quantitative RT-PCR showed a
significant decrease in CD86 mRNA expression at the lesion site (p < 0.05) and cranially from the site of
the injury (p < 0.01) and significantly suppressed the expression of CD163 mRNA (anti-inflammatory
M2 phenotype) cranially (p < 0.05) and at the injury site (p < 0.01) (Figure 2F).

Figure 2. Cont.
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Figure 2. Infiltration of the macrophages in the spinal cord 24 h after a traumatic injury and the
treatment with ATR (5 mg/kg; i.p.). Figures from immunohistochemical analysis show no appearance
of the macrophages in the intact spinal tissue (A), marked macrophage infiltration at the lesion site (B)
and a strong decrease in macrophage influx after the ATR treatment (C). ATR significantly reduced the
number of infiltrated macrophages in the grey and white matter (D). CD86 mRNA (M1 macrophages)
and CD163 mRNA (M2 macrophages) were confirmed by RT-PCR in the whole cranio-caudal extent of
the spinal cord (E,F). Scale bars: (A,b,c—1000 μm; B,C—100 μm). Data are the mean values of nine
experiments (4 IHC, 5 RT-PCR) ± SD. The results from the cell counting were statistically evaluated
using a parametric T-Test and the results from the RT-PCR were evaluated with one-way ANOVA;
# p < 0.05; ** p < 0.01; ## p < 0.01; *** p < 0.001; **** p < 0.0001. Atorvastatin—ATR; ED-1—macrophages;
IHC—immunohistochemistry; SCI—spinal cord injury.

2.1.3. Changes in Glial Activation and Caspase-3 Activity

The GFAP antibody revealed a small stellate perikaryon of astrocytes, which had a few thin
branched processes. Such morphology of GFAP-immunoreactive astrocytes was seen in the naive
spinal cord (Figure 3A) and the in spinal tissue one day after the SCI. However, the activity of the
astrocytes was more profound in the damaged regions within the impact area (Figure 3B). At the
same time, the Iba-1 production, a marker for microglia, was strongly elevated (Figure 3E) at the site
of the injury. The microglial cells were hypertrophied and massively distributed in the dorsal horn.
Treatment with ATR (5 mg/kg; i.p.) decreased the extensive microglial activation (Figure 3F) and
moderated the formation of reactive astrocytes at the lesion site (Figure 3C).

Figure 3. Representative images showing the activation of astrocytes and the microglia in the spinal
cord after the Th9 compression and the atorvastatin treatment. Immunostaining of the astrocytes and
microglial cells at the Th9 level of intact animals (A,D). Increased expression of the astrocytes (B) and
the microglia (E) 24 h after the injury at the lesion site. The administration of ATR (5 mg/kg; i.p.,
immediately after the SCI) reduced the density of the activated astrocytes (C) and decreased the massive
activation of the microglial cells (F). Scale bars: (A–F—100 μm; a–f—1000 μm). Atorvastatin—ATR;
GFAP—astrocytes; Iba-1—microglia; SCI—spinal cord injury.
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Figure 4A shows the course of astrogliosis in a 3 cm cranio-caudal extent 24 h after the SCI.
The GFAP gene expression was overexpressed in the cranial (p < 0.001) and caudal (p < 0.01) segments
after the SCI, but at the site of the injury this astrocyte marker was not significantly increased. GFAP
mRNA expression was not markedly changed by the ATR treatment. However, compared with the
controls, a moderate improvement was visible in the caudal segment (−1).

Caspases, including caspase-3, directly and indirectly control the changes in cells during
apoptosis [22]. Strong mRNA expression of caspase-3 was confirmed one day after the Th9 compression
in the whole cranio-caudal extent (Figure 4B). Atorvastatin (5 mg/kg; i.p.) significantly decreased the
expression of caspase-3 mRNA in the cranial (p < 0.0001) and caudal (p < 0.01) segments. The results
from the double immunostaining showed strong cleavage of caspase-3 in the oligodendrocytes,
astrocytes, and neurons all around the lesion site 24 h after the Th9 compression (Figure 5). A marked
reduction in apoptotic activity was noted after the ATR treatment in the oligodendrocytes and
astrocytes in the dorsal and dorsolateral funiculi. Immunolabeled NeuN positive cells demonstrated a
massive decrease in caspase-3 activity especially in the dorsal horns but also around the central canal.
However, no cleavage of caspase-3 was observed in the microglial cells either after the SCI or after the
ATR treatment at this time point.

Figure 4. Gene expression showing astrogliosis (GFAP) and apoptosis (caspase-3) in the spinal cord
24 h after the Th9 compression and the atorvastatin (5 mg/kg; i.p.) treatment. The graphs show the
relative quantities of GFAP (A) and caspase-3 (B) in rostro-caudal manner in the controls and 24 h after
the SCI and SCI + ATR treatment. Data are the mean values of five experiments ±SD. The results were
statistically evaluated using one-way ANOVA; ** p < 0.01; ## p < 0.01; *** p < 0.001; **** p < 0.0001;
#### p < 0.0001. Atorvastatin—ATR; GFAP—astrocytes; SCI—spinal cord injury.
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Figure 5. Set of microphotographs showing the immunofluorescent staining and co-localization of
caspase-3 (red in B,E,H,K,N,Q; green in T,W) with APC (green), GFAP (green), NeuN (green), and Iba-1
(red) one day after the SCI and the ATR treatment. Double immunostaining demonstrates the cleavage
of caspase-3 in the oligodendrocytes (A–F); astrocytes (G–L); neurons (M–R); and microglial cells (S–X)
0.5 cm caudally from the lesion site in the SCI and SCI + ATR groups. Scale bars: (A–X—100 μm).
APC—adenomatous polyposis coli positive mature oligodendrocytes; ATR—Atorvastatin; Casp 3—
caspase-3; GFAP—astrocytes, Iba-1—microglia; NeuN—neurons; SCI—spinal cord injury.
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2.2. Long-Term Survival (Six Weeks)

2.2.1. Regenerative Capacity of the Spinal Cord

Six weeks after the SCI, numerous Iba-1 positive cells with rounded morphology were identified
predominantly in the dorsal part of the spinal cord (Figure 6B). No obvious difference was observed
visually between the SCI and ATR-treated SCI rats at six weeks in the dorsal horn (Figure 6C). As shown
in Figure 6F, the GFAP immunoreactivity was markedly reduced in the ATR-treated group. Although
ATR effectively reduced astrogliosis in the most affected dorsal horn of the caudal segment, the gene
expression of GFAP showed no significant difference between the SCI and SCI + ATR groups in the
cranial, injured, and caudal segments, each taken as a whole (Figure 7A).

Figure 6. Effect of Atorvastatin on the glial cell activation and the regenerative capacity in the spinal
cord six weeks after the SCI and the ATR treatment (5 mg/kg; i.p.). The microphotographs show visible
changes in the activation of the microglia (green) (A–C) and astrocytes (green) (D–F) in the dorsal horn
(0.5 cm caudally from the site of the injury) after the SCI and SCI + ATR. The regenerative capacity
of Nf-h (red) is clearly visible in the dorsal funiculi caudally from the lesion site (G–I). Longitudinal
spinal cord sections taken from the cranial segments show spontaneous axonal outgrowing (Gap43;
green) after the SCI (K). More pronounced Gap43 immunoreactivity was visible in the ATR-treated
group (L). Scale bars: (A–F—100 μm; G–I—200 μm; J–L—500 μm; a–l—1000 μm). ATR—Atorvastatin;
Gap 43—outgrowing axons; GFAP—astrocytes; Iba-1—microglia; Nf-h—neurofilaments (heavy);
SCI—spinal cord injury.

Nf-h immunoreactive axons were regularly distributed throughout the control spinal cord
(Figure 6G). At six weeks, the Th9 compression resulted in massive damage to the white matter in the
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dorsal and lateral columns, with their partial obliteration by a cavity (Figure 6H). The ATR treatment
increased the expression of neurofilaments in the dorsolateral part of the spinal cord (Figure 6I).
However, compared with the SCI group, the Nf-h mRNA measured in the segments (cranial, injured,
and caudal) in toto was not increased in the ATR-treated group (Figure 7C). Similar results were
observed in the gene expression of Olig2 (Figure 7D).

Axonal sprouting and outgrowing in the damaged spinal cord is one of the key factors for
tissue regeneration and motor function restoration. As shown in Figure 6K, spontaneous axonal
overgrowing was very low six weeks post-SCI. Immufluorescence analysis of the longitudinal spinal
cord sections revealed that the single dose of ATR (5 mg/kg, i.p.) strongly promoted the axons’
outgrowth (Figure 6L). This effect was visible in the whole cranio-caudal extent. The results from
the RT-PCR are shown in Figure 7B. The relative gene expression of Gap43 correlated with Gap 43
immunoreactivity. The ATR-treated group confirmed a significant improvement at the site of the injury
(p < 0.01) and in the cranial segment (p < 0.05).

Figure 7. Graphs demonstrating the relative gene expression of GFAP, Gap 43, Nf-h, and Olig 2 in the
spinal cord (site of the injury, cranially, and caudally) six weeks after the traumatic spinal cord injury
and the ATR treatment. The lowest gene expression was observed at the lesion site. GFAP activation
shows the changes in astrogliosis after the SCI and SCI + ATR (A). Markers of regenerative capacity
(Gap 43, Nf-h, and Olig2) show a significant improvement in axonal outgrowing at the lesion site and
in the cranial (+1) segment (B–D). The data are the mean values of five experiments ±SD. The results
were statistically evaluated using a parametric T-test and one-way ANOVA; * p < 0.05; # p < 0.05;
** p < 0.01; ## p < 0.01; *** p < 0.001; **** p < 0.0001. Atorvastatin—ATR; Gap 43—outgrowing axons;
GFAP—astrocytes; Nf-h—neurofilaments (heavy); Olig2—oligodendrocytes; SCI—spinal cord injury.

2.2.2. Neurological Outcome

Functional outcome was evaluated using the Basso–Beattie–Bresnahan (BBB) locomotor rating
score representing the recovery stages for rat hindlimb motor function. One day post-injury, all the
animals suffered from complete paraplegia (0.25 ± 0.39) and their motor function improved
spontaneously up to day 42 (six weeks) with a mean neurological score of 9.7 ± 0.93 (Figure 8).
Up until day 24, the development of the neurological score did not differ between the SCI and
ATR-treated groups. However, the outcome was significantly different from day 30 to 42. At the end of
survival, the mean score for motor outcome reached 11.06 ± 0.91 in the ATR-treated group.
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Figure 8. BBB scores showing the locomotor function of rats after the Th9 compression and the ATR
treatment. The scoring points range from complete paraplegia (point zero) to normal hindlimb function
(point 21). Data are the mean values of eighteen experiments ±SD. The results were statistically
evaluated using a parametric T-test. Atorvastatin—ATR; BBB score—Basso-Beattie-Bresnahan score.

3. Discussion

Neuroinflammation is a complex immune response, which occurs within a short time period
after SCI. It includes the activation and infiltration of numerous cell populations (astrocytes, microglia,
T lymphocytes, neutrophils, and monocytes) and the release of a large number of non-cell mediators
(interleukins, interferons, and TNFα) [23]. The first factors involved in the inflammatory response are
pro- and anti- inflammatory cytokines and chemokines produced by endothelial cells and activated
microglia [24]. In the CNS, the main pro-inflammatory cytokine is IL-1β, which is released just 2 h
post-SCI [23,25]. In the present study, the levels of IL-1β in the blood serum were markedly (12-fold)
elevated 4 h after the Th9 compression, but one day post-injury its concentration significantly decreased.
Allan et al. [26] reported that this pro-inflammatory cytokine can directly affect glial cells, endothelial
cells, and even neurons, as they all express interleukin 1 receptor type 1 (IL-1R1). In their rat SCI model,
Nesic et al. [27] used infusions of IL1 antagonists 72 h after a SCI and reported markedly reduced
injury-induced apoptosis, indicating that early expression of IL-1β is detrimental. It has also been
shown that IL-1β promotes astrogliosis and triggers the astrocytic release of glutamate, nitric oxide,
potassium, prostaglandins, cytokines, and chemokines [28], all of which were shown to be toxic to
neurons at high concentrations [29–31]. The anti-inflammatory drug ATR applied in a single dose
acutely after a Th9 compression significantly reduced the release of IL-1β.

Several studies have highlighted the therapeutic benefit of pre- and/or post-SCI application
of ATR (long-lasting vs single and per-oral vs intraperitoneal). The present study produces new
data showing the neuroprotective effect of a single dose of ATR applied immediately after a Th9
compression. First, ATR reduced the activation of the microglia within the most injured dorsolateral
spinal cord and significantly reduced the infiltration of macrophages into the white and grey matter one
day post-SCI. Papa et al. [9] showed that early microglial activation after spinal trauma is a key factor
in the formation of a pathological environment, which supports injury progression. These authors
demonstrated that early microglial inhibition induced a long-lasting recovery post-SCI (up to 63 days).
As reported previously, microglia acquire pro-inflammatory phenotypes immediately after a SCI,
which promote local inflammation and can lead to destructive (M1 phenotype) and beneficial
(M2 phenotype) macrophage recruitment [9]. Based on their phenotype and activation status,
macrophages may initiate the mechanisms of secondary injury or promote neuroregeneration of
the spinal cord tissue [32]. One day after the SCI, we observed a significant increase in the expression
of both the M1 and M2 phenotypes in each spinal cord region, but the presence of both macrophage
phenotypes was not equal. The gene expression of the pro-inflammatory M1 macrophage marker
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was substantially higher compared with the M2 marker. ATR applied soon after the Th9 compression
reduced the expression of both the M1 and M2 associated genes in all the evaluated areas, but a
significant decrease was noted only in the cranial segments and at the lesion site. These segments
are known to host a neuroprotective and neurotrophic environment [33]. Here, we also show that
in the acute phase, ATR modulated the M1 macrophage phenotype more markedly than the M2
antigenic marker. Although the neuroprotective effect of ATR on macrophage infiltration has been
shown in various SCI models, the precise time point of microglia/macrophage polarization and the
factors controlling their shifts are still unclear. Khayrullina et al. [34] reported that acute inhibition
of NOX2 (the enzyme that is a primary source of reactive oxygen species) with the specific inhibitor,
gp91ds-tat, shifted microglial/macrophage polarization toward the M2 marker at seven days post-SCI.
Although single acute gp91ds-tat treatment did not induce inflammatory effects beyond seven
days, functional improvement continued through at least 28 days, indicating the importance of this
single acute intervention. Bermudez et al. [35] also studied the correlation between NOX expression
and microglial/macrophage polarization in a mouse SCI model. These authors confirmed that the
expression of two NOX isoforms (NOX2 and NOX4) was temporally and polarization related, with an
M1 preference for NOX2 acutely and NOX4 chronically; the M2 polarization marker was identified at
acute time points only. While both the M1 and M2 microglia/macrophages express NOX isoforms,
there is an influence of NOX on polarization. These data confirmed that NOX enzyme inhibition can
alter the polarization status, which plays a significant role in the functional outcome. The regulation
of the polarization of the M1/M2 macrophages after a SCI may also be related to neurotrophin-3
(NT-3) [36]. Electroacupuncture at GV acupuncture points, which can be used as an adjuvant therapy
for a SCI, inhibited the proportion of M1 macrophages and proinflammatory cytokines, but at the other
site it upregulated the M2 marker and NT-3 expression. Although we did not study the antioxidant
effect of ATR, it seems that early ATR treatment, preferentially decreasing the M1 expression in
segments with neuroprotective/neurotrophic environment could be involved in the oxidative response,
thus reflecting the redox state of the lesion microenvironment. Pre-ischemic administration of ATR in
a spinal cord ischemia-reperfusion model of a rabbit inhibited the depletion of antioxidative enzymes,
reduced lipid peroxidation, and improved the extent of locomotor recovery [37]. In addition, increased
levels of myeloperoxidase (MPO) were detected in the spinal cord following ischemia/reperfusion,
suggesting leukocyte infiltration into the spinal cord. The authors have shown that ATR pre-treatment
prevented MPO elevation. Secondly, astrocytes play a role in the mechanical and metabolic support
of neurons. After spinal cord trauma, a select population of astrocytes, known as reactive astrocytes,
upregulates the expression of intermediate filament proteins, proteoglycans, and other molecules
and contributes to the inhibition of axonal outgrowth and glial scar formation [38–40]. One day after
Th9 compression, we detected significant upregulation of GFAP mRNA in the areas surrounding the
lesion site. Over time, the GFAP mRNA was only moderately reactivated at six weeks of survival.
This finding might be associated with the regulation of the ion concentration in the extracellular
space, the modulation of synaptic transmission, and the repair of the spinal parenchyma through the
formation of a glial scar in the later post-SCI period [41]. Pannu et al. [16,17] injected ATR (5 mg/kg)
through the whole period of survival, and they demonstrated a significant reduction of astrocyte
activation. A single dose of ATR (5 mg/kg; i.p.) injected immediately after the SCI modulated the
acute immune response, but we did not see its significant short- or long-lasting effect. It is also
evident that although inflammation plays a very important role in the development of a glial scar,
paradoxically, astrocyte activation by IL-1β can exert neuroprotective effects by stimulating the repair
of the blood–brain barrier and decreasing its permeability [25]. Recently published data show that
specific parts of the astrocytic scar have a supportive function for axon regeneration following a SCI [42]
and might be induced by activated microglia [43]. Thirdly, early application of ATR could be crucial for
limiting the secondary injury cascade after a SCI. One day after the Th9 compression, we noticed a sharp
caspase-3 mRNA expression throughout the whole injured area. Moreover, the double immunostaining
of caspase-3 with NeuN, APC, or GFAP showed marked apoptotic activity of these cells around the
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lesion site. Treatment with ATR, applied immediately after the Th9 compression, significantly reduced
the expression of apoptotic markers. Immunohistochemical analysis showed the strong effect of the
treatment on the reduction of caspase-3 cleavage in the oligodendrocytes, neurons, and astrocytes both
cranially and caudally from the epicenter. Several recent studies have demonstrated the beneficial effect
of ATR on the functional outcome through apoptosis inhibition. Gao et al. [18] showed that two doses
of ATR (5 mg/kg; i.p.) injected one and two days after a weight-drop spinal cord injury significantly
reduced caspase-3 and caspase-9 expression and activated autophagy, which was conducive to the
recovery of neurological functions at seven days post-injury. Intraperitoneal injection of this drug was
also effective in preventing early apoptosis at the lesion site within 2 h post-SCI administration [19].
ATR-treated rats showed a significant decrease in caspase-3 activity and a decrease in the number of
TUNEL-positive cells at the injury site 4 h post-SCI, followed by an improvement in locomotion at
four weeks post-SCI. While the treatment with ATR prevented excessive caspase-3 activation, it also
inhibited the massive extension of the inflammatory response. Our results indicate that early inhibition
of caspase-3 activity in the oligodendrocytes, neurons, and astrocytes may have a role in mitigating
neurodegeneration, as well as in the remarkable functional outcome seen from day 30 to 42 after
the Th9 compression. Gao et al. [44] also pointed out the positive effect of the early inhibition of
programmed cell death. After Simvastatin injection (two doses, 10 mg/kg; i.p.), they observed a
significant improvement in locomotor functional recovery seven weeks after a weight-drop SCI. It has
been suggested that oligodendrocyte apoptosis contributes to chronic demyelination of spared axons
and exacerbates the extent of the injury, eventually leading to permanent functional deficits [45].
Lee et al. [45] demonstrated that preventing oligodendrocyte cell death improved the neurological
score for 35 days after a SCI in mice.

We suggest that the neuroprotective effect of ATR registered soon after a SCI could be crucial for
improving tissue regeneration and the functional outcome. Markers of axonal outgrowing (Gap 43)
quantified by means of the RT-PCR showed improvement in each evaluated segment. Gap-43
immunoreactive axons were distinctly visible throughout the whole cranio-caudal extent, but the
most extensive Gap-43 immunoreactive axons were seen in the lateral funiculi. Similarly, a very
strong regenerative response was detected in the expression of the neurofilaments. Neurofilaments
are particularly abundant in large myelinated axons and are essential for axon radial growth and
caliber maintenance during development [46,47]. We detected a loss of neurofilament-positive axons
six weeks after the Th9 compression in areas infiltrated with Iba-1 positive cells. Massive regeneration
of neurofilament immunoreactive axons was detected in the injured dorsolateral funiculi after the ATR
treatment, although neurofilament mRNA measured in toto did not show a significant improvement.
Wang et al. [48] have reported that neurofilament gene transcriptional regulation is crucial for
neurofilament expression predominantly in axonal regeneration. We have also recently pointed out the
role of neurofilaments in modulating spinal microcircuits leading to a better functional outcome [49].
Although the Olig2 transcription factor, an essential regulator of oligodendrocyte development,
has been seen to improve locomotor recovery and enhance myelination in a rat contusive spinal
cord injury model [50], we did not see any neuroprotective effect of the ATR treatment in Olig2 mRNA.

This study underscores the protective effect of ATR applied immediately post-SCI. The results
suggest that ATR, even in a single dose, has important neuroprotective potential. However, a set
of research problems dealing with practical ATR application in a traumatic SCI injury currently
remains unexplored.

4. Materials and Methods

4.1. Experimental Animals and Surgical Procedure

A total of 48 adult female Wistar rats (weighing 250–300 g) were used in the experiment. The rats
were housed 5 per cage on a 12-h dark/light cycle in a temperature- and humidity-controlled
environment. Female rats were used in order to relieve serious urinary tract complications after
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SCI, such as hematuria (hemorrhagic cystitis). Ferrero. S.L. et al. [51] showed that after contusion
injury, hematuria duration was significantly longer in males compared with females, despite similar
bladder reflex onset times. All procedures were carried out in accordance with the protocols approved
by the State Veterinary and Food Administration in Bratislava (decision No. 4434/16-221/3), as well
as by the Animal Use Committee at the Institute of Neurobiology, Slovak Academy of Sciences, and
in accordance with the EC Council Directive (2010/63/EU) regarding the use of animals in research.
All efforts were made to minimize the number of rats and their suffering.

The animals were divided into five experimental groups as follows: (1) control animals (n = 6);
(2–3) rats subjected to the Th9 compression surviving for 24 h (n = 12) and six weeks (n = 9); and (4–5)
rats after the SCI treated with post-surgical Atorvastatin administration (5 mg/kg, i.p.; Fluka by Sigma
Aldrich, St. Louis, MO, USA) surviving for 24 h (n = 12) and six weeks (n = 9).

The surgical procedure was performed under isoflurane anesthesia (2–4%; AbbVie, BA, Slovak
Republic; in 1.5–2.0 L/min oxygen), delivered by mask. After laminectomy at the Th9 segment,
SCI was induced using a compression device with a weight of 40 g/15 min. The body temperature
was maintained at 37 ◦C during the whole surgical procedure. After the Th9 compression, the rats
received the antibiotic drug Amoksiklav (Sandoz Pharmaceuticals, Ljubljana, Slovenia; 30 mg/kg,
i.m.) and the analgesic drug Novasul (Richterpharma, Wels, Austria; 2 mL/kg, i.m.) for three days.
The Atorvastatin group of animals was treated with a single dose of Atorvastatin (5 mg/kg, i.p.),
applied immediately after the SCI. The animals were housed in separated cages to recover with access
to food and water ad libitum. The bladder expression of the rats after the SCI was required twice a day
until the bladder reflex was restored (14–18 days).

4.2. Enzyme-Linked Immunosorbent Assay (ELISA)

Blood from the rats’ tail vein (250–300 μL) was taken before the SCI, 4 and 24 h after trauma
(4 animals/group). Each sample was centrifuged 10 min at 10,000 rpm to obtain the blood serum.
The supernatants were kept at −70 ◦C until the ELISA procedure was performed. The level of IL-1β
was measured using a Rat IL-1β ELISA Kit (Thermo Fisher Scientific, Waltham, MA, USA) according
to the manufacturer’s instructions.

4.3. Immunohistochemistry

At the end of the experiments, the rats (n = 16) were deeply anesthetized with thiopental (Valeant
Czech Pharma s.r.o., Prague, Czech Republic; 50 mg/kg, i.p.) and perfused transcardially with
300 mL saline followed by 300 mL 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS;
pH 7.4, Sigma-Aldrich, St. Louis, MO, USA). Spinal cord blocks (0.5 cm cranially and caudally from
the epicenter of the injury and the site of the injury) were post-fixed in the same fixative overnight
and subsequently cryopreserved in a solution of 30% sucrose in PBS at 4 ◦C for 2 days. Afterwards,
each tissue block was cut into transverse serial and longitudinal sections (25 μm thick) on a cryostat
(Leica CM1850, Wetzlar, Germany). The sections were washed (3 × 10 min) in PBS with 0.3% Triton
X-100 (Sigma-Aldrich, St. Louis, MO, USA) and blocked for 30 min at room temperature in a PBS
solution containing 5% normal goat, rabbit, or donkey serum and 0.3% Triton X-100. For the processing
of macrophages, microglia, astrocytes, neurofilaments, and outgrowing axons, the sections were
incubated overnight at 4 ◦C with the following primary antibodies: ED-1 (mouse, 1:400 Biorad,
Hercules, CA, USA), IBA-1 (goat, 1:1000 abcam, Cambridge, UK), GFAP (mouse, 1:600 Burlington, MA,
USA), Nf-h (mouse, 1:1000 Danvers, MA, USA), and Gap43 (mouse, 1:500 abcam, Cambridge, UK).
For the identification of caspase-3-expressing cells, double immunostaining was used. Anti-caspase-3
antibody (rabbit, 1:500 abcam, Cambridge, UK) was incubated overnight at 4 ◦C in combination
with neuronal specific NeuN (mouse, 1:1000 abcam, Cambridge, UK), APC (mouse, 1:200 Millipore,
Darmstadt, Germany), IBA-1, and GFAP antibodies. After washing (3 × 10 min) in PBS with 0.3% Triton
X-100, the sections were incubated in the following secondary antibodies: FITC goat anti-mouse IgG
(1:200); FITC rabbit anti-goat IgG (1:125); RRX goat anti-mouse IgG (1:600) (Jackson Immunoresearch,
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West Grove, PA, USA); AF donkey anti-rabbit IgG (1:500); AF donkey anti-goat IgG (1:500) (Thermo
Fisher Scientific, Waltham, MA, USA) for 2 h at room temperature. Immunolabeled spinal cord sections
were mounted with Prolong (Invitrogen by Thermo Fisher Scientific, Carlsbad, CA, USA). Images
were captured using an Olympus BX51 (Tokyo, Japan) fluorescent microscope.

4.4. Cell Counting

The ED-1 positive cells were counted using ImageJ 1.47 software (Wayne Rasband, National
Institutes of Health, Bethesda, MD, USA). The number of immunostained macrophages (ED-1) was
quantified at the lesion site from 25 μm thick transverse sections. The ED-1 positive cells were counted
in the grey and white matter from 20 immunofluorescently labeled sections.

4.5. Tissue Processing for RT-PCR

Total RNA from the Th7-Th10 spinal cord (n = 20) was obtained using a Trizol Reagent (Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. The concentration
of RNA in each sample was measured using NanoDrop 2000 c (Thermo Fisher Scientific, Waltham,
MA, USA). The isolated RNA (2000 ng/μL) was reverse transcribed into cDNA in duplicates using a
High-capacity cDNA Reverse Transcription Kit (AB applied biosystems by Thermo Fisher Scientific,
Waltham, MA, USA) and a T1000™ Thermal Cycler (Bio-Rad, Hercules, CA, USA). cDNA samples
(20 μL) were stored at −20 ◦C until real-time PCR was performed.

Immediately before the RT-PCR reaction, the cDNA samples were diluted with 80 μL nuclease-free
water (Thermo Fisher Scientific, Waltham, MA, USA). The amplification of cDNA was performed
using the CFX96™ Real-Time System (Bio-Rad, Hercules, CA, USA). The reaction mixture (20 μL) was
composed of 10 μL TaqMan® Gene Expression MasterMix (AB applied biosystems by Thermo Fisher
Scientific, Waltham, MA, USA), 1 μL TaqMan® Gene Expression Assays (AB applied biosystems
by Thermo Fisher Scientific, Waltham, MA, USA)—βactin (Rn00667869); Gap43 (Rn01474579);
Cd163 (Rn1492519); Cd86 (Rn00571654); GFAP (Rn00566603); Olig2 (Rn01767116); Casp3 (Rn00563902);
Nf-h (Rn00709325), 4 μL nuclease-free water and 5 μL of cDNA sample. The amplifications were run
under the following conditions: 10 min at 95 ◦C followed by 50 cycles of 15 s/95 ◦C and 1 min/60 ◦C.
Gene expression was normalized with β-actin (reference gene). As a calibration product, samples from
previous reactions were used. The relative quantity of gene expression was assigned using Bio-Rad
CFX Manager. For statistical analyses, GraphPad Prism version 6.01 (La Jolla, CA, USA) was used.

4.6. Behavioral Assessment

The neurological outcome of animals was tested using the Basso–Beattie–Bresnahan (BBB)
locomotor rating scale ranging from 0 (complete paralysis) to 21 points (normal movement with
trunk stability) [52]. Each rat was scored in an open field for a period of 5 min by two examiners.
The locomotor assessment was carried out one day after the SCI, every other day for the first two
weeks, and then once a week until six weeks post-injury.

4.7. Statistical Analysis

The data from the BBB locomotor test was analyzed using Student’s parametric T-Test. One-way
analysis of variance (ANOVA) was used to determine the statistical significance (p < 0.05) of the
differences between the compression group, ATR-treated group, and control group. All these data
were analyzed using GraphPad Prism version 6.01 (La Jolla, CA, USA) and were expressed as mean
values with standard deviation (SD). The data from the ELISA were analyzed using two-way ANOVA,
in which the time after the spinal cord injury was the first independent variable and with or without
ATR was the second independent variable. These data were analyzed using StatSoft, Inc. (2013),
version 12.
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5. Conclusions

Atorvastatin (5 mg/kg, i.p.) injected in a single dose immediately after spinal cord trauma,
significantly reduced the early inflammatory response and sharply decreased the expression of
caspase-3 in neurons, astrocytes, and oligodendrocytes 24 h post-SCI. Acute ATR treatment effectively
prevented the excessive infiltration of destructive M1 macrophages around the lesion site, while the
infiltration of beneficial M2 macrophages was less affected. This statin significantly improved
the regeneration capacity of the injured tissue at six weeks, leading to the promotion of axonal
outgrowth and increasing neurofilament expression. We can conclude that the early modulation of
the inflammatory response via effects on the M1/M2 macrophages and the inhibition of caspase-3
expression strongly promote tissue regeneration in later periods.
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Abstract: Spinal cord injury (SCI) suffers from a lack of effective therapeutic strategies. We have previously
shown that individual therapeutic strategies, transplantation of ependymal stem/progenitor cells
of the spinal cord after injury (epSPCi) or FM19G11 pharmacological treatment, induce moderate
functional recovery after SCI. Here, the combination of treatments has been assayed for functional
and histological analysis. Immediately after severe SCI, one million epSPCi were intramedullary
injected, and the FM19G11 compound or dimethyl sulfoxide (DMSO) (as the vehicle control) was
administrated via intrathecal catheterization. The combination of treatments, epSPCi and FM19G11,
improves locomotor tasks compared to the control group, but did not significantly improve the
Basso, Beattie, Bresnahan (BBB) scores for locomotor analysis in comparison with the individual
treatments. However, the histological analysis of the spinal cord tissues, two months after SCI
and treatments, demonstrated that when we treat the animals with both epSPCi and FM19G11,
an improved environment for neuronal preservation was generated by reduction of the glial scar
extension. The combinatorial treatment also contributes to enhancing the oligodendrocyte precursor
cells by inducing the expression of Olig1 in vivo. These results suggest that a combination of therapies
may be an exciting new therapeutic treatment for more efficient neuronal activity recovery after
severe SCI.

Keywords: FM19G11; spinal cord injury; ependymal progenitor stem cells; oligodendrogenesis;
locomotion; neuronal regeneration; axon growth

1. Introduction

Traumatic spinal cord injury (SCI) is a devastating disorder with loss of neurological function
immediately below the affected segment with no currently effective treatment for the subsequent
paralysis. The failure to recover from SCI in adult mammals is attributed to both extrinsic and intrinsic
factors [1]. The extrinsic factors include a lack of appropriate trophic support like brain-derived
neurotrophic factor (BDNF), basic-fibroblastic growth factor (bFGF), vascular endothelial growth factor
(VEGF) [2], stromal derived factor 1 (SDF1) [3] or insulin-like growth factor 1 (IGF-1) [4], since among
others, they have shown neuroprotective effects when added ectopically.

In the primary injury phase, the direct impact causes cell death at the injury site with axonal
damage leading to the interruption of the ascending and descending spinal pathways. The blockade

Int. J. Mol. Sci. 2018, 19, 200; doi:10.3390/ijms19010200 www.mdpi.com/journal/ijms53



Int. J. Mol. Sci. 2018, 19, 200

of nerve conduction generates paralysis and temporary loss of neural functions by spinal shock.
The primary injury leads to massive cell death of neurons, glial cells and endothelial cells lining the
blood vessels. The surviving neurons at the lesion site respond with a barrage of action potentials that
create significant local shifts in ion levels and cause also the release of excitatory neurotransmitters
(i.e., glutamate), resulting in the death of more nearby neurons [5]. The inflammatory response after
SCI is initiated by peripherally-derived immune cells (macrophages-monocytes, neutrophils and
T-cells) and glial activation (astrocytes and microglia) [6–8]. Macrophages and microglia contribute
to the inflammatory response through the release of cytokines like tumor necrosis factor α (TNF-α),
interleukin 1 or 6 (IL1 or IL6) [9] in an initial phase; however, later, additional anti-inflammatory
cytokines like IL10 are known to contribute to tissue remodeling [10,11]. The secondary phase is also
marked by the massive death of oligodendrocytes. The combination of demyelination and altered
ion channel function may lead to changes in surviving neurons that can produce central chronic pain.
The lesion site forms a fluid-filled cavity delimited by the reactive scar acting as a containment barrier
forming an impenetrable wall with extracellular matrix proteins and chondroitin sulfate limiting the
axonal regrowth [12], thereby inhibiting the regenerative potential of those axons to reconnect with the
distal segments [13]. SCI is a complex and multifactorial cascade of events that progressively reduces
the chances of the limited endogenous regenerative capacity to rescue the lost connections. Therefore,
therapeutic interventions need to rapidly interfere with this degenerative cascade via powerful
neuroprotective activities, promoting in addition functional neuronal plasticity. A combination of
neuroprotective and neuroregenerative treatments constitutes the current key strategies for the creation
of an efficient SCI treatment. Several strategies have already shown the efficiency of the combination
of cell therapy and pharmacological approaches [14]. Transplantation of neural stem/progenitor cells
(NSPCs) has shown promising results in the repair and regeneration of lost neural tissues and the
associated restoration of neurological deficits [14–16]. NSPCs include multipotent stem cells present
in the periventricular subependymal layer and the subgranular zone of the dentate gyrus in the
brain, as well as in the ependymal regions lining the central canal of the spinal cord (epSPCs) [13].
NSPCs represent an ideal candidate for stem cell-based SCI therapy based on noted functional
improvements after transplantation and the absence of malignant transformation, offering a safe
and relevant cell type for clinical applications. After SCI, epSPCs proliferate and migrate to the
injured area and produce new oligodendrocyte progenitors [14]. We previously showed that acute
transplantation of undifferentiated epSPCs from SCI donors (epSPCi) or in vitro differentiated OPCs
into a rat model of severe spinal cord contusion produced significant locomotion recovery from one
week after injury [15]. Moreover, we recently demonstrated the advantages of the synergistic activity
of the polyacetal curcumin (PA-curcumin), a new polymeric conjugate of curcumin, with epSPCi
in rats with chronic SCI. A single administration of the combinatory treatment into the intrathecal
space significantly rescued the locomotor activity of the paralyzed rats, as opposed to ineffective
individual treatments [17]. The PA-curcumin produced neuroprotective and anti-inflammatory
capabilities, as previously reported [18–22], but also showed regenerative activity by increasing
axonal elongation-related mechanisms. The epSPCi, with multipotent characteristics, lining the
central canal of the spinal cord [15], after SCI, proliferate and migrate to the injured zone, giving rise
to new oligodendrocyte progenitors [23]. Acute transplantation of epSPCi efficiently reversed the
paralysis associated with acute SCI in rats [24,25]. The transplanted cells migrated long distances
from the rostral and caudal regions to reach the neurofilament-labeled axons in and around the lesion
zone, while epSPC transplanted animals always showed fewer cavities and a smaller scar area [25].
In the chronic scenario, although epSPCi improved the locomotion, only partial success was found in
comparison with the acute treatment [26]. However, the combination of treatments, for instance by
combining PA-curcumin and epSPCi, significantly induced both β-tubulin-III (neurofilament marker
for neuronal projections) and GAP43 (axon growth marker) expression at the epicenter of the injury in
comparison with the individually-treated groups [17].
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FM19G11 was first identified as an inhibitor of HIFα protein expression and transcriptional activity
under hypoxic conditions repressing a variety of key genes involved in stemness. Moreover, directed
differentiation experiments demonstrated that FM19G11 favors oligodendrocyte differentiation
blocked under hypoxia, possibly through the negative modulation of Sox2 (sex determining region
Y-box 2) and Oct4 (octamer-binding transcription factor 4) expression and by allowing the epSPCs
to differentiate under hypoxia [27]. However, under normoxic conditions, FM19G11 modifies the
mitochondrial uncoupling process, by induction of UCP sensors, which induces glucose uptake by
activation of AMPK (AMP-activated protein kinase), as well as AKT (Protein Kinase B) signaling
pathways. The consequence of these molecular events is an increase of the self-renewal machinery
of different stem cell populations, including the epSPCs. FM19G11 induces early glycolytic-related
responses associated with PI3K/AKT/mTOR signaling induction [28,29]. Interestingly, when FM19G11
is infused during three days starting immediately after SCI, in the intrathecal space, it induces
functional locomotion recovery one month after treatment, which is associated with an increase
of vimentin expression and in the number of neuronal fibers in the injured area [30].

Here, we look for an enhanced effect to rescue neuronal activity for progressive motor function in
severe SCI using a combination that includes cell therapy, epSPCi and the pharmacological treatment
based on the local application of FM19G11.

2. Results

2.1. FM19G11 or epSPCi Improve Locomotion in Severe SCI with No Synergistic Effect

Individual treatments with FM19G11 by intrathecal administration [30] or epSPCi by
intramedullary transplantation [24,25] improved locomotion when applied immediately after injury.
Herein, in order to study a potential additive or synergistic effect among both treatments, a combination
of both was assayed. The epSPCi, or growth medium in the control group, were transplanted by
intramedullary injection at the injured area immediately after spinal cord contusion (Figure 1A,
top pictures). Afterwards, the pharmacological treatment was performed by continual delivery of
FM19G11 or DMSO (in the control group), using an osmotic pump, connected to a catheter, into the
intrathecal space (Figure 1A, bottom pictures). All treated animals distributed into control, epSPCi,
FM19G11 and FM19G11 + epSPCi groups were individually videotaped, and locomotor functional
recovery was scored blind by two unbiased observers by using the 21-point Basso, Beattie, Bresnahan
(BBB) scale. All three treated animals had a significant increase in the BBB scores after the fourth week,
in comparison with the control group (control: 6.3 ± 0.26; epSPCi: 8.8 ± 0.4 *; FM19G11: 8 ± 0.6 *;
FM19G11 + epSPCi: 9 ± 0.7 *; *, p < 0.05 vs. control). However, no significant differences were
found among the three treatments (Figure 1B). Interestingly, epSPCi transplanted animals (epSPCi and
FM19G11 + epSPCi) always showed better maximum scores in the BBB test at shorter times after
SCI (Figure 1B). The frame captures of representative video tape recordings in the open field test,
eight weeks after surgery, showed a typical plantar placement of the paw with weight support instance,
consistently found in animals treated with the combination of treatments, as well as the weight support
by dorsal stepping, consistently found in the epSPCi group. Plantar placement of the paw with no
weight support in the stepping was also frequently found in the FM19G11-treated group. The control
animals did not show any stepping, but occasionally sweeping, without showing any weight support
(Figure 1C).
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Figure 1. FM19G11, epSPCi or the combination of both improve locomotion in severe spinal cord injury
(SCI) in comparison with the control group. (A) Surgery strategy to induce severe SCI by a 250-kdyn
impact and acute transplantation by intramedullary injection of epSPCi and intrathecal catheterization
for local and sustained delivery of FM19G11 using an osmotic pump; (B) functional locomotor analysis
(BBB scores) over eight weeks post-treatment with vehicle, as a control, epSPCi, FM19G11 or FM19G11
+ epSPCi; quantitative data are expressed as the mean ± S.E.M.; *, or #, or φ, p < 0.05, ** or ##, p < 0.01;
(C) representative capture images from video recordings of one animal of every group for BBB analysis
at the eighth week after SCI are shown as follows: SCI + vehicle (control), SCI + epSPCi, SCI + FM19G11,
SCI + FM19G11 + epSPCi.

2.2. FM19G11 Intrathecal Administration after SCI Preserves Spinal Cord Tissue

The lost tissue due to the destructive secondary damage including the inflammatory reaction
following the SCI was evaluated. As is indicated in the illustrative model (Figure 2A, top representation
of the analyzed planes in the spinal cord), the quantification of the spinal cord width (Figure 2B) at
the injury area (Figure 2C) at eight consecutive points along four mm of the epicenter of the lesion
was performed. The spinal cord injury area was monitored via hematoxylin-eosin (H&E) histological
analysis, eight weeks post-injury (Figure 2A, bottom panels). The comparative analysis among
all the groups after quantification of the spinal cord width at the injury epicenter demonstrated
that since larger tissue degeneration remained in the SCI site following control treatment or epSPCi
transplantation alone, FM19G11- and FM19G11 + epSPCi-treated rats presented wider cords (Figure 2B).
The quantification of the total spinal cord area at the epicenter of the injury, by taking into account
the elliptic shape of the cord and including the width and the length average, showed the same result.
The FM19G11 and FM19G11 + epSPCi groups presented higher total areas in comparison with the
control or epSPCi groups, tending to recover a closer shape to the non-injured tissue (Figure 2C).
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Figure 2. FM19G11 preserves spinal cord tissue. (A) Top panel: spinal cord model showing the eight
selected points for the quantification of the width and the lesion area at the spinal cord injury epicenter;
bottom panels: representative histological sections of hematoxylin/eosin staining for each experimental
condition; Scale bar = 500 μM; (B) quantification of the whole width epicenter area, including all eight
selected points; (C) quantification of the lesion area considering the elliptic shape of the spinal cord,
the higher and smaller radius at each section. Quantitative data are expressed as the mean ± S.E.M;
*** p < 0.001 in comparison with SCI (control).

2.3. FM19G11 and epSPCi Combination Treatment Reduces the Scar Extension and Astrogliosis and Increases
the Neuronal Fibers at the Injury Area

The glial scar has been accepted to be delimited by the astrocytes expressing glial fibrillary acidic
protein (GFAP) [7]; then, as we previously reported [17,25,30], we evaluated the extension of the
glial scar by measuring the negative GFAP stained area at the epicenter of the injury (Figure 3A,B).
We found that only the combinatory treatment, FM19G11 and epSPCi, decreased the extension of the
astrocytic negative area in comparison with the control group or the individual treatments (Figure 3B),
indicating a reduction of the glial scar formation, creating a more permissive neuronal environment.
However, all treatments, FM19G11 or epSPCi or their combination, reduced the astrogliosis based
on a lower GFAP positive staining at the epicenter of the lesion, surrounding the scar (Figure 3A,C).
Further assessment at the glial scar area was performed by measuring the β-tubulin-III-positive staining
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for neuronal filament for those neurons crossing the glial scar. All treatments, epSPCi, FM19G11 and the
combination of both, were found to always show a larger positive area for β-tubulin-III in comparison
with the control group (Figure 3D), indicating an independent effect of the individual treatments on
neuronal fiber preservation and the glial scar formation.

However, when the β-tubulin-III positive area was quantified at the total epicenter of the injury,
including the rostral and caudal tissue surrounding the scar, only the animals that received the
combination of treatments, FM19G11 + epSPCi, presented a significant result in comparison with the
control group (Figure 3E).

Figure 3. Combinatory treatment reduces the glial scar formation and preserves larger numbers of
neuronal fibers. (A) Representative immunofluorescence images from glial fibrillary acidic protein
(GFAP; green), β-tubulin-III (red) and merge including green fluorescence protein (GFP)-epSPCi in
the transplanted groups (GFP, blue) with positive signals at the epicenter of the injury from spinal
cord longitudinal sections in every experimental condition; Scale bar, 500 μm; (B) quantification of the
negative area or (C) the positive signal at the injury site for GFAP expressed as a percentage of the
total epicenter area, equivalent in length for all tested groups; (D) quantification of the positive signal
for β-tubulin-III (tubulin) at the negative GFAP area or (E) covering all the injury area, expressed as
a percentage of the total epicenter area, equivalent in length for all tested groups. Quantitative data are
expressed as the mean ± S.E.M; * p < 0.05, ** p < 0.01, *** p <0.001 in comparison with SCI (control).

2.4. FM19G11 and epSPCi Induce the Expression of GAP43 Expression, an Axon Growth Marker, and RIP,
a Marker for Myelinated Oligodendrocytes at the Injury

GAP43, a known marker for axonal cone growth formation [31], was assayed to analyze the
capacity of each treatment to favor neuronal plasticity. Encouragingly, eight weeks after injury and
treatments, a significant induction of the GAP43 positive signal was detected along the neuronal fibers
at the injured site by all treated groups in comparison with the non-treated animals (Figure 4A,B).
The substantial increases in β-tubulin-III (Figure 3D,E) and GAP43 labeling for the combinatory
treatment indeed suggest a more efficient relationship between the increased preservation in the
number and quality of axon fibers. Interestingly, although no significant differences in the expression
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for the receptor interacting protein (RIP), a cell marker for mature oligodendrocytes by detecting
2′,3′-cyclic nucleotide 3′-phosphodiesterase [32], were detected when the control group was compared
to any treatment (Figure 4C), the detected signal of GAP43 maintains a significant parallel expression
with the mature and myelinated axons stained with RIP in the epSPCi transplanted groups (Figure 4D),
as is also shown in the representative magnified images of double staining detection of GAP43 (red)
and RIP (green) for each experimental condition (Figure 4A).

Figure 4. Treatment with FM19G11 plus epSPCi preserves larger numbers of neuronal fibers.
(A) Representative immunofluorescence images at high magnification of receptor interacting protein
(RIP, green) and GAP43 (red) expression at the epicenter of the injury are shown for every experimental
condition (scale bar, 50 μm); (B) quantification of the GAP43 (growth cone marker); (C) RIP (mature
oligodendrocyte marker) or (D) the parallel detection of the GAP43 and RIP-positive signal at the
epicenter of the injury expressed as a percentage of the total epicenter area, equivalent in length for all
tested groups. Quantitative data are expressed as the mean ± S.E.M. (ANOVA), * p < 0.05 in comparison
with SCI (control).

2.5. FM19G11 Favors Oligodendrocyte Replacement

It is well established that after SCI, which causes extensive oligodendrocyte cell death [33],
surviving oligodendrocyte progenitor cells (OPC) are the major source for oligodendrocyte replacement
and remyelination [34]. It also has been shown that, over the first weeks post-injury, the OPCs
differentiate into mature oligodendrocytes, particularly along the lesion borders, and contribute to
the re-myelination process [35–37]. The detection of Olig1 expression, an early OPC marker [38],
eight weeks after SCI, demonstrates a significant induction of this population by the FM19G11
treatment in combination with epSPCi transplantation (Figure 5A). However, at the time of
sacrifice, no significant differences were found in the RIP population (Figure 4C), indicating a lack
of maturation induction of the proliferating OPC by the treatments. FM19G11 was previously
shown to allow the oligodendrocyte differentiation in vitro efficiently when it was delayed under
hypoxia [27]. Here, we found that the presence of FM19G11 also improves the maturation of epSPCi
into oligodendrocyte precursor cells measured as an increment of RIP expression at the protein level
(Figure 5B) and NG2 expression at the protein (Figure 5C) and mRNA levels (Figure 5D) with a parallel
decrease of the proliferative marker PCNA (proliferating cell nuclear antigen) or the stemness factor
Sox2 (Figure 5C).
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Figure 5. FM19G11 promotes in vivo and in vitro oligodendrocyte turnover. (A) (left panel)
Representative immunofluorescent images of the Olig1-positive signal at the epicenter of the injury
in every experimental condition (scale bar, 500 μm); (right panel) quantification of the positive signal
for Olig1 expressed as a percentage of the total epicenter area, equivalent in length for all tested
groups. Inset: high magnification of Olig1 immunostaining. Quantitative data are expressed as the
mean ± S.E.M. ** p < 0.01 in comparison with SCI (control); (B) representative immunofluorescent
images of RIP (mature oligodendrocyte marker) at different time points through the directed induced
oligodendrocyte differentiation process of epSPCi in culture in the presence of FM19G11 or vehicle
(DMSO) (scale bar, 500 μm); (C) western blotting of NG2, Sox2, PCNA and β-actin semi-quantitative
expression and (D) quantitative RT-PCR analysis for the expression of NG2 (oligodendrocyte marker)
at the different stages of the directed in vitro differentiation process into oligodendrocytes from epSPCi
in the presence of FM19G11 or DMSO (vehicle), * p < 0.05 in comparison with DMSO.

3. Discussion

A combination of strategies with a synergistic effect of improved neuroprotection and neural
plasticity may lead to significant improvements not yet achieved by unique treatments. Here, we show
how the combinatory use of FM19G11 and epSPCi reduces glial scar formation, reduces astrogliosis,
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increases the number of neuronal fibers at the epicenter of the lesion, increases the expression markers
for neuronal plasticity and induces oligodendrocyte turnover for potential re-myelination.

Traumatic contusion injury generates a rim of spared white matter tissue, with extensive neuronal
degeneration and glial scar formation generating an incomplete lesion with a variable remaining
demyelinated, but initially non-interrupted axons depending on the initial severity of the trauma,
which, in fact, provides a more realistic experimental setting mimicking the clinical lesions to test
potential neuroprotective and additional neurorestorative strategies. Extensive proliferation of different
cell types occurs at certain time points, like oligodendrocyte, neural precursor cells and also astrocytes
and microglia, in a more reliable way than the transection models [39]. Here, we induced a severe
contusion by applying a force of 250 kdyn (kilo dyne) in rats of ~200 g, limiting the spontaneous
functional regeneration during the first weeks after injury in comparison with moderate injuries
and completely impairing it at the chronic stages (one month after injury), allowing the restorative
functional evaluation among the different experimental groups in a shorter period than for instance in
models of a complete section [40].

We recently showed that transplantation of epSPCi, the ependymal cells that represent the latent
neural stem cell population in the adult spinal cord, activated and induced to proliferate in vivo after
spinal cord injury [33] in combination with PA-curcumin significantly improves the locomotion in
a chronic and sever traumatic SCI [17]. Here, we demonstrated the beneficial contribution to the
epSPCi transplantation of the addition of FM19G11 previously reported to modulate proliferation
and differentiation of this cell population and to have neuroprotective properties when applied
immediately after injury [30]. When all treatments were compared, the cell transplanted groups,
epSPCi and FM19G11 + epSPCi, showed faster functional rescue by measuring locomotor tasks,
significantly different from the locomotor recover found in the vehicle- or the FM19G11-treated group.
Neither vehicle- nor FM19G11-treated animals exhibited coordinated movement, but occasional weight
support or plantar steps. The NPC progeny were found to be necessary to produce several neurotrophic
factors that support neuronal survival after injury [41]. A2B5-positive glial cells have been shown
to promote neuroprotection and repair of the injured spinal cord, promoting axonal sprouting when
induced in vitro to differentiate into a more astroglial fate [42]. Accumulating evidence in the last
decade defends the beneficial role of the astrocytes in response to SCI, giving support to the survival
cells and allowing their processes [8]. We found, eight weeks after injury, a significant decrease of
the GFAP-positive reactivity for astrocyte detection at the epicenter of the injury in response to all
treatments, with an increase in the neurofilament-positive fibers. However, for better interconnection
of both events, additional experimentation at a shorter time of analysis or specific deletion of the
astrocytic population will be required to understand a potential associated mechanism of action.

The global detection of infiltrating macrophages, positive for CD68-ED1, eight weeks after injury,
did not show significant differences in any of the tested conditions; however, it has been shown by
others that the focal transplantation of NPCs decreases the relative proportion of classically-activated
M1-like cells among the macrophage lineage cells infiltrating the injured cord [43], favoring the shift of
the balance towards tissue remodelling/repair associated also with the M2-like cells and facilitating
the recovery from spinal cord injury-induced secondary damage, undetected in a global analysis [44].
The lower astrogliosis activation found in all treated groups would additionally contribute to reduce
the scar extension; the combined treatment exhibited in fact the best functional outcome with reduced
spared tissue, where the combination with FM19G11 with an additional neuroprotective effect could
contribute to favoring environmental homeostasis. It was very interesting that GAP43, previously
described as a growth cone marker for growing axons, was induced in all treated animals at the
scar area showing a similar effect as TUJ-1. Moreover, the growing axon ends positive for GAP43
were mostly accompanied by myelinated oligodendrocytes when the animals were treated with
FM19G11, or with epSPCi, or both, supporting more effective neuronal plasticity in comparison with
non-treated animals.
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At the SCI area, the vascular network is lost with edema and disruption of the BSCB,
extensively justifying the local application at the subarachnoid space of the pharmacological treatment.
We previously showed that FM19G11 intrathecal administration immediately after SCI accelerates
locomotor recovery in the rats one month after treatment. Indeed, the sustained administration of
FM19G11 during one week showed a plausible neuroprotective role, preserving more neurofilament
β-tubulin III-positive fibers in the injured area surrounded by an increased number of neural precursor
vimentin-positive cells [30]. Here, we found that this neuroprotective effect by FM19G11 treatment
was maintained, as was determined by the histological analysis, for two months. The analysis of
both the in vitro and in vivo mechanism of action of FM19G11 reveals an important influence on the
mitochondrial activity by early activation of UCP proteins, and therefore, the compound modifies
oxidative metabolism at least in the epSPCi population by activation of the AKT/mTOR signaling
pathway, which creates an adaptive response in the cells by increasing the GLUT-4 receptors [29,30] and
probably improving the exocytosis and exchange program between cells and the tissue environment,
which would contribute to the neuroprotective effect.

The promotion of OPC generation would contribute and accelerate the re-myelination process
after SCI. Diverse clinical trials [45,46] based on previous successful pre-clinical studies [47–50] have
tried to activate oligodendrocyte replacement for inducing re-myelination. FM19G11 was shown before
to accelerate the maturation of OPC when the in vitro differentiation process was under the control
of the related self-renewal transcriptional machinery in hypoxia [30]. Here, we show that FM19G11
can accelerate the differentiation and maturation of epSPCs in vitro derived from adult spinal cord
also under normoxic conditions, showing a relevant effect of this compound in the reprogramming of
the undifferentiated progenitors into mature lineages independently in certain micro-environmental
conditions. FM19G11 modulates the expression of Sox2, Oct4 and Nanog depending on the oxygen
tension to which the precursor cells are exposed [27,30]. Along the oligodendrocyte-directed
differentiation process, FM19G11 more quickly decreased Sox2, Oct4 and PCNA undifferentiated and
proliferative markers, respectively, in parallel with the increased expression of mature oligodendrocytes
like RIP. Interestingly, FM19G11 was able to significantly induce the OPC population, revealed by
the increased signal of Olig1, an early oligodendrocyte marker, showing an additive effect on the
combinatory treatment with epSPCi. No significant co-localization of epSPCi and Olig1 was found;
however, because all samples were studied at the time of sacrifice, two months after injury, a direct
influence on the differentiation of the transplanted cells by FM19G11 cannot be discarded.

4. Materials and Methods

4.1. Ethical Statement Regarding the Use of Animals

Female 2-month-old Sprague Dawley rats (weighing ~200 g) from Charles River and
SD-Tg(GFP)2BalRrrc from Rat Resource & Research Center (University of Missouri Columbia,
Columbia, MO, USA) were bred at the Animal Experimentation Unit of the Research Institute
Príncipe Felipe (Valencia, Spain). The experimental protocol included humanized endpoint criteria by
using a score for body weight changes (>20%), body condition (lethargy, pain), autophagy or severe
ulcerations and was previously approved by the Animal Care Committee of the Research Institute
Principe Felipe (Valencia, Spain) with the protocols identified as 10-0181 and 09-0131 in accordance
with the National Guide to the Care and Use of Experimental Animals (Real Decreto 1 December 2005).

4.2. EpSPCi Cell Culture

EpSPCi (eGFP+/+ for cell transplantation in vivo or eGFP−/− for in vitro assays) were isolated
from adult female Sprague Dawley rats and SD-Tg(GFP)2BalRrrc five days after severe contusion of
spinal cord (250 kdyn at T8–T9, see above) and cultured as previously described [25,51].

Oligodendrocyte precursor cell (OPC)-induced differentiation was performed as previously
described [25] with slight modifications, including in the FM19G11 condition 500 nM of the compound
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FM19G11 (refreshed every two days) or the corresponding amount of vehicle, DMSO in the control
group. The differentiation procedure was performed until Day 21 on culture in order to induce the
early oligodendrocyte precursors. Part of the OPCs was destined to immunostainings for RIP marker
and the other part for total mRNA and protein isolation for quantitative PCR of NG2 and Western
blotting detection of Oc4, Sox2 and PCNA. Three independent experiments were performed.

4.3. Spinal Cord Contusion, epSPCi Transplantation, Intrathecal Drug Administration and Functional
Locomotor Analysis

SCI by contusion was performed as previously described [25]. Briefly, severe contusion
(250 kdyn, “Infinite Horizon Impactor”) at thoracic segment T8 was performed. For intramedullary
transplantation, 106 in 10 μL of total volume epSPCi were transplanted by stereotaxis distributed
into rostral and caudal regions at a distance of 2 mm from the lesion at a rate of 2 μL/min by using
a 30 G Hamilton pipette filled with cell suspension and mounted on the microinjector. We waited
1 min between injections before moving the syringe to allow cell deposition into the medullar
tissue. The compound FM19G11 or DMSO (as vehicle control) was administrated via intrathecal
catheterization. Partial laminectomy at T13 allows introducing the catheter (Alzet Corp., Cupertino,
CA, USA; previously filled with 0.9% saline solution) through a perforation in dura mater, up to the
injured segments (T8). The osmotic pump, Model 1007D (Alzet Corp. Germany; previously filled with
FM19G11 or DMSO and incubated overnight at 37 ◦C in a saline solution), delivers 0.5 μL per hour of
a 9 mM FM19G11 solution or DMSO (vehicle) during 3 days.

The rats were pre-medicated with subcutaneous morphine (2.5 mg/kg) and Baytril (enrofloxacin,
5 mg/kg, Bayer, Leverkusen, Germany) and anesthetized with 2% isoflurane in a continuous oxygen
flow of 1 L/min. All animals were subjected to post-surgery care and passive and active rehabilitation
protocols as previously described [25]. Open-field locomotion was evaluated by two blinded observers
by using the 21-point BBB locomotion scale after blind visualization of a minimum of 5 min of free
walking in an open space once a week [52]. The animals were sacrificed after 8 weeks of evaluation.

4.4. Histology and Quantification of the Tissue Volume at the Injury Area

The animals were transcardially perfused with a 0.9% saline solution followed by 4% PFA in
PBS and 2 days incubation time in 30% sucrose before inclusion in Tissue-Teck OCT (Sakura Finetek
Barcelona, Spain). Sagittal cryosections of a 10-μm thickness were used for immunoassays. Every fifth
section was collected for eosin and hematoxylin (E&H) staining to determine the anatomical structure
and tissue volume calculations in the injured area. E&H-stained sections were scanned in a Pannoramic
250 Flash II scanner (3DHISTECH Ltd.; Budapest, Hungary), and images of approximately 20 mm2

of medullar tissue (including the epicenter of the lesion) were acquired with the Pannoramic viewer
software. The quantification of the spinal cord width was done at eight different points within the
injured area. Using Adobe Photoshop® software (version CS2, San Jose, CA, USA), the images of
every section, from dorsal to ventral areas, were placed consecutively, and 8 guidelines were traced
vertically separated 0.5 mm along the epicenter of the injury. Spinal cord width was measured in every
eighth point of every section following the guidelines using the scale bar for absolute quantification
and normalization in mm.

The total thickness of the SC at the site of the lesion was quantified by including all the
consecutive slides and multiplying them by the thickness of every cryosection (10 μm). Considering
the elliptic-shape of the SC, the area quantification was calculated as follows:

Area (mm2) = higher radius (higher diameter/2) × smaller radius (smaller diameter/2) × π

4.5. Immunocytochemistry and Immunohistochemistry

Cells or cryosectioned tissues (10 μm) were post-fixed with 4% paraformaldehyde at room
temperature for 10 min. After permeabilization with PBS containing 0.5% Triton and 2% goat
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serum (blocking solution), the primary antibodies were incubated overnight at 4 ◦C. Cells or
tissue sections were incubated with GAP43 (α-rabbit; Cat. ab128005 Abcam, Hong Kong, China),
β-tubulin III (α-mouse; Cat. MO15052 Neuromics, Edina, MN, USA), GFAP (α-rabbit; Cat. Z0334
DAKO, Santa Clara, CA, USA), RIP (α-mouse; Cat. MAB1580 Chemicon, Pittsburgh, PA, USA)
and OLIG1 (α-rabbit; Cat. AB5320 Chemicon). Primary antibodies were diluted 1:200 in blocking
solution. After being rinsed three times with PBS, the cells or the tissue sections were incubated
with Oregon Green-Alexa488, Alexa555 or Alexa647 dye-conjugated secondary antibodies for 1 h at
room temperature. All cells and tissue sections were counterstained by incubation with DAPI for 5
min at room temperature followed by washing steps. Signals were visualized by both fluorescent
microscopy (fluorescence microscope Leica DM6000B, Wetzlar, Germany) and confocal microscopy
(confocal microscope Leica TCS-SP2-AOBS, Wetzlar, Germany). The quantification of immunostainings
was performed using ImageJ software (Image J2, Madison, WI, USA).

4.6. Western Blot

epSPCi neurosphere-like cultures at the indicated points of the OPC differentiation process
were lysed in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.02% NaN3, 0.1 SDS, 1% NP40, 1 mM
ethylene diamine tetra acetic acid (EDTA), 2 μg/mL leupeptin, 2 μg/mL aprotinin, 1 mM PMSF
and 1 × Protease Inhibitor Cocktail (Roche Diagnostics, San Diego, CA, USA), stored on ice for 30 min
and boiled for 10 min. Twenty five μg of each protein extract were subjected to sodium dodecyl
sulfate (SDS) polyacrylamide gel electrophoresis (PAGE; MiniProtean®, Bio-Rad, Hercules, CA, USA)
and blotted with antibodies overnight at 4 ◦C. Signal detection was performed with an enhanced
chemiluminescence kit (ECL Plus Western blotting detection reagent from GE Healthcare, Piscataway
Township, NJ, USA). Primary antibodies used were Sox2 (α-mouse; Cat. MAB2018. R&D System,
Minneapolis, MN, USA), NG2 (α-mouse; Cat. MAB5384. Chemicon), PCNA (α-mouse; Cat. ab29.
Abcam) and β-actin for the loading control (α-mouse; Cat. A5441 Sigma, Sant Louis, MO, USA).
At least 3 biologically independent replicates were always performed; a representative Western blot
is shown.

4.7. RNA Isolation and Quantitative RT-PCR

Total RNA of epSPCi at the indicated points of the OPC differentiation process was extracted by
using the RNeasy Mini-kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.
One microgram of total RNA was reverse-transcribed in a total reaction volume of 50 μL at 42 ◦C
for 30 min using random hexamer primers. For quantitative analyses, we used LightCycler SYBR®

Green I technology, and the relative expression of mRNA transcripts was analyzed by the ABI PRISM
5700 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). As a template, we used
40 ng of cDNA to analyze the expression of target and housekeeping genes (18S) in separate tubes
for each pair of primers. The sequences from 5′ to 3′of each pair of primers are: rNG2, forward
primer: 5′-ATGCTTCTCAGCCCGGGACA-3′; reverse primer: 5’-GGTTGCGGCCATTGAGAATG-3’;
r18S, forward primer: ggaagggcaccaccaggagt; reverse primer: tgcagccccggacatctaag. The comparative
threshold cycle (Ct) method was used to calculate the relative expression as follows:

ΔCt (ΔCt = Ct (test gene) − Ct (GAPDH))

ΔCt for FM19G11-treated samples was then subtracted from the ΔCt for vehicle-treated samples,
to generate ΔΔCt (ΔΔCt = ΔCt (FM19G11) − ΔCt (vehicle)). The mean of these ΔΔCt measurements
was used to calculate the fold change in gene expression (2 −ΔΔCt). Results were presented as the mean
± standard error.
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4.8. Statistical Analysis

Student’s t-test was performed for pair comparisons and one-way analysis of variance (ANOVA)
for multiple value comparisons. All measurements in cell culture experiments were carried out in at
least three different culture preparations, and the results were expressed as the mean ± SEM. Statistical
analysis was performed using GraphPad Prism 4 Project software (San Diego, CA, USA). In all cases,
p < 0.05 was considered significant.

5. Conclusions

Altogether, significant beneficial cellular changes at the histological level were found in the
combinatory treatment with epSPCi and FM19G11 in the SCI acute rat model. The obtained
results justify the combination of both strategies, cell transplantation and pharmacological treatment,
as opposed to the use of the individual ones, for better success on locomotor improvements after SCI,
although further investigation would be necessary to demonstrate plausible functional benefits by
adjusting doses and/or treatment administrations for long-term treatment and analysis.
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Abbreviations

BBB Basso, Beattie and Bresnahan
BSCB Blood-spinal cord barrier
DMSO Dimethyl sulfoxide
epSPC Ependymal stem/progenitor cells
epSPCi Ependymal stem/progenitor cells of the spinal cord after injury
GFAP Glial fibrillary acidic protein
GFP Green fluorescence protein
H&E Hematoxylin-eosin
HIF Hypoxia inducible factor
NPC Neural precursor cell
OPC Oligodendrocyte precursor cell
PFA Paraformaldehyde
PBS Phosphate buffer solution
RT-PCR Reverse transcription-polymerase chain reaction
SC Spinal cord
SCI Spinal cord injury
UCP Uncoupling protein
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Abstract: Human mesenchymal stem cells derived from Wharton’s jelly (WJ-MSCs) were used
for the treatment of the ischemic-compression model of spinal cord injury in rats. To assess the
effectivity of the treatment, different dosages (0.5 or 1.5 million cells) and repeated applications were
compared. Cells or saline were applied intrathecally by lumbar puncture for one week only, or in
three consecutive weeks after injury. Rats were assessed for locomotor skills (BBB, rotarod, flat beam)
for 9 weeks. Spinal cord tissue was morphometrically analyzed for axonal sprouting, sparing of gray
and white matter and astrogliosis. Endogenous gene expression (Gfap, Casp3, Irf5, Cd86, Mrc1, Cd163)
was studied with quantitative Real-time polymerase chain reaction (qRT PCR). Significant recovery
of functional outcome was observed in all of the treated groups except for the single application of
the lowest number of cells. Histochemical analyses revealed a gradually increasing effect of grafted
cells, resulting in a significant increase in the number of GAP43+ fibers, a higher amount of spared
gray matter and reduced astrogliosis. mRNA expression of macrophage markers and apoptosis
was downregulated after the repeated application of 1.5 million cells. We conclude that the effect of
hWJ-MSCs on spinal cord regeneration is dose-dependent and potentiated by repeated application.

Keywords: spinal cord injury; human mesenchymal stem cells; Wharton’s jelly; inflammatory response;
neuroregeneration; astrogliosis; axonal growth

1. Introduction

Spinal cord injury (SCI) is a serious mutilating injury, resulting in loss of motor, sensory,
and autonomic functions, and remains a challenging medical and social problem even in the 21st
century. The final neurological deficit is determined by two mechanisms—primary and secondary
injury. Primary injury represents the mechanism and strength of the direct trauma. Secondary injury is
characterized by the local immune reaction followed by apoptosis of the injured and vulnerable
neurons, tissue atrophy with cavitation, and glial scar formation [1]. Since there is no specific
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treatment for primary injury, and the endogenous potential to regenerate the spinal cord neurons
is very limited [2], several treatments are focused on neuroprotection and/or reducing the impact
of secondary pathological processes. Promising results in alleviation of the pathological chain of
secondary damage were found in the last decade by application of mesenchymal stem cells (MSCs).

MSCs are multipotent cells with multi-differentiation and self-renewal capacity. Many types
of adult and embryogenic tissue have been proven as a source of MSCs—adipose tissue,
peripheral blood, lung, heart, corneal stroma, dental pulp, placenta, endometrium, amniotic membrane,
and umbilical cord blood and tissue (Wharton’s jelly). Under special conditions in vitro, they are
capable of differentiating into various tissue cells such as osteocytes or osteoblasts, adipocytes,
and chondrocytes [3–5]. However, the regenerative potential of MSCs as a therapeutic tool can
be provided mainly by the paracrine effect, interacting with the environment around the injured tissue.
In nervous tissue repair and regeneration, MSCs support revascularization, modulate inflammatory
response [6], produce different growth factors and cytokines [7], and protect vulnerable cells from
oxidative stress, causing stress-induced apoptosis [8]. Therefore, it was recently suggested by
Caplan [9] that they should be renamed to medicinal signaling cells (MSCs).

In the current study, we used MSCs isolated from human Wharton’s jelly (WJ-MSCs).
Wharton’s jelly is the primitive gelatinous connective tissue of the umbilical cord, first described
by Thomas Wharton in 1656. Compared to other sources of MSCs (bone marrow, adipose tissue),
WJ-MSCs are more primitive with higher proliferating potential [10], have lower immunogenicity
because of a lower major histocompatibility complex class I (MHC-I) and the absence of major
histocompatibility complex class II (MHC-II) expression [11], and are proven to be non-tumorigenic [12].
Furthermore, WJ-MSCs can be easily and non-invasively obtained from discarded umbilical tissue,
and represent neither potential danger for the donor, nor ethical concerns [13]. They are highly
proliferative and can be easily expanded.

The delivery route of stem cells is a frequently discussed issue, as the mode of delivery is
an important factor in translation to clinical practice. Therefore, several studies have compared
the intraspinal, intrathecal (or intracisternal), intraarterial and intravenous application of MSCs.
Regardless of the delivery route, MSC treatment has improved functional recovery after SCI.
Whilst the engraftment of the transplanted cells was higher in animals with intraspinal delivery [14,15],
injections into the parenchyma of the spinal cord may further damage the spinal cord tissue; therefore,
less invasive methods, such as intrathecal or intravenous delivery, are preferable. Indeed, the cells
grafted via lumbar puncture, or intracisternally have shown the best functional recovery, even though
they often remained in the intrathecal space [16,17] or accumulated around the anterior spinal
artery [18]. Rats intrathecally grafted with human bone marrow MSCs (hBM-MSCs) had reduced
inflammatory reactions and apoptosis, improved functional recovery, and the glial scar formation had
been rearranged after SCI, though no cells were detected in the spinal cord parenchyma two months
after transplantation [19,20]. Because of the relatively short survival time of MSCs in the host tissue
the repetitive delivery of MSCs may prolong the beneficial effects induced by MSC application by
potentiating their regenerative potential [18].

The main goal of this study was to assess the dose of the applied WJ-MSCs, and the difference
between single and repetitive application on functional recovery and tissue repair after SCI in rats.
WJ-MSCs were applied intrathecally by a lumbar puncture into rats with balloon-induced spinal cord
compression lesion. This model simulates the compression of the human spinal cord by an unreduced
dislocation or a fracture dislocation of the spine. It is assumed that both mechanical and vascular
factors are involved in the pathogenesis of spinal cord injury in this model. Moreover, it is simple
and reproducible and requires minimal surgical preparation of the animal (no laminectomy) [21].
The functional outcome was assessed using a set of behavioral tests (BBB, flat beam test, and rotarod).
Furthermore, histological and immunohistochemical analyses were performed to evaluate the sparing
of gray and white matter, axonal sprouting, and formation of glial scar. Finally, quantitative PCR
analyses of selected endogenous genes were performed.
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2. Results

2.1. Cell Culture

hWJ-MSCs phenotype, their multipotent differentiation potential, and high proliferation capacity
was evaluated prior to transplantation (see Supplement 1, Figures S1–S3).

2.2. Behavioral Analysis

2.2.1. BBB Test

Recovery of the hind limb locomotor function was evaluated every week starting the first week
after SCI. The BBB score was calculated as a mean value from the scores of both legs (Figure 1A).
One week after SCI, all tested animals had severe paraparesis or paraplegia. The average score
was 1.28 ± 0.15. No differences between the groups were observed. The second week after SCI
animals in all groups showed new motions in one or two joints. Among the groups, a significant
difference was found between the control group (2.1 ± 0.43) and the group treated with a single dose
of 1.5 M hWJ-MSCs (5.28 ± 0.59) (p < 0.05). In the third week after SCI, a rapid improvement of the
locomotor functions was observed in the groups treated with a single dose of 1.5 M, and the groups
with repeated treatment of 0.5 and 1.5 M, respectively. All three groups recovered significantly better
than the control group (p < 0.05, p < 0.001). Animals treated with only 0.5 M showed little improvement
over the control group, which was not statistically significant. In the following weeks, improvement
of movement and strength of the hind limbs continued but not so rapidly as was seen during the
first three weeks. From the fourth week onward, until the end of the experiment, rats treated with
1.5 M and 3 × 0.5 M and 3 × 1.5 M had comparable results, which were significantly better than the
control group and animals treated by 0.5 M (p < 0.01, p < 0.001). No significant difference between
the control group and the 0.5 M group was found. The final results at the end of the ninth week were
4.29 ± 0.57 for the control group, 5.19 ± 0.36 for 0.5 M, 9.81 ± 0.88 for 3 × 0.5 M, 8.67 ± 0.88 for 1.5 M
and 9.21 ± 0.45 for 3 × 1.5 M. Animals in the groups with repetitive treatment were mostly able to
achieve effective weight support of their body when standing, or even walking. The gap between
scores 8 (and lower) and 9 (and higher) is substantial when comparing the strength of the muscles of
the hindlimbs.

(Two-way RM ANOVA, Treatment; F = 8.481, p < 0.001; for p values of post hoc pair-to-pair test,
see Supplement 2).

2.2.2. Rotarod Test

Coordination of the limb movements was tested by a rotarod test (Figure 1B). All animals were
trained in this task before surgery at a fixed speed of 10 rpm. Testing was then performed every
two weeks—2nd, 4th, 6th, and 8th week after SCI. Due to the severity of the lesion and limited
recovery, no significant differences were observed between the groups.

(Two-way RM ANOVA, Treatment; F = 0.490, p = 0.743; for p values of post hoc pair-to-pair test,
see Supplement 2).

2.2.3. Beam Walk Test

Advanced locomotor skills and coordination of the hind limbs was measured by walking on the
flat beam. Results were evaluated using a 0–7 scale modified from Metz and Whishaw. All animals
were firstly trained in this task before surgery and then tested every week starting the second week
after SCI (Figure 1C). Due to the severity of the lesion, most of the rats showed minimal ability to
cross the beam and often just stayed and balanced at the starting point of the beam. The best scores
(7th week after SCI 3.1 ± 0.33) were obtained in animals treated by 3 × 1.5 M, which were significantly
better, when compared to all of the other groups. For the first three weeks, animals treated with 0.5 M
achieved significantly better results than the control group, but in subsequent weeks they gradually
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worsened and the significant difference was lost. This was most probably due to the gaining of weight,
lack of motivation, and fear of falling off the beam.

(Two-way RM ANOVA, Treatment; F = 20.656, p < 0.001; for p values of post hoc pair-to-pair test,
see Supplement 2).

Figure 1. Recovery of locomotor functions following hWJ-MSCs transplantation after SCI. Treatments
by a different number of administrated cells. The locomotor skills of saline- or stem cell-treated rats
were measured using the BBB (A), rotarod (B), beam walk score (C), and time score (D). Animals treated
with a higher single dose and by repetitive dose of hWJ-MSCs achieved significantly higher scores in
the open-field BBB test when compared to saline controls and animals treated by 0.5 M hWJ-MSCs
(A). Strength and limb coordination was measured by rotarod test (B), where no significant differences
were found. The flat beam test (C), which is focused on advanced locomotor skills, demonstrated
significantly higher scores in the group treated by 3 × 1.5 M hWJ-MSCs. Time score (D) reflects
the time the rat needs to cross the beam and shows the overall stability of the rat. Animals treated
by 3 × 1.5 M achieved significantly better times than the rest of the rats. * p < 0.05 versus saline;
** p < 0.01 versus saline; *** p < 0.001 versus saline; + p < 0.05 versus 0.5 M MSCs; ++ p < 0.01 versus
0.5 M MSCs; +++ p < 0.001 versus 0.5 M MSCs; # p < 0.05 versus 3 × 0.5 M MSCs; ## p < 0.01 versus
3 × 0.5 M MSCs; ### p < 0.001 versus 3 × 0.5 M MSCs; 8 p < 0.05 versus 1.5 M MSCs; 88 p < 0.01
versus 1.5 M MSCs; 888 p < 0.001 versus 1.5 M MSCs. BBB = Basso, Beattie, and Bresnahan test;
BI = before injury; MSC = human Wharton Jelly mesenchymal stem cell; SCI = spinal cord injury.

In addition to the beam score, we measured the time needed to cross the beam (maximally for 60 s).
During the pre-training, healthy rats were able to cross the beam in approximately 3.0 s (Figure 1D).
The measurement was performed weekly starting the second week after SCI. Two weeks after SCI not
all the rats were able to cross the beam and did not move from the starting line. In the following weeks,
a significant improvement was observed between the rats treated by 3 × 1.5 M and the other groups.
The best score was achieved in the sixth week in the group 3 × 1.5 M, when rats traversed the beam at
an average time of 34.9 ± 7 s.
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(Two-way RM ANOVA, Treatment; F = 5.001, p = 0.002; for p values of post hoc pair-to-pair test,
see Supplement 2).

2.3. Histology and Immunohistochemistry

2.3.1. Gray and White Matter Sparing

The total area of spared gray/white matter was measured on the 15 cross sections of the spinal cord
9 weeks after the SCI (7 sections cranially and caudally to the center of the lesion, which was determined
as the section with the smallest area of the residual spinal cord tissue). Values were averaged and
compared to the control, which was set as 100%. Concerning the gray matter preservation (Figure 2A),
a significant difference was found between the group 3 × 1.5 M and the control (p < 0.05), and a strong
trend was observed when compared to the group of 0.5 M (p = 0.051). Comparison of the white matter
sparing showed no significant difference between the groups as a whole (Figure 2B). Similarly to the
gray matter, in the center of the lesion and in the surrounding tissue, we observed significantly more
spared white matter in animals treated with 3 × 1.5 M and 1.5 M when compared to the control group
and rats treated with 0.5 M.

(Two-way RM ANOVA, Treatment; gray matter − F = 3.341, p = 0.03, white matter − F = 1.290,
p = 0.307; for p values of post hoc pair-to-pair test, see Supplement 3).

2.3.2. Astrogliosis and Distribution of Protoplasmic Astrocytes

The total area of the glial scar formed around the central cavity was measured on 15 GFAP-CY3
stained cross sections of the spinal cord 9 weeks after the SCI (7 sections cranially and caudally to
the center of the lesion, which was determined as the section with the smallest area of the residual
spinal cord tissue). Values were averaged and are presented as a ratio of scar tissue to the whole
section in percentages (Figure 2C). Groups treated with 3 × 1.5 M as well as 3 × 0.5 M and 1.5 M
had a significantly smaller GFAP positive area around the main cavity compared to the control group
(p < 0.05). The group treated by 0.5 M showed no significant difference compared to saline-treated rats.

(Two-way RM ANOVA, Treatment; F = 4.026, p = 0.015; for p values of post hoc pair-to-pair test,
see Supplement 3).

On the same slices, the number of protoplasmic astrocytes was counted (Figure 2D). Rats treated
by 3 × 0.5 M and 1.5 M as well as 3 × 1.5 M had a significantly lower number of protoplasmic astrocytes
compared to the control group.

(Two-way RM ANOVA, Treatment; F = 3.997, p = 0.015; for p values of post hoc pair-to-pair test,
see Supplement 3).

2.3.3. Axonal Sprouting

Axonal sprouting was determined as the number of GAP43+ fibers, which were manually counted
on the 15 cross sections of the spinal cord 9 weeks after the SCI (7 sections cranially and caudally to
the center of the lesion, which was determined as the section with the smallest area of the residual
spinal cord tissue). Values were averaged and compared to the control, which was set as 100%.
The significant effect of the cell treatment was not only dose-dependent, but further improved after
repeated application (Figure 2E). Treatment with the lowest dose—0.5 M, had no or minimal effect
on axonal sprouting (102 ± 4%). In the other cell-treated groups, the number of positive fibers was
gradually increasing with the higher number of grafted cells (1.5 M 140 ± 4%), and repeated application
had a significantly stronger effect than a single dose (3 × 0.5 M 168 ± 10%) and (3 × 1.5 M 212 ± 18%)
(p < 0.05).

(One-way ANOVA, Treatment; H4 = 21.844, p < 0.001).
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2.4. qRT-PCR

Expression of Intrinsic Genes after Stem Cell Transplantation, after SCI

Samples from the spinal cord for qPCR analysis were taken 4 (Figure 3A) and 9 weeks (Figure 3B)
after the cell transplantation. A comparison was made against the saline-treated rats, which were set as
0. The expression of genes, which are related to the M1 (Irf5, Cd86) and M2 (Mrc1, Cd163) macrophage
phenotypes, astrogliosis (Gfap), and apoptosis (Casp3), was analyzed. Pro-inflammatory genes Irf5 and CD86
were, 4 weeks after the transplantation of the cells, insignificantly upregulated in the groups treated by
1.5 M and 3 × 0.5 M but, 9 weeks after the transplantation, were downregulated in all groups except the
3 × 0.5 M. Statistical significance against the saline group was found only in the group 3 × 1.5 M (p < 0.05).

Figure 2. Immunohistochemical and histological analysis 9 weeks after SCI. The total area of spared
gray matter was significantly higher in the group treated by 3 × 1.5 M hWJ-MSCs, mainly in the slices
near the center of the lesion (A). Analysis of the white matter sparing showed similar results to the gray
matter, resulting in mild yet still significant preservation in the group treated by 3 × 1.5 M hWJ-MSCs
(B). The GFAP-CY3 positive area showing the glial scar formation around the central cavity was slightly
smaller in all treated groups compared to the control, with a significant difference near the center of
the lesion against the groups treated by repetitive doses (C). The average number of protoplasmic
astrocytes near the center of the lesion was significantly higher in the control group than in the
cell-treated groups (D). The average number (15 slices per rat; 5 rats) of GAP43+ fibers presented as
relative when compared to the control, which is set as 100%. A gradually significant increase with the
total number of applied MSCs is shown (E).
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The dotted line represents the value of saline-treated rats (100%). * p < 0.05 versus saline; *** p < 0.001
versus saline; + p < 0.05 versus 0.5 M MSCs; ++ p < 0.01 versus 0.5 M MSCs; +++ p < 0.001 versus
0.5 M MSCs; # p < 0.05 versus 3 × 0.5 M MSCs; ## p < 0.01 versus 3 × 0.5 M MSCs; ### p < 0.001 versus
3 × 0.5 M MSCs; 8 p < 0.05 versus 1.5 M MSCs; 88 p < 0.01 versus 1.5 M MSCs; 888 p < 0.001 versus
1.5 M MSCs; • p < 0.05 versus 3 × 1.5 M MSCs; •• p < 0.01 versus 3 × 1.5 M MSCs; ••• p < 0.001
versus 3 × 1.5 M MSCs. MSCs = human Wharton Jelly mesenchymal stem cells; SCI = spinal cord
injury; GFAP-CY3 = glial fibrillary acidic protein cyanine 3; GAP43 = growth-associated protein 43.

The anti-inflammatory related genes Mrc1 and Cd163 were, 9 weeks after the transplantation,
downregulated in all subjected groups with a significant difference in groups 1 × 0.5 M (p < 0.05)
and 3 × 1.5 M (p < 0.001). However, groups treated by a total number of 1.5 M cells (1.5 M and
3 × 0.5 M) were, 4 weeks after transplantation, insignificantly upregulated; thus, their dynamics
changed throughout the experiment.

Figure 3. mRNA expression of selected genes 4 and 9 weeks after WJ-MSCs transplantation into the
SCI. The graphs show the log2-fold changes of the ΔΔCt values of the indicated genes in comparison
to the animals treated with the saline, which were set to 0 and are represented as x axis in the graphs.
The expression of genes, which are related to the M1 (Irf5, Cd86) and M2 (Mrc1, Cd163) macrophage
phenotypes, astrogliosis (Gfap), and apoptosis (Casp3) are shown 4 weeks after the SCI (A) and 9 weeks
after the SCI (B). All of them were significantly downregulated in the group treated by 3 × 1.5 M and
remained stable throughout the whole experiment.
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Data are expressed as mean ± SEM. * p < 0.05 versus saline; ** p < 0.01 versus saline; *** p < 0.001
versus saline; + p < 0.05 versus 0.5 M MSCs; ++ p < 0.01 versus 0.5 M MSCs; +++ p < 0.001 versus
0.5 M MSCs; # p < 0.05 versus 3 × 0.5 M MSCs; ## p < 0.01 versus 3 × 0.5 M MSCs; ### p < 0.001
versus 3 × 0.5 M MSCs; 8 p < 0.05 versus 1.5 M MSCs; 88 p < 0.01 versus 1.5 M MSCs; 888 p < 0.001
versus 1.5 M MSCs. MSC: human Wharton Jelly mesenchymal stem cell; SCI: spinal cord injury; Mrc1:
mannose receptor C type 1; Casp3: Caspase-3; Gfap: glial fibrillary acidic protein.

Four weeks after the cell implantation, Gfap, except in the 3 × 0.5 M group, was downregulated
in all groups; 9 weeks after the cell implantation, it remained downregulated only in the 3 × 1.5 M
group, with a significant difference that corresponds with the immunohistochemical analysis of the
astrogliosis that was lowest in this group. The expression of Casp3 insignificantly decreased in the
0.5 M and 3 × 1.5 M groups and remained stable throughout the entire experiment.

(One-way ANOVA, Treatment; Gfap − H4 = 18.454, p = 0.001, Casp3 − H4 = 15.153, p = 0.004,
Cd163 − F = 20.243, p < 0.001, Mrc1 – F = 59.317, p < 0.001, Cd86 − H4 = 19.170, p < 0.001,
Irf5 − F = 47.495, p < 0.001; for p values of post hoc pair-to-pair test, see Supplement 4).

2.5. Cell Survival

Survival of the transplanted cells (0.5 M and 1.5 M) was evaluated by staining with the antibody
against HuNu, two weeks after the transplantation. Surviving cells were detected as green clusters.
Most of the cells remained at the site of the implantation—caught between the folds of arachnoidea
mater in the cauda equinae. There was, however, a difference in the number of cells present. While after
0.5 M application only a few cells were detected, the application of 1.5 M resulted in a greater number
of trapped cells. No homing into the lesion site was observed.

3. Discussion

The present study aimed to determine the effect and optimal dosage of transplanted stem cells
derived from Wharton’s jelly into injured spinal cord. Cultured human WJ-MSCs were intrathecally
implanted into spinal cord compression lesions of Wistar rats, and the impact on the recovery of the
spinal cord tissue was described.

We compared single and triple repeated intrathecal delivery of hWJ-MSCs with a different
number of cells (0.5 M and 1.5 M) in each application. Since cell survival in the vertebral canal is rather
low [20,22,23], we hypothesized that, by repeated application, the trophic and immunomodulatory
effect of the cells can be substantially increased. The route of MSC delivery varies in previous studies,
and local or systemic approaches have been proposed and investigated, but the optimal method of
delivery has yet to be determined.

We have chosen intrathecal delivery in our experiments. It eliminates the risk of direct surgical
implantation without the need for deep analgesia and anaesthesia for the animal, and yet still
guarantees a wide dissemination of cells through the subarachnoid space and around the lesion site [24].
The procedure can be done either by lumbar puncture or by suboccipital puncture of the cisterna
magna. In our study, we chose lumbar puncture because it is more relevant to clinical medicine, where,
especially in adult neurosurgery, it is an everyday occurrence. Additionally, repeated application via
lumbar puncture is a lesser burden for animals than a suboccipital puncture of the cisterna magna.
Since cell survival in the vertebral canal is rather low (approximately 14 days), repeated application
substantially increased the trophic and immunomodulatory effect of the cells and could even be
feasible in human patients.

Despite reports showing that intralesional transplantation provides better accumulation of
the effector cells in the injury site [25], meta-analyses did not prove any statistical significant
differences in locomotor improvement after delivery of MSCs using intravenous, intraparenchymal,
and intrathecal administration [15,26]. Moreover, Pal et al. compared hBM-MSC injection into the
spinal cord parenchyma and application via lumbar puncture. They reported that, while both i.t. and
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intraspinal transplantation showed improvement in histological evaluation, only the i.t.-transplanted
group performed better in all behavioral tests [27]. Recently intranasal delivery of BM-MSCs
with their successful migration into the spinal cord canal was reported, but compared to direct
intrathecal delivery, there was significantly lower number of cells detected and the locomotor recovery
was insignificant [28].

Besides the determination of transplantation route, optimal timing of transplantation is one
of the most important factors to be considered. The subacute phase, defined as the time period
between 3 and 14 days post-SCI in rodents and 2 months in humans showed better cell survival as
a result of the reduced aggressive host environment due to the inflammation response, and when
compared to the acute phase and unlike the chronic phase, the glial scar formation has not yet
been formed [18,29,30]. Therefore, we had cell application start 7 days after lesion induction.
Another disputable question remains regarding the appropriate dosage of transplanted cells. The vast
majority of studies proving the effect of MSCs on SCI have focused only on single transplantation of
0.2–1 M of cells [31–35]. Alternatively, repetition and higher dosage is considered to be superior to
single delivery. Li et al. compared single, triple, and quintuple transplantations of 1 M BM-MSCs and
concluded that triple delivery is the best [36]. Similar results were found by Cizkova et al. with the
conclusion that high doses and/or repetition of the transplantation may lead to higher efficacy of cell
survival, more engraftment into the host tissue, and an improvement in functional outcome.

No such experimental study with hWJ-MSCs has been conducted, so evidence of the effect of
single vs. multiple deliveries, together with various amounts of cells, is in high demand.

Analysis of behavioral tests revealed that functional recovery of hind limb motion in treated
rats was partially dependent on the number of applied cells, which is in agreement with findings
by Himes et al., who used a similar number of hBM-MSCs [32]. Whereas the single dose of
0.5 M hWJ-MSCs showed no significant difference in BBB testing, other groups achieved similar
significantly higher scores, regardless of repeated application. However, in the advanced motor
function testing, such as crossing the beam, the effect was visible in animals with repeated injections.
The dose-dependent effect of hBM-MSCs in more advanced motor tests (grid walk and inclined
plane test) was also observed by Pal et al. who compared doses of 2 M and 5 M cells/kg body
weight [27]. No effect was detected in the rotarod test, which requires a higher level of motor
coordination and stepping. Our experimental setting was comparable to our previous study with
the hBM-MSCs [20]. However, application of 0.5 M hBM-MSCs resulted in functional improvement
similar to the one observed with single application of 1.5 M hWJ-MSCs. It is generally accepted that,
due to the low ability of MSCs to survive in the donor tissue, as confirmed in our study, and their
limited in vivo differentiation, the main therapeutic effect of MSCs lies in their ability to secrete
trophic factors promoting local neovascularization, inhibiting cell death, and suppressing the immune
response [37]. We did not perform any in vitro analysis of growth factors and bioactive molecules,
which would compare the paracrine effect of hWJ-MSCs and hBM-MSCs. Though various studies
include the analysis of secretory factors, results are not unified in terms of the strength of secretion
of regeneration-associated neurotrophic factors. Balasubramanian et al. found that WJ-derived
cells secreted higher levels of neurotrophic factors bFGF, NGF, NT3, NT4, and GDNF compared
to BM and adipose tissue (AT)-derived cells [38]. Hsieh and colleagues compared MSCs derived
from Wharton’s jelly and bone marrow regarding their ability to regenerate infarcted myocardia;
they described secretome differences that make Wharton’s jelly-derived MSCs a more angiogenic,
neuroprotective, and neurogenic option [39]. On the other hand, Amable et al. reported that
WJ-MSCs secreted very low concentrations of VEGF-4.070 and 4.614 times lower than BM- and
adipose tissue MSCs (AT-MSCs), respectively [10]. Most studies agree that hWJ-MSCs have a more
effective immunosuppressive function compared to hBM-MSCs [40,41]. However, all those studies
were performed in vitro, where the proliferation rate of the WJ-MSCs (cell doubling time 40 h) is much
higher than the hBM-MSC doubling time of 70 h [42], resulting in more paracrine effective cells in the
medium and thus higher overall secretome. Our results confirmed relatively short population doubling
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time of hWJ-MSCs, which was approximately 34 h compared to 84 h of hBM-MSCs (see Supplement 1,
Figure S1). Another possible explanation of the lesser effect of the same number of transplanted cells in
our study is the smaller size of WJ-MSCs when compared with BM-MSCs, which can result in higher
dilution in the host environment, or even leakage through the canal after the lumbar puncture. On the
other hand, due to a smaller size, more cells can fit into small volumes and these cells can more easily
spread through the CSF in the canal. Therefore, the dose-dependent effect can be more visible in the
case of hWJ-MSCs than in hBM-MSCs.

Immunohistochemical analyses showed that transplantation of hWJ-MSCs facilitates axonal
sprouting and plays a role in decreasing glial scar formation. Astrogliosis, which is closely bound
up with reactive astrocytes was significantly less present in cell-treated rats. Axonal sprouting was
increasingly enhanced as the total number of transplanted cells increased. This is in agreement with
the findings of Li et al., who described the effect of WJ-MSCs in SCI as mainly due to the decreased
expression of interleukin-1β (IL-1β) and the increased expression of nerve growth factor (NGF),
which plays an important role in axonal growth [43]. The same trend was present in the measuring
of the white and gray matter preservation, which revealed a strong neuroprotective effect in gray
matter, mainly in the center of the lesion and only in groups with the highest number of treated
cells. A significant effect on tissue sparing was observed only in animals treated by single or triple
implantation of 1.5 M hWJ-MSCs. All these finding are in contrast with behavioral analysis, where no
differences between higher dosage cell-treated animal groups were found in the BBB test. It is evident
that, for the simple locomotor test, such as the BBB test, a threshold of a minimum number of cells is
required to trigger functional improvement. However, closer analyses of tissue microstructure have
shown that an increased number of cells applied repeatedly further improve the neuroprotective and
neuroregenerative properties of the hWJ-MSCs.

Overall, our results proved a substantial benefit from treatment of SCI with MSCs and are in
many ways comparable to other studies that used human BM-MSCs, AT-MSCs, or UC-MSCs in
rats [27,32,35,44–49] or dogs [50,51]. Meta-analysis from 2014 by Oliveri confirmed the beneficial effect
of MSCs in traumatic spinal cord injury but could not detect any clear association between locomotor
recovery and MSCs isolated from specific tissues [15]. Still, because of the relative easy harvesting
of hWJ-MSCs from otherwise discarded tissue, we believe that hWJ-MSCs are the most suitable for
potential wide use in clinics.

Most of the clinical studies with mesenchymal stromal stem cells were performed on chronic
lesions with total paraplegia (Frankel A, AIS A), lasting months after the primary injury [52].
Despite some reports that note some neurological improvement after transplantation [53], the effect of
WJ-MSCs in the chronic model of SCI must be elucidated. However, we suggest that this treatment
should be proposed for patients with spinal trauma that causes “only” compression of the spinal cord,
which is visible in the magnetic resonance imaging (MRI) of T2 and STIR sequences as a hyper intense
area of the spinal cord—myelopathia. These patients usually have preserved residual motor and
sensory functions (Frankel B and above) and have a good prognosis of recovery when the best medical
therapy is applied. hWJ-MSCs, since they are allogenic, can be easily up-scaled, prepared in advance,
cryopreserved, and made ready for use in a relatively short time. Therefore, repeated application of
hWJ-MSCs could add another piece to the yet unsolvable puzzle of how to treat SCI.

4. Materials and Methods

4.1. Cell Culture

The collection and isolation of WJ-MSCs were performed by explant culture according to
the methodology described by Koci et al. [54]. In brief, human WJ-MSCs were obtained from
discarded human umbilical cords from healthy full-term neonates after spontaneous delivery, with the
informed consent of the donors using the guidelines approved by the Institutional Committee at
University Hospital (Pilsen, Czech Republic). About 10–15 cm per umbilical cord were aseptically
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transported into sterile phosphate buffered saline (PBS; IKEM, Prague, Czech Republic) with
antibiotic-antimycotic solution (Sigma, St. Louis, MO, USA) at 4 ◦C. After the removal of blood
vessels, the remaining tissue was cut into small pieces (cca 1 mm3) and put into Nunc culture
dishes (Schoeller, Thermo Fisher Scientific, Waltham, MA, USA) containing the alpha-Minimum
Essential Medium (αMEM; East Port, Prague, Czech Republic), supplemented with 5% platelet
lysate (IKEM, Prague, Czech Republic) and gentamicin 10 mg/mL (Sandoz, Holzkirchen, Germany),
and cultivated at 37 ◦C in a humidified atmosphere containing 5% CO2. After 10 days, the explants were
removed from the culture dishes, and the remaining adherent cells were cultured for 3 weeks or until
90% confluence and passaged using 0.05% Trypsin/EDTA (Life Technologies, Carlsbad, CA, USA).
After passaging, the cells were seeded into culture flasks (Nunc; Schoeller, Thermo Fisher Scientific,
Waltham, MA, USA) at a density of 5 × 103 cells/cm2. The medium was changed twice a week. Cells of
the 3rd passage were characterized by flow cytometry and their growth properties and differentiation
potential was assessed (see Supplementary Material 1). For the transplantation, cells in the 3rd passage
were used.

4.2. Animals

As an experimental model, adult Wistar male rats were used. Animals were obtained from
the breeding facility of the Academy of Sciences of the Czech Republic. All experiments were
performed in accordance with the European Communities Council Directive of 22nd of September
2010 (2010/63/EU) regarding the use of animals in research and were approved 8 September 2014 by
the Professional Committee for Laboratory Animal Welfare of the Institute of Experimental Medicine,
Academy of Sciences of the Czech Republic in Prague as the experimental project number 53/2014.
All animals were approximately 10 weeks old, with weight varying between 275–305 g (n = 90).
The first group of animals (n = 47), surviving 9 weeks, was used for behavioral testing, histological,
immunohistochemical, and qPCR analysis (9W). The second group of animals (n = 39) was used for
qPCR evaluation 4 weeks (4W) after SCI and was not included in behavioral testing. An additional
four animals in the two groups (n = 4) were used for evaluation of surviving cells two weeks after
transplantation of 0.5 and 1.5 M hWJ-MSCs.

4.3. Spinal Cord Injury Model

The surgical procedure was performed in an operating theatre under standard conditions.
As a model of SCI, a balloon-induced ischemic-compression lesion was used [21,55]. At the
beginning of the surgery, the animals were anesthetized with Isoflurane (Forane; Abbott
Laboratories, Queenborough, UK), analgesia was induced by intramuscular injection of carprofen
(Rimadyl, Cymedica, Horovice, Czech Republic, 4 mg/kg), and surgical prophylaxis was maintained
by intramuscular injection gentamicin sulfate (Sandoz, Holzkirchen, Germany 5 mg/kg). After the skin
incision, the paravertebral muscles were separated at the level of thoracic vertebra T7–T12 and laminectomy
of T 10 was performed. A sterile 2-french Fogarty catheter was carefully inserted into the epidural space
until the center of the balloon rested on the level of thoracic vertebra 8 (T8). The balloon was rapidly
inflated with 15 μL saline and kept for 5 min. During this procedure, 3% isoflurane in air was administered
at a flow rate of 0.3 L/min, and the animal’s body temperature was kept at 37 ◦C with a heating pad.
After 5 min, the catheter was rapidly deflated and removed, and separated muscles and incised skin were
sutured by single non-absorbable stitches. The lesioned animals were assisted in feeding and urination
until they had recovered sufficiently to perform these functions on their own. The animals received
gentamicin sulfate (5 mg/kg) for 7 days to prevent postoperative infections and were allowed to feed and
drink ad libitum.

4.4. Transplantation

Transplantation of hWJ-MSCs was performed on the 7th, 14th, and 21st day after the SCI.
Treatment was given intrathecally by a lumbar puncture between L3 and L4 or L4 and L5 through
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a 25 G needle under the short-time general anaesthesia described above. Firstly, a small volume of CSF
was taped as a proof of the subarachnoid space. During the injection of the saline with hWJ-MSCs
there was a movement of the rats tail as a response to irritation of the nerve roots of cauda equina.
After injection the needle was rested in situ for 30 s to prevent backflow of the content. Animals were
divided into 5 groups with variable treatment. The first group (0.5 M) received a single transplantation
of 0.5 M hWJ-MSCs in 50 μL saline on the 7th day after SCI (n = 12). The second group (1.5 M) received
a single transplantation of 1.5 M hWJ-MSCs in 50 μL saline on the 7th day after SCI (n = 9). The third
group (3 × 0.5 M) received a triple transplantation of 0.5 M hWJ-MSCs in 50 μL saline on the 7th, 14th,
and 21st day after SCI (n = 8). The fourth group (3 × 1.5 M) received a triple transplantation of 1.5 M
hWJ-MSCs in 50 μL saline on the 7th, 14th, and 21st day after SCI (n = 7). The control group (saline)
received a single or triple injection of 50 μL saline on the 7th (14th and 21st) day after SCI (n = 11).
No differences between simple and repetitive transplantation of the saline were found, so the results
were pooled together as a single control when compared with other types of treatment. The day before
the transplantation, all animals received cyclosporine A by an intraperitoneal injection (10 mg/kg),
which continued daily until the end of the experiment.

4.5. Behavioral Analysis

4.5.1. BBB Test

The BBB open field test, originally described by Basso, Beattie, and Bresnaham [56] was used
to assess the joint movement, weight support, forelimb-hindlimb coordination, paw placement and
stability of the body. The rats were placed on the floor surrounded by boundaries making a rectangular
shape. Results were evaluated in the range of 0–21 points: 0 indicated complete lack of motor capability
and 21 indicated the best possible score (healthy rat). Measurements were performed every week for
8 weeks starting the first week after SCI.

4.5.2. Rotarod Test

A rotarod unit machine (Ugo Basile, Comerio, Italy) was used to test the advanced degree of
motor coordination of the limbs according to the method first described by Dunham and Miya [57].
Ability to balance on a rotating rod was recorded. Each animal was taught this task one week before
surgery. Animals were placed on a rotating rod at a fixed speed of 10 rpm before surgery and 5 rpm
after surgery and were left to walk for 60 s. There were four trials per day within five consecutive
days. Between trials there was always a 5 min break. The latency to fall off the rod onto the floor
was measured.

4.5.3. Beam Walk Test

In the flat beam test, we tested the ability to cross a 1 m long narrow beam with a flat
surface. Rats were placed on one side of the beam, and on the other side an escape box was
placed. The latency and the trajectory to traverse the beam were recorded by a video tracking
system (TSE-Systems Inc., Bad Homburg, Germany) for a maximum of 60 s. Performance of locomotor
coordination was evaluated using a 0–7 point scale modified from Metz and Whishaw [58].

4.6. Histological and Immunohistochemical Analyses

At the end of the experiment (9 weeks after the SCI), all animals were anesthetized with ketamine
(100 mg/kg) and xylazine (20 mg/kg) and transcardially perfused with a phosphate buffer solution
(250 mL), followed by a 4% paraformaldehyde solution in a phosphate buffer (250 mL). The spinal
cord was dissected and removed from the spinal column and embedded in paraffin wax. Serial cross
sections (5 μm thick) were obtained by microtome within a 2-cm-long segment around the center of the
lesion. Samples of five animals from each group were analyzed for the total volume of spared white
and gray matter, axonal sprouting, and the extent of glial scar. Sections were stained with Luxol fast
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blue and Cresyl violet to distinguish the white and gray matter, with anti-GAP43 antibody to evaluate
axonal sprouting or by anti-GFAP primary antibody to visualize the glial scar and reactive astrocytes.

4.6.1. Cresyl Violet-Luxol Staining

For visualizing white and gray matter of the spinal cord, Cresyl violet and Luxol fast blue
staining were used. Samples from five animals from each group were obtained. Each sample of
the spinal cord was cut at 1 mm intervals. A total number of 15 cross sections, including the center
of the lesion, were observed with an Axioskop 2 plus microscope (Zeiss, Oberkochen, Germany).
Acquired images were analyzed for the total area of spared gray and white matter by ImageJ software
(NIH, Bethesda, MD, USA) (Figure 4A).

Figure 4. Illustrative images of morphometric and immunohistochemical analyses 9 weeks after SCI.
Microscopic image of a section stained with Cresyl violet and Luxol fast blue to distinguish the white
(WM) and gray (GM) matter (A). Scale bar: 500 μm. The marked glial scar around the main cavity (B1)
and the total number of protoplasmatic astrocytes (B2) with a detailed inset (B3) from slices stained
with GFAP-CY3. Scale bars: 500 μm (B1,B2), 10 μm (B3). Illustrative image of a section labeled with
a GAP43+ antibody (C1) with a detailed inset (C2).
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Arrows point at GAP43+ fibers, which were manually counted as described in the Methods section.
Scale bars: 500 μm (C1), 20 μm (C2). SCI: spinal cord injury; GM: gray matter; WM: white matter;
GFAP-CY3: glial fibrillary acidic protein cyanine 3; GAP43: growth-associated protein 43.

4.6.2. GFAP Staining

To determine the extent of the glial scar, immunohistochemical analysis of a CY3-conjugated
primary antibody against GFAP (Sigma, St. Louis, MO, USA) was used. Samples from five animals
from each group were obtained. Each sample of the spinal cord was cut at 1 mm intervals. A total
number of 15 cross sections, including the center of the lesion, was observed with an Axioskop 2 plus
microscope (Zeiss, Oberkochen, Germany). The acquired images were analyzed using ImageJ software
(NIH, Bethesda, MD, USA). The GFAP positive area around the central cavity (Figure 4(B1)) together
with the number of protoplasmic astrocytes (Figure 4(B2,B3)) was measured on each section.

4.6.3. GAP43 Staining

The newly sprouted axons were visualized immunohistochemically using a primary antibody
against GAP43 (Millipore, Billerica, MA, USA). Samples from five animals from each group were
obtained. Each sample of the spinal cord was cut at 1 mm intervals. A total number of 15 cross
sections, including the center of the lesion, were observed with an Axioskop 2 plus microscope
(Zeiss, Oberkochen, Germany). The acquired images were analyzed and the number of GAP43-positive
fibers per section was manually counted (Figure 4(C1,C2)).

4.7. qRT-PCR

To evaluate the up- or downregulation of expression rat target genes (Gfap, Mrc1, Irf5, Cd163,
Cd86, Casp3) the quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) was
used. Expression was evaluated at 4 and 9 weeks after hWJ-MSC administration (five animals from
each group). Studied RNA was isolated from the paraffin cross sections of injured spinal cord around
the center of the lesion using the High Pure RNA Paraffin Kit (Roche, Penzberg, Germany) following
the manufacturer’s recommendations. The amount of RNA was measured by a spectrophotometer
(NanoPhotometerTM P-Class, Munchen, Germany). cDNA was obtained from the isolated RNA by
a reverse transcription using the Transcriptor Universal cDNA Master (Roche), and a thermal cycler
(T100™ Thermal Cycler, Bio-Rad, Hercules, CA, USA). The qPCR chain reactions were performed
using cDNA solution, FastStart Universal Probe Master (Roche, Penzberg, Germany) and the following
TagMan® Gene Expression Assays (Life Technologies): Casp3/Rn00563902_m1, Gfap/Rn00566603_m1,
Cd86/Rn00571654_m1, Irf5/Rn01500522_m1, Mrc1/Rn01487342_m1, and Cd163/Rn01492519_m1.

The final solution of 25 ng extracted RNA diluted in 10 μL of solution was amplified on
a StepOnePlus™ real-time PCR cycler (StepOnePlus™, Life Technologies, Carlsbad, CA, USA).
The process of amplification was repeatedly performed under the same standard conditions: 120 s
at 50 ◦C, 300 s at 95 ◦C, followed by 40 cycles of 15 s at 95 ◦C and 60 s at 60 ◦C. Each array included
also a negative control (water). As a reference gene, Gapdh was used. The ΔΔCt method was used
for relative quantification of gene expression. All results were analyzed with StepOnePlus® software
(StepOnePlus™, Life Technologies, Carlsbad, CA, USA). Differences between the transplanted and
control (saline) groups were analyzed for statistical significance with ΔCt values level, using a one-way
ANOVA test with a post hoc pair-to-pair test. Differences were considered statistically significant if
p < 0.05. Data are expressed as the mean ± the standard error of mean. The values of saline-treated
animals were set as zero.
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4.8. Statistical Analyses

Presented graphs with obtained data are shown as the mean ± SEM. The statistical significance
between the groups treated by WJ-MSCs and the saline (control) group was assessed using either
one-way ANOVA, or two-way ANOVA in the case of a second factor (time). Differences between
the groups in behavioral tests and in areal measuring of the gray/white matter sparing and
GFAP positive area of glial scar were assessed by two-way repeated measurement (RM) ANOVA.
The Student–Newman–Keuls (SNK) post hoc pair-to-pair test was used to specify for which groups
and at which time points the changes were significant. Statistical evaluation of the expression of the
rat target genes was performed with one-way ANOVA test with a post hoc pair-to-pair test. In case of
non-parametric values Kruskal–Wallis one-way ANOVA on ranks test was used. (All in Sigmastat 3.1,
Sistat Software Inc., San Jose, CA, USA). Differences were considered statistically significant if p < 0.05.

5. Conclusions

Implantation of human MSCs derived from Wharton’s jelly improves functional outcome,
by modulating the inflammatory response, inducing axonal sprouting and remodeling the glial
scar. The effect is dose-dependent, with the best result achieved by repeated delivery.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/5/
1503/s1.
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Abstract: It was recently shown that the conditioned medium (CM) of mesenchymal stem cells can
enhance viability of neural and glial cell populations. In the present study, we have investigated a
cell-free approach via CM from rat bone marrow stromal cells (MScCM) applied intrathecally (IT)
for spinal cord injury (SCI) recovery in adult rats. Functional in vitro test on dorsal root ganglion
(DRG) primary cultures confirmed biological properties of collected MScCM for production of
neurosphere-like structures and axon outgrowth. Afterwards, rats underwent SCI and were treated
with IT delivery of MScCM or vehicle at postsurgical Days 1, 5, 9, and 13, and left to survive 10 weeks.
Rats that received MScCM showed significantly higher motor function recovery, increase in spared
spinal cord tissue, enhanced GAP-43 expression and attenuated inflammation in comparison with
vehicle-treated rats. Spared tissue around the lesion site was infiltrated with GAP-43-labeled axons at
four weeks that gradually decreased at 10 weeks. Finally, a cytokine array performed on spinal cord
extracts after MScCM treatment revealed decreased levels of IL-2, IL-6 and TNFα when compared to
vehicle group. In conclusion, our results suggest that molecular cocktail found in MScCM is favorable
for final neuroregeneration after SCI.

Keywords: spinal cord injury; inflammation; regeneration; stem cells-derived conditioned media

1. Introduction

Spinal cord injury (SCI) is one of the major traumas of the central nervous system (CNS) leading
to devastating neurological outcomes [1,2]. Unfortunately, there are few approved treatments available
for stabilizing this condition and none for effective treatment [3–5]. Both animal and human studies
provide evidence of multiple factors such as inflammation, reactive gliosis, axonal demyelination,
neuronal death and cysts formation being the driving forces behind the secondary injury processes
of SCI [6–8]. Furthermore, the regenerative capacity of the adult CNS tissue at the injury site is
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significantly limited particularly due to the accumulation of inhibitory molecules and loss of trophic
factors [9–11]. Therefore, the regeneration of injured nerve tissue is often a temporary process, which
can occur only at a short distance and during limited period, thus representing a challenge for the
development of new therapeutic strategies [12].

Indeed, in recent years, convincing immunomodulatory and neurotrophic properties have been
ascribed to mesenchymal stem cells (MSc) derived from the bone marrow showing partial beneficial
impact on locomotor function [13–16]. However, their true therapeutic properties rely on released
secretomes comprising a soluble fraction of proteins, growth factors, cytokines and a vesicular fraction
composed by microvesicles and exosomes [17]. Considering these facts, it seems that the secretomes
of the MSCs appear to be of greater benefit on tissue regeneration and repair than the stem cells
themselves [18]. Recently, essential attention has been paid to MSc-derived exosomes that are involved
in the transmission of proteins and genetic material (e.g., mi RNA) to neighboring cells [19]. Using
mass spectrometry, we have analyzed under in vitro conditions bioactive substances produced by rat
MSc. The results confirmed that rat MScCM contains growth and migratory factors for neurons, factors
for osteogenic differentiation and immunomodulatory factors [14]. Functional tests using chemotactic
analysis in vitro confirmed that MScCM reduces migration activity in LPS-activated BV2 cells and
primary microglia and stimulated nerve outgrowth in DRGs explants [14].

Furthermore, we have confirmed therapeutic efficacy of intrathecal administration of
PKH67-labelled MSc by improving motor function of the hind paws after SCI [20]. Histological,
morphometric and stereological analyses confirmed that transplanted MSc survived, migrated and
were incorporated into the lesion site, where we have seen an increased number of growing nerve
fibers [20]. Our results indicate that intrathecal administration of stem cells is a non-invasive method for
local delivery of optimal dose leading to overall recovery improvement. Similarly, our previous work
with systemic administration of MSc showed a therapeutic effect [21]. Furthermore, a cell-based
strategy combined with bio-materials may be prospective in terms of proposing more effective
approaches [22,23]. Indeed, transplanted MSc alone or seeded into smart scaffolds may fulfill the role
of “pharmacies” which are providing paracrine factors mediating therapeutic benefits on demand of
the host tissue [24].

As opposed to cell therapies, the local delivery of secretomes gets to the forefront of interest
for possible treatment of CNS injuries. These secretomes must supply the injury site with bioactive
molecules for a sufficient time to achieve optimized clinical outcomes. Therefore, frequent delivery
during longer periods from about two weeks should be considered.

Supporting this concept, here we determine whether localized, intrathecal delivery of the
MScCM affects tissue sparing, axonal regrowth, immune response and functional outcome after
SCI. The designed CM treatment represents a promising alternative to traditional stem cell therapy for
the treatment of acute spinal cord injury.

2. Results

2.1. Functionality of CM

2.1.1. High-Density Plating Neurosphere-Like Structures Formation

Primary cultures of DRGs (PCDRGs) plated at a high density (800–1000 cells/mm2) continuously
multiplied and formed neurosphere-like structures during one week. Immunohistochemistry using
TUJ1 confirmed that these spheres were interconnected via extended neurites and formed almost
confluent neuronal networks (Figure 1A,B,E). This pattern was observed when PCDRGs were cultured
in medium supplemented with nerve growth factor (NGF), and MScCM (Figure 1A,B,D,E), but not
when they were cultured in the basic medium (lacking trophic molecules) (Figure 1C). Quantification
of neurosphere-like structures did not show differences between PCDRGs cultures with NGF and
MScCM supplementation (Figure 1F).
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Figure 1. Formation of neurosphere-like structures (shown in white circles) from TUJ1 positive PCDRGs
plated in high-density, supplemented: with NGF (A,D); with MScCM (B,E); and without NGF (C).
Quantification of neurosphere-like structures (F). *** p < 0.001 indicate significant differences between
groups. Scale bars: (A–C) = 400 μm; and (D,E) = 100 μm.

2.1.2. Low-Density Plating

For quantification of delicate neurite outgrowth, we have used low-density plating (30–50 cells/mm2).
Under this condition, the surface area outside the cell body that was covered with delicate neurites
was determined (Figure 2D). This showed that enhanced TUJ1 positive neurite outgrowth from cell
body was stimulated with NGF+ or MScCM supplemented culture media (Figure 2A,B). Conversely,
almost no outgrowth from sensory neurons occurred after incubation without NGF (Figure 2C).
The mean percent of neurite outgrowth for each group was: 100% ± 9.1 = NGF+; 7.07% ± 2.28 = NGF−;
124.97% ± 9.2 = MScCM; *** p < 0.001.

Figure 2. Neurite outgrowth of low-density plated PCDRGs, TUJ1 positive supplemented with:
NGF (A); and MScCM (B). Quantification of neurite outgrowth. *** p < 0.001 indicates significant
differences between groups (C). The image indicates TUJ1 stained cell with neurites after selecting the
area to be analyzed and thresholding the number of pixels covered by the extending neuritis (Image J) (D).
*** p < 0.001. Scale bars: (A,B,D) 50 μm.
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2.2. Locomotor Function Recovery

During the initial days post-injury, contusion caused hindlimb paralysis with slight movement
in one or two joints in all experimental groups. On following days, the animals in the SCI + CM
treatment groups showed a gradual recovery of hindlimb locomotion up to ten weeks after SCI;
greater than the recovery in the SCI + V groups, where limited recovery of motor function was
noted. The significant locomotor improvement between injured groups without treatment (SCI + V)
and treated group (SCI + CM) was detected at two weeks, three weeks, four weeks (** p < 0.01),
six weeks (* p < 0.05), 8–10 weeks (** p < 0.01) post-injury with the following BBB scores: 9.2 ± 1.3/two
weeks, 11.8 ± 1.5/three weeks, 13.3 ± 1.4/four weeks, 13.9 ± 1.1/five weeks, 14.9 ± 1.4/six weeks,
15.7 ± 1.8/seven weeks, 17.2 ± 1.5/eight weeks, 17.8 ± 1.1/nine weeks, 18.1 ± 1.4/ten weeks
(SCI + MScCM); and 4.9 ± 1.4/two weeks, 6.2 ± 1.9/three weeks, 8.8 ± 1.4/four weeks, 11.2 ± 1.2/five
weeks, 10.7 ± 1.4/six weeks, 11.7 ± 1.9/seven weeks, 13.1 ± 1.3/eight weeks, 13.3 ± 1.6/nine weeks,
13.1 ± 1.2/ten weeks (SCI + V) (Figure 3).

Figure 3. Functional recovery of hindlimb motor function following spinal cord injury (SCI) treated
with MScCM (SCI + CM, n = 6) and vehicle (SCI + V, n = 4). * p < 0.05, ** p < 0.01 indicate significant
differences between groups during ten weeks, respectively.

2.3. Spared Spinal Cord Tissue

Histological assessment of spared tissue (gray and white matter together) was done with
luxol fast blue/cresyl violet staining on coronal spinal cord sections taken from rats processed to
SCI + V and SCI + CM treatment (Figure 4B,C). Staining showed an elevated amount of spared
tissue in SCI + CM group (Figure 4C) compared to SCI + V (Figure 4B) at ten weeks post-surgery
(Figure 4D). Quantitative stereological analyses of tissue fenestration in 1.8 cm (0.9+/−) segment
revealed significant differences among samples studied in most +cranial 9,8,7,6,5,4,3 mm (*** p < 0.01)
and −caudal sections 5,6,7,8,9 mm (* p < 0.05); CM treated group: +cranial 9,8,7,6,5 mm = 2.6, 2.5, 2.5,
2.3, 2.0/±0.1–3 mm; −caudal 5,6,7,8,9 mm = 1.9, 1.9, 2.1, 2.4, 2.4, 2.1/±0.2–5 mm. Compared to the
vehicle treated group; +cranial 9,8,7,6,5 mm = 1.5, 1.3, 1.1, 0.8, 0.7/±0.2–0.5 mm; −caudal 5,6,7,8,9 mm
= 0.8, 1.1, 1.3, 1.5, 1.5/±0.2–5 mm) (*** p < 0.01, * p < 0.05) (Figure 4).
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Figure 4. Representative cross section of spinal cord, Th8 stained with luxol fast blue of: control (A); SCI
treated with vehicle (SCI + V) (B); and treated with MScCM (SCI + CM) (C). Quantitative stereological
analyses of tissue fenestration in 1.8 cm (0.9+/−) segment (D). Note, there are significant differences of
spared tissue (gray and white matter) between SCI + V (blue line) and SCI + CM (red line) treatment in
most cranial and caudal sections (*** p < 0.001, * p < 0.05). Scale bars (A–C) = 500 μm.

2.4. Neurite Sprouting

CM-mediated treatment promoted growth of GAP-43-labeled axon fibers that were infiltrating
the lesion site and adjacent segments (Figure 5B,E,F). The immunohistochemistry analysis revealed the
presence of GAP-43-positive axons located in the lesion (Figure 5B), the rostral (Figure 5E), as well
as in the caudal segments (Figure 5F). Furthermore, the increased density of axon fibers forming a
multiplicity sprouting and enhanced regrowth through the cavity showed significant differences at
four weeks (57.2 ± 11.2% axons) and ten weeks (12.9 ± 5.7% axons) when compared with the vehicle
group (SCI + V) at four weeks (2.2 ± 0.7% axons) (Figure 5C). The majority of GAP-43-labeled axons
were seen in gray matter of MScCM treated group at four weeks (Figure 5B,E,F), and significantly
decreased at ten weeks (Figure 5C,D). Immunocytochemical analysis of SCI + V sections revealed no
or very low expression of GAP-43 fibers (Figure 5A); ** p < 0.01.
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Figure 5. Immunohistochemistry revealing the presence of GAP-43-positive axons located in: lesion
(B, arrows indicate highest positivity), the rostral (E), and caudal segments (F) in SCI + CM after four
weeks. Note the significant decrease of GAP-43 fibers at ten weeks (D, arrows indicate occasional
positive axons), and no expression in SCI + V group (A). Quantification of GAP-43-positive axons
between groups (C) ** p < 0.01. Scale bars: (A,B,D) 400 μm; and (E,F) 150 μm.

2.5. Cytokines Profile

Cytokine arrays confirmed the time-dependent synthesis of chemokines and cytokines after SCI.
Compared with control, CINC-2a/b, IL2, IL6, MIP-1α, Rantes, CXCL3, TNFα, TIMP-1 and VEGF
were significantly overexpressed 15 days after SCI (Figure 6A). At the same interval, treatment with
CM significantly decreased IL6 and TNFα, while CNTF and VEGF continue to increase (Figure 6A).
Cytokine and chemokine profile between SCI + V and SCI + CM has gradually evened out at ten weeks,
although the levels were still higher compared to the control (Figure 6B). Taken together, these data
showed that the cytokine pattern changes in time course between SCI + V and SCI + CM treatment
and CM may temporarily decrease inflammatory response.

Figure 6. Cont.
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Figure 6. Chemokines and cytokines array after SCI in conditioned media from following groups:
Control, SCI + V, SCI + CM. Comparison of cytokines and chemokines secretion at: 15 days (A);
and 30 days (B) in studied groups. Bar diagrams represent the ratio of the spot mean pixel
densities/reference point pixel densities. Statistical significance indicated by * p < 0.05, ** p < 0.01.

3. Discussion

We have previously reported that IT delivered MSc migrated and incorporated into the central
lesion leading to higher motor function recovery [20]. Thus, in the context of these findings, the main
objective of the present study was to test whether conditioned medium derived from MSc may have
similar beneficial properties for the recovery of the damaged spinal cord as cell-based treatments.
First, we confirmed the functionality of MScCM biological activity in vitro on neonatal DRGs primary
cultures. Supplementation of primary sensory neurons with CM stimulated formation of neurospheres
and neurite outgrowth similarly as was seen after administration of NGF. These in vitro results confirm
the functionality of neurotrophic and mitotic molecules released from MSc that were identified by
MS/MS in our previous study [14].

Based on these results, we developed a regimen for IT CM delivery. We had to consider the
optimal dose and therapeutic window to ensure a continuous supply of trophic molecules to the site of
injury. Since we were delivering stem cell products that have limited biological activity, we needed to
continually supply the injury site with sufficient amount of trophic molecules. Therefore, we decided
to administer CM at 4-day intervals from 1 day to 13 days after injury. Four-day interval was selected
due to our previous in vitro data, which showed that the supplementation of neural progenitors
with trophic factors (EGF, FGF) every 3–4 days is sufficient to maintain their biological activity and
to stimulate their neurogenic behavior (growth and proliferation of neurospheres). Furthermore,
the pro–regenerative and inflammatory processes are initiated within the first week after SCI, which
outline this period as a potential therapeutic window for treatment intervention [25,26].

In context with this strategy, our behavioral tests confirmed a progressive improvement of the
motor function in the SCI + CM treated group compared to the untreated one (SCI + V). We noticed
the most significant changes during the first 2–3 weeks and then from 8–10 weeks, although in the
vehicle group there was small number of animals that survived up to 10 weeks. Therefore, for future
studies we need to work with larger groups in order to support behavioral data. This beneficial
outcome correlates with the spared white and gray matter, which was approximately 30% higher
in the SCI + CM group. Furthermore, conditioned medium-induced sparing of spinal cord tissue
should logically correlate with enhanced regenerative processes. For this reason, we have studied the
expression of GAP-43-positive axons, which correspond to newly outgrowing axons with the capacity
of re-building the neural connections after CNS damage. The regeneration in adult tissue can be
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initiated only for a few days when GAP-43-positive fibers are able to grow over short distances [27,28].
However, stimulation of GAP-43-positive axons by exogenous delivery of stem cells or by limiting the
inhibitory environment can significantly increase the amount of GAP-43-positive fibers over a longer
period [21,28]. This fact may significantly prolong the regeneration process with overcoming the nerve
fibers over the formation of a non-functional glial scar leading to improved outcome [10,29].

Another important factor influencing regeneration that needs to be considered is the severe
inflammatory response after SCI. In the CM treated group, we have experienced a significant decrease
in IL6 and TNFα and an increase in the trophic factors of CNTF and VEGF, which were gradually
reduced with time to the levels observed in the untreated group. This points to the fact that MScCM
is capable of temporarily modulating limited immune response as we previously demonstrated
on microglia cells [25]. This is due to MSc secreted factors. In fact, MScCM is known to contain
anti-inflammatory factors (TGFβ (1,2,3), osteopontin) which impacts activated microglia [30] and
infiltrated macrophages. However, to achieve stronger immunomodulation we need inter-cellular
response, rather than their products. This was confirmed in another study showing that IT delivery
of MSc reduced inflammation via suppression of a broader scope of cytokines (TNFα, IL-4, IL-1β,
IL-2, IL-6 and IL-12) and increased the levels of MIP-1α and RANTES [15]. Furthermore, in a recent
study, the authors showed that MSc-derived exosomes specifically target M2-type macrophages at the
site of SCI [31]. This supports the idea that extracellular vesicles, released by MSc, may mediate the
therapeutic effects towards immune response modulation [32].

Indeed, these results positioned the MScCM treatment on the level of cell based therapy, where
similar beneficial outcomes were observed [15,20]. The next step of this project will be isolation of the
microvesicles (exosomes) from the MScCM as novel therapeutic agents as we recently demonstrated
for microglia cells [33].

4. Materials and Methods

4.1. MSc Culture and Conditioned Media (MScCM) Collection

MScs were isolated from the bone marrow of four 10-week old male Wistar rats (300 g), collected
from the long bones (femur and tibia) [14,20]. The bone marrow was dissected into small pieces, gently
homogenized, and filtered (70 μm) to remove bone fragments and centrifuged. The cell pellet was
re-suspended in 1 mL of alpha-Minimum essential media (MEM), the pooled cells were counted, and
their viability was assessed using the trypan blue dye exclusion method. MScs were subsequently
resuspended in culture medium composed of alpha-MEM supplemented with 10% of fetal calf serum
(FCS; GIBCO Laboratories, Grand Island, NY, USA) and antibiotics (10,000 units/mL penicillin,
10,000 mg/mL streptomycin, and 25 mg/mL amphotericin B; Invitrogen, Carlsbad, CA, USA), and
plated at a density of 30,000 cells/cm2 in uncoated tissue culture flasks, as these cells readily adhere to
the plastic. The cells were incubated in a humidified atmosphere with 5% CO2 at 37 ◦C. Non-adherent
cells were removed after 3–4 days by medium change and the remaining cells were fed twice per week.
When the cultures reached 80% of confluence, the MScs were passaged with 0.25% trypsin/0.53 mM
Ethylene diamine tetraacetic acid (EDTA; GIBCO Laboratories, Paisley, UK), centrifuged, and re-plated
at a density of 5000 cells/cm2. The MScs were propagated for three passages and then characterized as
previously described [14].

Cells at passage 3 cultured in Dulbecco’s modification of Eagle’s medium (DMEM, Sigma Aldrich,
Saint Louis, MO, USA) with low glucose and without fetal bovine serum were incubated in a
humidified atmosphere with 5% CO2 at 37 ◦C for 24 h and used for MScCM collection, using a
similar protocol as in the previous study [14].

4.2. Primary Cultures of Dorsal Root Ganglion Neurons (PCDRGs)

Dorsal root ganglia (DRGs) located in cervical to sacral spinal levels were dissected from newborn
(postnatal day 1 (P1), n = 50) Wistar rats following decapitation. Under sterile conditions and using a
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stereomicroscope the DRGs were cut into smaller pieces and incubated at 37 ◦C in 3 mL collagenase
dissolved in a dissociation solution consisting of HBSS supplemented with collagenase (concentration
of 500 UI/mL; collagenase from Clostridium histolyticum C5138, Sigma Aldrich, Saint Louis, MO,
USA), hyaluronidase (concentration of 150 UI/mL; hyaluronidase Type IV, Sigma Aldrich-Chemie
GmbH, Buchs, Switzerland). The digestion process was stopped by adding an equal volume of HBSS,
and the suspension was filtered through a stainless mesh sieve (pore size 100 μm), centrifuged for
5 min (1000× g) and the supernatant was discarded. Cells were divided into 3 groups: (1) NGF+
group, grown in DMEM F12 medium with 1% fetal bovine serum and nerve growth factor (2.5S
NGF; 50 ng/mL); (2) NGF− group, grown in DMEM F12 medium with 1% fetal bovine serum; and
(3) MScCM group, grown in MScCM in DMEM F12 medium and 1% fetal bovine serum (ratio 3:1).
All three groups were supplemented with 1% penicillin and streptomycin and allowed to adhere
overnight onto poly-DL-ornithine (500 μg/mL) and laminin (10 ng/mL) coated glass coverslips in
12-well tissue culture plates (Costar, Corning, New York, NY, USA) at 37 ◦C for 7days in vitro (7DIV).
For all PCDRGs, we have used standard IHC procedures to visualize neurite outgrowth. PCDRGs
were incubated in mouse anti-Neuron-specific class III beta-tubulin (TUJ1) (1:200; Merck, Darmstadt,
Germany; Molecular Probes, Eugene, OR, USA) for 24 h at 4 ◦C. Afterwards, they were washed in 0.1 M
PBS and incubated for 2 h with goat anti-mouse IgG (AlexaFlour 488, Molecular Probes, Eugene, OR,
USA). For nuclear staining, we used 4-6-diaminidino-2-phenylindol (DAPI, 1:200) and finally the slides
were coverslipped with Vectashield mounting medium (Vector Laboratories, Inc., Burlingame, CA,
USA). Digitized images of PCDRGs/per treatment (n = 6) were captured and saved with NIS-Elements
Imaging Software (Nikon, Prague, Czech Republic). Neurite outgrowth was analyzed at identical
sampling fields, for each CM experiment by ImageJ software according to the above-mentioned method
applied for primary antibodies quantification, according to our previous study [14].

4.3. Intrathecal Implant Procedure

Intrathecal (IT) catheter implantation was performed according to our previously published
procedure [20]. The rats were anesthetized with 1.5–2% halothane, and following a loss of
responsiveness, the head was fixed in a stereotaxic head holder. The atlanto-occipital membrane
was blotted dry to visualize the entire area and a 3 to 4 mm incision was made through the dural
midline using a 30-gauge needle. The PE-5 end of the IT catheter was inserted into the IT space and
advancing the tip of the catheter along the spinal cord for a distance up to 3.5 cm. The opposite PE-10
catheter end was externalized on the forehead and the end was plugged with 4–5 mm of stainless steel
28-gauge wire. The overlying muscles and skin were sutured using a silk suture to fix the catheter
in place. All implanted IT catheters were flushed with 15.0 μL of sterile saline for 10 min to test their
transition, and in the case of an obstruction, the catheter was repositioned or exchanged. After recovery,
each rat was evaluated for additional limb dysfunction, spinal asymmetry, pain or adverse surgical
effects, and sacrificed immediately if any of these were observed.

4.4. Spinal Cord Trauma

All experimental procedures were approved by the institutional ethical committee for animal research,
and were in accordance with the Slovak Law for Animal protection (No. 39/2007, 12 December 2006).
SCI was induced using the modified balloon compression technique in adult male Wistar rats (n = 24)
weighing between 300 and 320 g, according to our previous study [21]. The SCI was induced by
balloon-technique in adult male rats. Surgery was performed under anesthesia with 1.5–2% halothane
in air delivered through a face mask. Using a dental drill, a small hole was made at Th8–9 level and a
3-French Fogarty catheter was inserted epidurally and the balloon was inflated with 12.5 μL of saline
for 5 min. SCI was also associated with damage of the autonomic nervous system, which includes
regulatory functions of urinary bladder. For this reason, manual bladder expression was required
(twice a day) until bladder reflex was restored. No antibiotic treatment was used.
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4.5. IT Delivery of MSCs Conditioned Medium (MScCM)

All SCI rats were randomly divided into the following groups: (1) MSc conditioned medium
(CM) group receiving four daily injections of 30 μL MScCM (SCI + CM) at 1, 5, 9 and 13 days; or (2) a
vehicle group (SCI + V) receiving 30 μL of DMEM per rat at the same intervals. A maximum dose of
30 μL CM was flushed with 5 μL of saline over 30 min through a calibrated PE10 catheter (calibrated
by 5-μL increments up to 35 μL), which was connected to a 500-μL Hamilton syringe attached to
a mechanical mini-pump. This procedure was performed in each rat of the SCI + CM and vehicle
groups. Implantation of the IT catheter was performed on the same day as IT delivery, at 1 day after
SCI. Animals were intracardially perfused at 15 days and four weeks (n = 8/IT delivery CM, n = 6/IT
delivery vehicle) and at ten weeks after SCI (n = 6/IT delivery CM, n = 4/IT delivery vehicle).

4.6. Behavioral Testing of Motor Function (BBB Scoring)

Animals were evaluated before surgery and once a week after surgery for 10 weeks. Each rat
was tested for 5 min by two blinded examiners. The motor performance was assessed using the
Basso–Beattie–Bresnahan (BBB) 21-point open field locomotor scale [16]. BBB scores, which categorize
combinations of rat hindlimb movements, trunk position and stability, stepping, coordination, paw
placement, toe clearance and tail position, were analyzed. In this evaluation, 0 represents no locomotion
and 21 represents normal motor function.

4.7. Cytokines Profile

Cytokines profile of CM derived from control, SCI + V, SCI + CM after 15 days and 30 days for the
segment R1 was performed by using a Rat Cytokine Array Panel A according to the manufacturer’s
instructions (R&D Systems, Inc., Abingdon, UK). Conditioned media from rostral segments from
spinal cord tissue (all experimental groups and control) were obtained according to our previous study
and afterwards processed for Cytokine profile detection [25]. We have used a similar procedure as
in our previous study [26]. Briefly, the array membranes were first incubated in the blocking buffer
for 1 h. Afterwards 200 μL of CM were mixed with the detection antibody mixture and incubated
for 1 h at room temperature. After removing the blocking buffer, the sample/antibody mixture was
added to array membranes and incubated overnight at 4 ◦C. Next day, the membranes were washed
with the buffer and then incubated with Streptavidin-HRP solution for 30 min at room temperature.
The membranes were finally washed with buffer 4 times and the bound antibodies were detected
by chemoluminescence using a chemireagent mix. The membranes were quantified by densitometry
using ImageJ software. Background staining and spot size were analyzed as recommended by the
manufacturer. Normalization was done with control expression.

4.8. Morphometric Analysis

To analyze the amount of spared spinal cord tissue, we have performed modified luxol fast
blue histological staining according to our procedure [22]. A 1.8 cm-long segment of the spinal cord
was dissected between 0.9 cm cranial and 0.9 cm caudal to the injury epicenter. Spinal cords were
transversally cut at 1-mm intervals along the cranio-caudal axis from the lesion center and stained
with cresyl violet and luxol-fast blue. Five sections were selected at 1-mm intervals and whole images
of the spinal cord were taken with Leica plus microscope digital camera (Microsystems, Mannheim,
Germany). We calculated the ratio between the measured injured area and the entire area of the spinal
cord slice (white + gray matter) on serial transversal sections (+9 mm; 0; −9 mm) by Image J software
(Wayne Rasband, National Institutes of Health, Bethesda, MD, USA). Mean number of spared tissue of
evaluated groups was expressed in mm2.
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4.9. Immunohistochemistry and Quantification Analysis

Experimental and control rats were deeply anesthetized with a ketamine-xylazine cocktail
(15 mg/kg of xylazine and 150 mg/kg of ketamine), and transcardially perfused with 0.1 M PBS,
followed by 2% paraformaldehyde in PBS. The spinal cord and externalized IT catheter was removed,
post-fixed in the same fixative solution overnight at 4 ◦C, and embedded in the gelatin albumin
substrate in 2% paraformaldehyde in PBS. Frozen spinal cord sections were cut from a 1.5-cm-long
spinal cord segment positioned on the injury epicenter, embedded in embedding medium, dissected
into three 0.5-cm-thick blocks (rostral, epicenter, and caudal), and stored at −20 ◦C. Sections 10-μm
thick were then serially cut from the epicenter and mounted directly onto slides. From the rostral and
caudal regions, 40-μm-thick cryostat (Leica) sections were cut and collected in 24-well plates with 0.1-M
PBS containing 0.1% sodium azide. Sections were taken at 200 μm intervals and 20 sections per block
were obtained. Ten sections per block were stained with hematoxylin and eosin (H&E) to assess tissue
morphology and determine the injury epicenter. For immunohistochemistry, free-floating sections
(40 μm) were immersed in PBS (0.1 M; pH 7.4) containing 10% normal goat serum (NGS), 0.2% Triton
X-100 for 2 h at room temperature to block non-specific protein activity. This was followed by
overnight incubation at 4 ◦C with primary antibodies: mouse anti-GAP-43 (1:1000, Sigma, Saint Louis,
MO, USA) for 24 h. Afterwards sections were washed in 0.1 M PBS and incubated with secondary
fluorescent antibodies goat anti-mouse conjugated fluorescein isothiocyanate (FITC) (Alexa Flour
488) at room temperature for 2 h. For general nuclear staining, DAPI (1:200) was added to the final
secondary antibody solutions. Finally, sections were mounted and coverslipped with Vectashield
mounting medium.

4.10. Quantification Analysis

Immunochemically stained sections were analyzed using Olympus BX-50 fluorescent microscope
at 10× and 20× magnifications, captured with digital camera HP Olympus and analyzed by Image J
software according to the previous protocol [20,28]. Quantification of GAP-43 positivity was performed
on five sagittal sections from rostral and caudal segments of each spinal cord treatment and from
sham tissue. Captured digital images were transformed into monochrome 8-bit images and the
mean grey level number of black and white pixels within the tissue was determined (value 0–255,
when 0 = black pixels, 255 = white pixels). The result yields the mean ratio of black and white pixels
expressed by the histogram. The expression of the immunofluorescence (GAP-43) within five sampling
fields (perimeter of circle 300 μm) randomly placed above and below the lesion site was evaluated,
and a background image of a control section of each image was digitally subtracted. Mean values
were calculated as a percentage of GAP-43 axons among SCI + V, SCI + CM four weeks and SCI + CM
ten weeks groups and were statistically compared using one-way ANOVA followed by Tukey‘s post
hoc test.

4.11. Data and Statistical Analysis

Obtained data from tissue analyses and behavioral testing were reported as mean± SEM. Mean values
among different experimental groups were statistically compared by one-way ANOVA and Tukey’s
post hoc tests using GraphPad PRISM software. Significant values were denoted with * for p < 0.05,
** for p < 0.01, and *** for p < 0.001.

5. Conclusions

Our results confirm the pro-regenerative effects of MScCM on tissue sparing, axonal growth,
immunomodulation and final functional outcome. These results suggest that multiple IT delivery of
stem cell products may improve behavioral function when the dose and timing are optimized. Taken
together, the molecular cocktail found in MScCM is favorable for final neuroregeneration in vivo.

97



Int. J. Mol. Sci. 2018, 19, 870

Acknowledgments: This research was supported by: APVV 15-0613 (Dasa Cizkova), ERANET-AxonRepair
(Dasa Cizkova), Stefanik SK-FR-2015-0018 (Dasa Cizkova, Michel Salzet), grants from Ministère de L’Education
Nationale, L’Enseignement Supérieur et de la Recherche, INSERM, SIRIC ONCOLille Grant INCD a-DGOS-Inserm
6041aa (Isabelle Fournier). The study was performed with approval and in accordance to the guidelines of the
Institutional Animal Care and Use Committee of the Slovak Academy of Sciences and with the European
Communities Council Directive (2010/63/EU) regarding the use of animals in Research, Slovak Law for Animal
Protection No. 377/2012, 436/2012, and protocol approval 739/17-221).

Author Contributions: Dasa Cizkova conceived and designed the experiments; Dasa Cizkova and Michel Salzet,
wrote the paper; Veronika Cubinkova, Tomas Smolek, Adriana-Natalia Murgoci, Milan Cizek and Filip Humenik
performed in vivo experiments; Isabelle Fournier, Jan Danko, Katarina Vdoviakova, and Jusal Quanico performed
in vitro experiments; and Isabelle Fournier, Jan Danko and Jusal Quanico analyzed the data.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kou, Z.; Sun, D. New era of treatment and evaluation of traumatic brain injury and spinal cord injury.
Neural Regen. Res. 2016, 11, 6. [CrossRef] [PubMed]

2. Gerin, C.G.; Madueke, I.C.; Perkins, P.; Hill, S.; Smith, K.; Haley, B.; Allen, S.A.; Garcia, R.P.; Paunesku, T.;
Woloschak, G. Combination strategies for repair, plasticity, and regeneration using regulation of gene
expression during the chronic phase after spinal cord injury. Synapse 2011, 65, 1255–1281. [CrossRef]
[PubMed]

3. Pego, A.P.; Kubinova, S.; Cizkova, D.; Vanicky, I.; Mar, F.M.; Sousa, M.M.; Sykova, R. Regenerative medicine
for the treatment of spinal cord injury: More than just promises? J. Cell. Mol. Med. 2012, 16, 2564–2582.
[CrossRef] [PubMed]

4. Siddiqui, A.M.; Khazaei, M.; Fehlings, M.G. Translating mechanisms of neuroprotection, regeneration, and
repair to treatment of spinal cord injury. Prog. Brain Res. 2015, 218, 15–54. [CrossRef] [PubMed]

5. Nagoshi, N.; Nakashima, H.; Fehlings, M.G. Riluzole as a neuroprotective drug for spinal cord injury: From
bench to bedside. Molecules 2015, 20, 7775–7789. [CrossRef] [PubMed]

6. Kakulas, B.A. Neuropathology: The foundation for new treatments in spinal cord injury. Spinal Cord 2004,
42, 549–563. [CrossRef] [PubMed]

7. Dietrich, W.D.; Atkins, C.M.; Bramlett, H.M. Protection in animal models of brain and spinal cord injury
with mild to moderate hypothermia. J. Neurotrauma 2009, 26, 301–312. [CrossRef] [PubMed]

8. Nagoshi, N.; Fehlings, M.G. Investigational drugs for the treatment of spinal cord injury: Review of
preclinical studies and evaluation of clinical trials from Phase I to II. Expert Opin. Investig. Drugs 2015, 24,
645–658. [CrossRef] [PubMed]

9. Fawcett, J.W. Overcoming inhibition in the damaged spinal cord. J. Neurotrauma 2006, 23, 371–383. [CrossRef]
[PubMed]

10. Fawcett, J.W.; Asher, R.A. The glial scar and central nervous system repair. Brain Res. Bull. 1999, 49, 377–391.
[CrossRef]

11. Garcia-Alias, G.; Barkhuysen, S.; Buckle, M.; Fawcett, J.W. Chondroitinase ABC treatment opens a window
of opportunity for task-specific rehabilitation. Nat. Neurosci. 2009, 12, 1145–1151. [CrossRef] [PubMed]

12. Galtrey, C.M.; Asher, R.A.; Nothias, F.; Fawcett, J.W. Promoting plasticity in the spinal cord with
chondroitinase improves functional recovery after peripheral nerve repair. Brain 2007, 130 Pt 4, 926–939.
[CrossRef]

13. Jendelova, P.; Kubinova, S.; Sandvig, I.; Erceg, S.; Sandvig, A.; Sykova, E. Current developments in cell- and
biomaterial-based approaches for stroke repair. Expert Opin. Biol. Ther. 2016, 16, 43–56. [CrossRef] [PubMed]

14. Cizkova, D.; Devaux, S.; Le Marrec-Croq, F.; Franck, J.; Slovinska, L.; Blasko, J.; Rosocha, R.; Spakova, T.;
Lefebvre, C.; Fournier, I.; et al. Modulation properties of factors released by bone marrow stromal cells on
activated microglia: An in vitro study. Sci. Rep. 2014, 4, 7514. [CrossRef] [PubMed]
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Abstract: Methacrylate hydrogels have been extensively used as bridging scaffolds in experimental
spinal cord injury (SCI) research. As synthetic materials, they can be modified, which leads to
improved bridging of the lesion. Fibronectin, a glycoprotein of the extracellular matrix produced
by reactive astrocytes after SCI, is known to promote cell adhesion. We implanted 3 methacrylate
hydrogels: a scaffold based on hydroxypropylmethacrylamid (HPMA), 2-hydroxyethylmethacrylate
(HEMA) and a HEMA hydrogel with an attached fibronectin (HEMA-Fn) in an experimental model of
acute SCI in rats. The animals underwent functional evaluation once a week and the spinal cords were
histologically assessed 3 months after hydrogel implantation. We found that both the HPMA and
the HEMA-Fn hydrogel scaffolds lead to partial sensory improvement compared to control animals
and animals treated with plain HEMA scaffold. The HPMA scaffold showed an increased connective
tissue infiltration compared to plain HEMA hydrogels. There was a tendency towards connective
tissue infiltration and higher blood vessel ingrowth in the HEMA-Fn scaffold. HPMA hydrogels
showed a significantly increased axonal ingrowth compared to HEMA-Fn and plain HEMA; while
there were some neurofilaments in the peripheral as well as the central region of the HEMA-Fn
scaffold, no neurofilaments were found in plain HEMA hydrogels. In conclusion, HPMA hydrogel
as well as the HEMA-Fn scaffold showed better bridging qualities compared to the plain HEMA
hydrogel, which resulted in very limited partial sensory improvement.

Keywords: spinal cord injury; hydrogel; connective tissue; neurofilaments; locomotor test; plantar test

1. Introduction

Functional deficits of spinal cord injury (SCI) are the result of subsequent temporal events: the
primary insult leads to ischemia, followed by neuronal cell death, axon damage, and demyelination.
Subsequently, glial activation, the release of inflammatory factors and cytokines, and the scar formation
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that prevents axons to regenerate leads to progression of the lesion. Post-traumatic syringomyelia
usually develops in the chronic phase after SCI as a result of hemorrhage and tissue necrosis. The cavity
is filled with tissue debris and later mostly with CSF and is surrounded by glial and mesenchymal
scarring forming a barrier for tissue regeneration. Therefore, different strategies have been developed
to treat SCI. One of the approaches relies on tissue engineering methods, particularly on bridging the
lesion cavities. The scaffold, suitable for implantation into lesion cavity must have the appropriate
chemical, physical, and mechanical properties required for cell survival and tissue formation. One of
the most suitable classes of compounds for these purposes is definitely represented by hydrogels [1–3].
They are three-dimensional (3D) hydrophilic polymers held together by covalent bonds or other
cohesive forces such as hydrogen or ionic bonds [3–5]. They can be either synthetic or natural in
origin, or a combination of both. Synthetic polymers can be tailored in terms of composition, rate of
degradation, and mechanical and chemical properties. [6]. This is much more difficult to achieve in
naturally derived polymers, which, in contrast, have features supporting adhesion and cell growth.

Therefore, the presence of bioadhesive and bioactive molecules on an artificial hydrogel matrix
is crucial for the successful preparation of neural biomimetic scaffolds. Synthetic materials are often
coated or modified with extracellular matrix (ECM) components, e.g., laminin and fibronectin, or
synthetic peptides [7–9], which can improve cell adhesion and survival by generating a permissive
microenvironment within the biomaterial [10,11]. Moreover, collagen, fibronectin, and laminin are
associated with wound healing and regeneration and, therefore, they can be explored for therapeutic
purposes. After SCI, fibronectin is deposited within the glial scar [12]. Yet fibronectin is also known
to play a role in cell differentiation, proliferation, or migration and has been used as an implant in a
spinal cord lesion in some studies [13]. Fibronectin is an important glycoprotein in the developing
CNS due to its involvement in cell migration [14] and it has important roles in tissue repair mainly
because of its cell adhesion properties. Fibronectin was used as matrix for NSC transplants in damaged
CNS and found to improve NSC survival [15]. Fibronectin can be also used in combination with other
materials. For instance, poly-β-hydroxybutyrate fibers coated with alginate hydrogel and fibronectin
were used for a Schwann cell transplant in the injured rat spinal cord [13]. This combination promoted
axon growth across the injury.

During the last 15 years we have implanted various biomaterials inside cavities in order to
provide a scaffold for the ingrowth of new tissue, especially axons and blood vessels [16–21]. In
general, we have shown that hydrogels are able to provide scaffolding for new tissue to grow inside
their pores. As with other studies, we have also shown that the quantity of tissue ingrowth is
influenced by various adjustments of tissue scaffold, such as in combination with adhesion molecules,
modifications in chemical and physical properties, or in combination with stem cells [22–25]. Such
modifications may lead to motor and sensory function improvement in experimental rats after SCI [25].
Despite some improvements, the overall results are unsatisfactory, impelling the development of new
scaffolds with better proregenerating qualities. In this study we implanted methacrylate hydrogel
based on poly(2-hydroxyethyl methacrylate) (HEMA) modified with attached fibronectin (HEMA-Fn)
and compared it with unmodified HEMA and poly[N-(2-hydroxypropyl) methacrylamide] (HPMA)
hydrogel scaffolds in terms of functional response and tissue infiltration. We utilized a spinal cord
hemisection, which provides an appropriate model for evaluating scaffolds with oriented pores as the
lesion is large enough for proper orientation of the scaffold within the cavity and at the same time the
functional deficit is mild enough so as to avoid excessive animal loss as opposed to other more severe
experimental lesions, such as spinal cord transection or balloon-induced compression lesion. In this
study we wanted to assess the long-term effect of fibronectin-enriched HEMA and compare it with
plain HEMA and HPMA hydrogels. Hydrogels with oriented pores were utilized as they provide an
excellent scaffold for the evaluation of newly growing axons and blood vessels within the biomaterial.
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2. Results

2.1. Hydrogel Scaffold

Three synthetic hydrogels, namely HEMA, HEMA-Fn, and HPMA, were obtained by free-radical
copolymerization producing identical inner morphology, exemplified in Figure 1A. Longitudinally
shaped pores were imprinted by needle-like ammonium oxalate crystals oriented in an axial direction
(Figure 1B). The pore size corresponded to the size of the starting crystals, which were 30–90 μm thick
and approximately 0.3–10 mm long. According to published literature [26], this long pore size can
be advantageous for the regeneration of peripheral axons, whereas their ingrowth and/or outgrowth
needs much smaller pores (20–70 μm) depending on the origin of biomaterial. The pore volume
calculated from an oxalate/monomer volume ratio, amounted to ~70%, which roughly corresponded
to Hg porosimetry data (68.4%) [22]. The elasticity modulus of the hydrogels was ~4 and 30 kPa
perpendicularly and along the pores, respectively [27].

 

Figure 1. SEM micrographs of HEMA hydrogel (A) and ammonium oxalate crystals (B).

2.2. Functional Tests

All 34 animals underwent functional evaluation. The animals were tested for motor function and
sensory function of the hindlimbs. The motor function was tested using the BBB score and sensory
function using the plantar test. Considering the BBB testing, the right hindlimb was the injured one
while the left hindlimb was considered the uninjured one. However, for the plantar test the left
hindlimb was considered the injured one due to crossing of the spino-thalamic tract and the right
hindlimb was considered uninjured.

2.3. BBB

All the animals in the study were pre-evaluated before surgery and then tested every week until
week 12 after hydrogel implantation. The BBB scores for both legs were compared between the control
group and the three groups of animals treated with hydrogels. During the 12 week period there were
no statistically significant differences in the BBB scores for the left and right hindlimbs among any of
the 4 groups (Figure 2).
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(A) 

(B) 

Figure 2. Comparison of motor function evaluation of the injured (A) and uninjured (B) side of
hindlimbs using the BBB score. There were no statistically significant differences among the four
groups (three treatment groups and one control group-hemisection only). Note the lower scores of
the injured hindlimb on the side of the hemisection. The data represent mean values and error bars
represent SEM.
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2.4. Plantar Test

The animals were pretreated twice before surgery and then evaluated once a week until week
12 after hydrogel implantation. The plantar test for the right leg (uninjured side, Figure 3A) was not
statistically significant for any of the time period. However, for the left side (injured one, Figure 3B), we
found a statistically significant difference between the HEMA-Fn and the hemisection group in week 5.
Furthermore, there was a statistically significant difference between the HPMA hydrogel-treated group
and the hemisection group and the HPMA-treated group and the HEMA-group in week 12.

(A) 

(B) 

Figure 3. Sensory function evaluation of the uninjured (A) and injured (B) side of hindlimbs using the
plantar test. There were statistically significant differences in the sensory response between rats treated
with 2-hydroxyethylmethacrylate (HEMA)-Fn and the control group on week 5 and then between the
HPMA and both the HEMA and the control group on week 12 (* p < 0.05). The data represent mean
values and error bars represent SEM.
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2.5. Microscopic Evaluation of the Hydrogel Bridge

All three hydrogel scaffolds bridged the hemisection lesion providing scaffold for tissue regrowth.
In some cases small residual cysts were present on the border between the hydrogel and the spinal
cord (Figure 4A). There were no signs of foreign body reactions observed in or around the hydrogels
3 months after implantation. In the control group, the lesion was represented by a large cavity
with no tissue inside (Figure 4B). There was a slight narrow rim of astrogliosis with small isles of
astrocytes entering the border zones of all three hydrogel scaffolds (Figure 4C). We did not observe
any difference despite the fact that plain HEMA resulted in upregulation of GFAP gene (see section
Gene Expression). No signs of foreign body-type giant-cell granulomatous reaction were observed
3 months after hydrogel implantation. We found no statistically significant difference in the markers of
immune response among any of the 3 scaffolds (see section Gene Expression).

2.6. Connective Tissue

All 3 types of hydrogels were filled with connective tissue, however there were obvious differences.
Only a little dispersed connective tissue was present in the pores of the plain HEMA hydrogels
(Figure 4D). Alternatively, in both the HPMA and the HEMA-Fn hydrogels, connective tissue elements
were more abundant with a rather dense infiltration of the pores (Figure 4E,F). The HPMA hydrogel
promoted connective tissue infiltration inside the scaffold, in both its peripheral as well as the central
part, compared to the plain HEMA scaffold (Figure 5, p < 0.05). The HEMA scaffold with attached
fibronectin showed tendency towards higher connective tissue infiltration in both the peripheral and
the central part of the hydrogel without reaching statistical significance (Figure 5, p < 0.05).

2.7. Axonal Regeneration

After 3 months, HPMA hydrogels were infiltrated with axonal sprouts in the peripheral areas
as well as in the central parts (Figure 6). The growth of axons was guided by the oriented pores,
mostly in the cranio-caudal and caudo-cranial direction. The plain HEMA scaffold did not show any
neurofilaments in its pores 3 months after implantation (Figure 4G), despite its upregulation of Gap43
(see section Gene Expression). In contrast, the HEMA-Fn hydrogels showed that some axons grew into
the peripheral parts of the scaffold and a minimal amount also reached the central parts of the scaffold
(Figure 4H). The amount of neurofilaments in the HPMA hydrogel was significantly higher compared
to both HEMA-based scaffolds (Figure 4I). There were many new axons in the peripheral part of the
HPMA scaffold which extended all the way to its central area (Figure 4J).

2.8. Growth of Blood Vessels in the Hydrogels

All three hydrogels showed an extensive ingrowth of blood vessels into the periphery as well as the
central part of the scaffolds—both the HEMA-based hydrogels as well as the HPMA (Figure 4K,L). Despite
not reaching statistical significance, the HEMA-based hydrogel modified with fibronectin supported the
highest number of blood vessels compared to the plain HEMA and the HPMA scaffolds (Figure 7). There
was also no difference in the VEGFA gene during molecular analysis (see section Gene Expression). As
with the axons, blood vessels also grew predominantly in an oriented fashion guided by the pores

2.9. Gene Expression

Expression of genes related to regeneration (Vegfa, Bdnf, Gap43), glial scaring (Gfap) and
infiltrating macrophage phenotype (Irf5, Cd86, Mrc1) was determined 3 months after hemisection
or implantation of methacrylate scaffolds. Significant upregulation of Gfap genes was detected after
treatment with HEMA when compared with controls. Implantation of HEMA resulted in a trend
of upregulation of M2 associated Mrc1 when compared to both HEMA-Fn and HPMA. No other
statistically significant difference in any markers within the tissue of spinal cords treated with the
methacrylate hydrogels or controls were observed (Figure 8).
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Figure 4. The mosaic presents various aspect of tissue ingrowth within the pores of the three methacrylate
hydrogels. (A) HEMA-Fn sufficiently bridged the hemisection cavity. In some cases there were minor
cavities on the border. The HEMA-Fn scaffold serves as a representative sample for all three methacrylate
hydrogels (HE staining, scale bar = 1 mm). (B) The lesion resulted in a large pseudocystic cavity in the
control group (HE staining, scale bar = 1 mm). (C) Subtle astrogliosis was present within the spinal cord
tissue neighboring the HPMA scaffold and a few islets of astrocytes also infiltrated its peripheral part
(white arrow, GFAP-Cy3 staining, scale bar = 100 μm). (D) Sparse connective tissue elements were found
in the plain HEMA scaffold; there was a more dense infiltration within the pores of the HEMA-Fn (E) and
the HPMA hydrogel (F) HE staining, scale bar = 100 μm. (G) No axonal sprouts were present in the HEMA
scaffold, however, some axons (white arrows) reached the border zone of the spinal cord (NF160-g594
staining, scale bar = 25 μm). (H) A small number of sprouts (white arrows) were present within the
HEMA-Fn scaffold (NF160-g594 staining, scale bar = 25 μm); significantly higher number of sprouts was
present (white arrows) within the central parts (I) as well as the periphery (J) of the HPMA hydrogels
(NF160-g594 staining, scale bar = 25 μm). (K) Blood vessels (white arrows) grew abundantly within the
pores of all three hydrogels especially the HEMA-Fn scaffold, as seen in this image (RECA-g488 staining,
scale bar = 50 μm). (L) A detailed view of the blood vessels within the HEMA-Fn scaffold (RECA-g488
staining, scale bar = 25 μm). Insert boxes depict the typical elements described in each image of the mosaic
(enlarged twice to the original size).
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Figure 5. Comparison of connective tissue ingrowth within the three hydrogels. The graph presents the
percentage of HE-positively stained tissue within the whole area of the peripheral (blue bars) and central
(red bars) regions of the hydrogel. The HPMA scaffold showed higher connective tissue ingrowth within
the periphery (* p < 0.05) as well as the central part (� p < 0.05) of the HEMA scaffold. Data shown as
mean, and the error bars represent SEM. For statistical analysis, a one-way ANOVA test was used.

Figure 6. Comparison of axonal ingrowth within the three hydrogels. The total length of axons was
assessed within the peripheral (blue bars) as well as the central (red bars) regions of the scaffold. The
graph shows that the HPMA scaffold promoted statistically significant infiltration of axons within the
pores of the scaffold compared to both HEMA hydrogels (* p < 0.05, � p < 0.05). The graph shows
that there were no axons within the HEMA scaffold, while the modification of fibronectin (HEMA-Fn)
showed at least some axonal infiltration with the periphery and some even grew as far as the central
parts of the scaffold. Data shown as mean and the error bars represent SEM. For statistical analysis,
a one-way ANOVA test was used.

107



Int. J. Mol. Sci. 2018, 19, 2481

Figure 7. Comparison of blood vessels in growth within the three hydrogels. The total length of blood
vessels was assessed within the peripheral (blue bars) as well as the central (red bars) regions of the
scaffold. There was no statistically significant difference between the three groups but the HEMA-Fn
scaffold showed a trend towards increased ingrowth of blood vessels within its pores, especially in
the peripheral areas. Data shown as mean and the error bars represent SEM. For statistical analysis,
a one-way ANOVA-test was used.

Figure 8. Gene expression in spinal cord tissue after treatment of hemisection with 3 different
methacrylate scaffolds. Treatment with HEMA resulted in significant upregulation of Gfap when
compared with controls (hemisection only, n = 3). We found no other statistically significant difference
in any markers within the tissue of spinal cords treated with the methacrylate hydrogels or controls.
Data shown as mean and SEM relative to hemisection (injured tissue), which was set as 0 (with * p < 0.05
(vs. hemisection)). For statistical analysis a one-way ANOVA test was used.
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3. Discussion

SCI, especially at its chronic stage, is characterized by glial scarring and pseudocystic cavities
associated with disruption of long spinal cord tracts. Experimental studies using a variety of
biomaterials, including hydrogels, have been conducted during the last 20 years [16]. In this study
we evaluated two methacrylate hydrogels based on HEMA and HPMA, which are considered to be
excellent synthetic biomaterials resembling living tissue, in terms of water content and mechanical
properties [28,29]. Their porous properties, introduced by polymerization of the respective monomers
in the presence of inorganic needle-like crystals, make them suitable for neural tissue or spinal
cord reconstruction as has been shown in many studies [16,20,30,31]. The advantage of synthetic
hydrogels consists not only of their biological inertness, but also in the variety of possible modifications,
allowing better tissue repair promoting properties [23,32,33]. Our study showed that none of the
methacrylate hydrogels caused a significant immune response, as demonstrated by no upregulation of
antigen-presenting cells at 3 months. There were increased signs of tissue repair in the plain HEMA
scaffold 3 months after SCI as demonstrated by an upregulation of an Mrc1 gene.

In this study, one of the HEMA scaffolds was modified with attached fibronectin. Our previous
study showed better bridging qualities of the HPMA scaffold when compared to HEMA. Based on
our positive results with surface modification of scaffolds, we also compared fibronectin-modified
HEMA, to test whether such surface modification would balance the advantage of the HPMA scaffold.
Fibronectin is known to promote cellular migration, proliferation, and differentiation [34,35]. In this
study we showed better connective tissue infiltration within the HPMA scaffold compared to HEMA.
There was more connective tissue within HEMA modified with fibronectin when compared to plain
HEMA 3 months after SCI but without reaching statistical significance. This is an extension of the
finding by other authors, which demonstrated that fibronectin enhances short-term cell adhesion [36].

Several studies have also shown that fibronectin may be neuroprotective, reducing post-traumatic
apoptosis while enhancing functional outcome [37,38]. King et al. showed that fibronectin promotes
the growth of axons into the implant when compared to other natural molecules such as fibrin or
collagen, but with the disadvantage of having large cavities at the spinal cord lesion borderline [36].
The combination of an artificial scaffold with fibronectin thus seems to be a useful type of combined
therapy that may promote the regrowth of axons while creating a positive milieu for the regrowth of
new axons. The combination with a HEMA scaffold ensured good integration of the implant within the
knife-cut experimental cavity while fibronectin promoted the axons to cross the hydrogel-spinal cord
border and infiltrate the pores in the periphery of the implant as well as in the central area. Nonetheless,
none of the three methacrylate hydrogels in our study led to motor function improvement. We did
not observe any differences in BBB test, except for lower BBB score on the ipsilateral side. The results
from plantar test indicate that no further hyperalgesia has developed after the hydrogel implantation.
HEMA-Fn and HPMA resulted in only inconsistent sensory function difference of the left hindlimb,
despite the differences in the number of axons within the three scaffolds. Spinal cord hemisection
is not an ideal model for testing of functional improvement. However, it is suitable for histological
evaluation and quantification of cellular ingrowth into the implant.

We did not observe any axons extending across the whole scaffold and crossing the scaffold-tissue
border back and re-entering the spinal cord. A higher number of axons infiltrating the scaffold but
without making connections across the bridge does not therefore necessarily result in functionally
meaningful improvement.

Previous studies have also shown that fibronectin enhances axonal ingrowth after SCI but the
studies were restricted to a short time evaluation period. This may not, however, reflect long-term
data as we have shown in our recent paper [39]. In our study, fibronectin modification of the HEMA
scaffold showed some increased but statistically insignificant difference in the ingrowth of axons into
the peripheral and also central parts, while there were no axonal sprouts present in the plain HEMA
3 months after SCI. When comparing the results based on the chemical backbone of the hydrogel
(HEMA vs. HPMA), the HPMA scaffold supports the regrowth of axons much better compared
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to HEMA, even when the latter one is enriched with fibronectin. This is in line with our previous
study, in which the HPMA scaffold showed improved axonal infiltration compared to HEMA [23].
Interestingly, molecular analysis showed a tendency towards increased sprouting in all three scaffolds.
However, only HPMA hydrogel and partially HEMA-Fn create an environment which prevents the
axon retraction from the hydrogel.

None of the tested scaffolds supported the ingrowth of astrocytes, though the GFAP protein was
upregulated in the plain HEMA scaffold when compared with the hemisection. We observed only a
slight astrogliosis around the 3 types of scaffolds.

New blood vessels grew into all three hydrogels; there were many of them throughout the
periphery and growing further into the central parts. We found a tendency towards a denser blood
vessel network in the HEMA-Fn hydrogel. This may be explained by the presence of the RGD
(arginine–glycine–aspartate) peptide sequence within the fibronectin molecule, which has been shown
to enhance vascular growth [23]. The presence of blood vessels within the lesion is vital as they
promote axonal repair and enhance functional improvement [40,41].

Tissue engineering is based on creating a proregenerative environment for tissue repair within
the lesion. The cells and their extensions (such as axons) should be properly guided in order to make
functionally meaningful connections. The advantage of hydrogels with oriented pores is their ability to
navigate the growth of new tissue along the long axis of their pores. However, solid hydrogels require
a surgical opening of the spine and spinal cord during the process of implantation. Also, the hydrogels
we evaluated were slightly stiffer compared to the scaffolds with randomly oriented pores used in our
former studies, due to the need to properly retain the oriented inner structure [21,23,25]. This may be
the cause of residual minor cavities on the border between the scaffold and the spinal cord. Injectable
scaffolds, on the other hand, avoid the need for surgical incision and allow minimally-invasive
implantation. They are also soft enough to adhere well to the spinal cord tissue. However, oriented
pores within injectable scaffolds are more difficult to achieve, and therefore we cannot ensure targeted
growth within such biomaterials [42]. Study of the synthesis of injectable scaffolds with oriented pores
would be of interest in the future.

4. Materials and Methods

4.1. Hydrogel Scaffolds

2-Hydroxyethyl methacrylate (HEMA; Röhm, Germany) and ethylene dimethacrylate (EDMA;
Ugilor S.A., France) were purified by distillation. 1-Amino-2-propanol,1,2-diaminoethan, methacryloyl
chloride, 2,2′-azobisisobutyronitrile (AIBN), 2-aminoethyl methacrylate (AEMA) hydrochloride, tris
(2-carboxyethyl) phosphine hydrochloride (TCEP), and N-γ-maleimidobutyryloxysuccinimide ester
(GMBS) were purchased from Sigma-Aldrich (St. Louis, USA). Ammonium oxalate (Lach-Ner;
Neratovice, Czech Republic) was crystallized from water until the formation of 30–90 μm thick
and approximately 0.3–10 mm long needle-like crystals, which were used as a porogen. Fibronectin
(Fn) from human plasma was obtained from Roche (Mannheim, Germany). All other chemicals
were from Lach-Ner. Ultrapure Q water ultrafiltered on a Milli-Q Gradient A10 system (Millipore;
Molsheim, France) was used for preparation of phosphate buffers saline (PBS) and all other experiments.
N-(2-hydroxypropyl)methacrylamide (HPMA) and N,N′-ethylenebis(acrylamide) (EDMAAm) were
synthetized by modification of published procedure [26]. Briefly, 1-amino-2-propanol (22.5 g), NaNO2

(200 mg), and NaOH 12 g were dissolved in H2O (300 mL), cooled at 0 ◦C, and dry ice (40 g) and
methacryloyl chloride (31.4 g) were added. The solution was slowly heated to room temperature (RT)
and stirred for 4 h until formation of ethacryloyl chloride droplets. Water was evaporated and residuum
was extracted by dichloromethane, the solution was dried with MgSO4, filtered through carbon black,
and twice recrystallized from acetone/petroleum ether mixture. N,N′-ethylenebis(acrylamide) was
synthetized analogously, only 1,2-diaminoethan (18 g) was used instead of 1-amino-2-propanol.
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Preparation of Superporouspoly (2-Hydroxyethyl Methacrylate) (HEMA), HEMA-Fn, and Poly
[(N-(2-Hydroxypropyl) Methacrylamide] (HPMA) Hydrogels

Three polyethylene injection syringes (5 mL) equipped with a stainless filter were filled with
needle-like ammonium oxalate crystals (~70 vol %). The monomer mixtures were prepared separately,
one for each syringe: (i) HEMA (2.475 g) and EDMA (0.025 g; 1 wt %); (ii) HEMA (2.450 g), EDMA
(0.025 g; 1 wt %), and AEMA (0.025 g; 1 wt %); and (iii) HPMA (2.475 g) and EDMAAm (0.025 g; 1 wt
%). AIBN (40 mg) was dissolved in 1,4-dioxane (5 mL) and the solution was added to each mixture,
which was transferred to the syringe containing crystals. The syringe was closed and the mixture
polymerized at 60◦C for 16 h. At the end of the reaction, the syringe was cut lengthwise, the hydrogel
cylinder was removed and immersed in 10 wt % NH4Cl aqueous solution for 24 h, to avoid cracks and
to remove 1,4-dioxane. The hydrogel was cut into 2 × 2 × 2 mm cubes, which were washed once with
0.01MHCl (100 mL) for 2 days to remove salts and finally with water. Amino groups of copolymer of
HEMA and AEMA were reacted with a solution of GMBS (20 mg) in a mixture of 0.07M PBS (pH 7.4;
10.5 mL) and 1,4-dioxane (5.5 mL) at RT for 30 min to introduce maleimide (MI) groups on the surface.
The product was twice washed with PBS/1,4-dioxane solution (PBS/1,4-dioxane = 10.5/5.5 v/v; 15
mL each), twice with water (15 mL each), and 0.1M PBS (pH 6.8; 15 mL). Fn (1 mg) containing glycine
(1.126 mg) and sodium chloride (0.058 mg) were dissolved in PBS buffer (pH 7.4; 2 mL) for 2 h, a
solution of TCEP (0.5 mg) in PBS (1 mL) was added and the mixture reacted at 23◦C for 40 min. Poly
HEMA-MI cubes were incubated in 0.1M PBS (pH 6.8; 20 mL), the solution of reduced Fn was added,
and the reaction proceeded at RT for 1 h.

4.2. Animal Handling and Surgery

This study was performed in accordance with the European Communities Council Directive
of 22 September 2010 (2010/63/EU) regarding the use of animals in research, and was approved
by the Ethics Committee of the Institute of Experimental Medicine, Academy of Sciences of the
Czech Republic.

4.3. Spinal Cord Injury and Hydrogel Implantation

Thirty-four male rats (Wistar, Anlab, Czech Republic) with a weight of 280–400 g, underwent
a hemisection at the Th8 level. The animals were intraperitoneally injected with pentobarbital for
anesthesia (0.06 g/1 kg i.p.); one dose of ATB (gentamicin 8 mg/1 kg i.m.), atropine (0.08 mg/1 kg s.c.),
and mesocain to enhance local anesthesia (1 mg/1 kg s.c. + i.m.) was administered preoperatively. A
linear skin incision was performed above the spinous processes of Th7-9; the paravertebral muscles
were detached from the laminae Th7-9, and a Th8 laminectomy was performed. The dura was incised
longitudinally in the midline and about a 2 mm-segment of spinal cord was dissected in its right half,
creating a cavity within the spinal cord tissue. The hydrogel was implanted in such a way as to ensure
that it would firmly adhere to the edges of the transection cavity without causing any undue pressure
onto the surrounding spinal cord tissue. We implanted 9 rats with HEMA hydrogels with attached
fragments of fibronectin, 9 rats with plain HEMA hydrogels, and 9 rats with HPMA hydrogels; 7
animals were left with hemisection only and served as controls. The muscles and skin were sutured
again, and the animals were housed two in a cage with food and water ad libitum.

4.4. Behavioral Testing

BBB Test

The BBB open field test, originally described by Basso, Beattie, and Bresnaham [43] was used to
assess basic locomotor functions (joint movement, weight support, forelimb-hindlimb coordination,
paw placement, and stability of the body). All 34 rats were used for functional testing throughout
the whole evaluation period. The rats were placed on the floor surrounded by boundaries making
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a rectangular shape once a week. Results were evaluated in the range of 0 to 21 points (0 indicated
complete lack of motor capability and 21 movements indicated a healthy rat).

4.5. Plantar

The plantar test was performed using the plantar test instrument (Ugo Basile, Italy). A radiant
thermal stimulus was applied to the plantar surface of the paws, and the latency of the paw withdrawal
response was measured. Each paw was stimulated five times once a week. Hyperalgesia, as a response
to the thermal stimulus, was defined as a significant decrease in the withdrawal latency.

4.6. Tissue Processing and Histology

The animals were sacrificed 3 months after hydrogel implantation. They were then deeply
anesthetized with an intraperitoneal injection of overdose pentobarbital and perfused with
physiological saline, followed by 4% paraformaldehyde in 0.1M phosphate buffer. The spinal cord was
left in the bone overnight, then removed and postfixed in the same fixative for at least 1 week.

A 4 cm-long segment of the spinal cord with the lesion site in the middle was dissected, and a series
of 40 mm-thick longitudinal sections were collected. Hematoxylin–eosin staining was performed,
using standard protocols, and the slides were specifically evaluated using an Axio Observer D1
microscope (Carl Zeiss Microimaging GmbH, Oberkochen, Germany). For immunohistochemical
studies, the following primary antibodies and dilutions were used: Cy3-conjugated anti-GFAP (1:200;
Sigma-Aldrich, Saint Louis, MO, USA) to identify astrocytes, anti-NF 160 (1:200; Sigma-Aldrich,
Saint Louis, MO, USA) to identify neurofilaments, and RECA-1 (1:50; Abcam, Cambridge, UK)
to identify endothelial cells of blood vessels. Alexa Fluor 594 goat anti–rabbit IgG (1:200;
Invitrogen) and Cy3-conjugated anti-mouse IgM (1:100; Invitrogen, Carlsbad, CA, USA) were used as
secondary antibodies.

4.7. Tissue Quantification

The hydrogels were divided into 3 parts: the cranial end, the central part, and the caudal end.
The whole surface of the scaffold per each slice was divided into 6 squares, 2 peripheral cranial
and 2 peripheral caudal squares, and the central 2 squares corresponded to the hydrogel center. We
calculated the number and the length of axons and blood vessels in each part of the scaffold, using
the program TissueQuest Analysis Software (TissueGnostics GmbH, Vienna, Austria). Axonal fibers
were manually traced within high resolution mosaic image with second channel as background. Using
second channel (488 nm) as a reference channel, the combined image has shifted the background
and hydrogel autofluorescence in to brown or yellow shade, whereas the specific fluorescence signal
remains clear red. The mosaic was then analyzed by single squares at high magnification using a
professional screen. Six spinal cords from each treatment group with 4–5 slices per spinal cord were
analyzed. We then combined the data from the peripheral parts of the hydrogels (cranial and caudal
ends) and evaluated them together. The central part was quantified and analyzed separately.

4.8. qPCR

Expression of rat target genes Vegfa, Bdnf, Gap43, Gfap, Irf5, Cd86, and Mrc1 at 3 months after
hemisection with or without implanted hydrogel (n = 3–5), was measured using quantitative
real-time reverse transcription polymerase chain reaction (qRT-PCR). RNA was isolated from
frozen spinal cord tissue sections, using the High Pure RNA Kit (Roche, Penzberg, Germany).
RNA was quantified with spectrophotometer (NanoPhotometerTM P-Class, Munchen, Germany),
and isolated RNA was reverse transcribed into cDNA using Transcriptor Universal cDNA
Master (Roche, Penzberg, Germany) and a thermal cycler (T100™ Thermal Cycler, Bio-Rad,
Hercules, CA, USA). Reactions were performed using cDNA solution, FastStart Universal Probe
Master (Roche, Penzberg, Germany), and TaqMan® Gene Expression Assays (Life Technologies,
Carlsbad, CA, USA): glyceraldehyde-3-phosphate dehydrogenase/Gapdh/Rn01775763_g1,
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vascular endothelial growth factor/Vegf/Rn01511602_m1, brain-derived neurotrophic
factor/Bdnf/Rn02531967_s1, growth associated protein 43/Gap43/Rn01474579_m1, glial fibrillary
acidic protein/Gfap/Rn00566603_m1, interferon regulatory factor 5/Irf5/Rn01500522_m1,
macrophage mannose receptor 1/Mrc1/Rn01487342_m1, and CD86/Rn00571654_m1. The final
reaction volume was 10 μL containing 25 ng of extracted RNA. Real-time PCR cycler (StepOnePlus™,
Life Technologies, Carlsbad, CA, USA) was used for amplification. The following cycling conditions
were used, 2 min at 50 ◦C, 10 min at 95 ◦C, followed by 40 cycles of 15 s at 95 ◦C and 1 min at 60 ◦C.
Relative quantification of gene expression was determined using the ΔΔCt method. Data was analyzed
with StepOnePlus® software (v2.3) Life Technologies, Carlsbad, CA, USA). For normalization of gene
expression levels Gapdh gene was used. A log2 scale was used to display the symmetric magnitude
for up- and downregulated genes. From obtained values of control animals (hemi-section only), the
arithmetical mean was calculated and this value was set as zero. The statistical analysis (t-test) was
performed from ΔCt values of controls as well as treated animals.

4.9. Statistical Analysis

The mean values are reported as mean ± SEM. For behavioral tests histological analysis and gene
markers intergroup differences were analyzed using one-way ANOVA (probability values <0.05).

5. Conclusions

The HPMA hydrogel shows better potential for SCI repair compared to HEMA hydrogel.
The attachment of fibronectin improves limited connective tissue and axonal ingrowth, however
without any long-term functional improvement. More sophisticated modifications of future scaffolds
would be needed if we want to achieve functionally relevant long-term results.
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Abstract: Perineuronal nets (PNNs) are extracellular matrix structures surrounding neuronal
sub-populations throughout the central nervous system, regulating plasticity. Enzymatically
removing PNNs successfully enhances plasticity and thus functional recovery, particularly in spinal
cord injury models. While PNNs within various brain regions are well studied, much of the
composition and associated populations in the spinal cord is yet unknown. We aim to investigate the
populations of PNN neurones involved in this functional motor recovery. Immunohistochemistry
for choline acetyltransferase (labelling motoneurones), PNNs using Wisteria floribunda agglutinin
(WFA) and chondroitin sulphate proteoglycans (CSPGs), including aggrecan, was performed to
characterise the molecular heterogeneity of PNNs in rat spinal motoneurones (Mns). CSPG-positive
PNNs surrounded ~70–80% of Mns. Using WFA, only ~60% of the CSPG-positive PNNs co-localised
with WFA in the spinal Mns, while ~15–30% of Mns showed CSPG-positive but WFA-negative PNNs.
Selective labelling revealed that aggrecan encircled ~90% of alpha Mns. The results indicate that
(1) aggrecan labels spinal PNNs better than WFA, and (2) there are differences in PNN composition
and their associated neuronal populations between the spinal cord and cortex. Insights into the role
of PNNs and their molecular heterogeneity in the spinal motor pools could aid in designing targeted
strategies to enhance functional recovery post-injury.

Keywords: perineuronal nets; spinal cord; alpha motoneurone; gamma motoneurone; chondroitin
sulphate proteoglycans

1. Introduction

Perineuronal nets (PNNs) are dense specialised extracellular matrix (ECM) structures that
surround neuronal sub-populations throughout the central nervous system (CNS). First described
by Golgi as reticular structures in the late 1800s [1], PNNs have since been implicated in pathologies
of various neurological disorders, including Alzheimer’s disease, epilepsy and schizophrenia [2–5],
as well as in traumatic CNS injuries [6], particularly spinal cord injury (SCI) models [7,8]. A key role
of PNNs is their involvement in the termination of developmental plasticity, where they form an
interdigitating mesh with mature somatic and dendritic contacts to confer synaptic stabilisation [9–11].

PNNs are composed of a compact arrangement of a variety of neural ECM proteoglycans and
proteins [12,13]. These components primarily consist of chondroitin sulphate proteoglycans (CSPGs)
including the hyaluronan (HA) binding CSPGs called lecticans, bound upon a long HA backbone
and stabilised by the HA and proteoglycan link proteins (HAPLNs) and tenascin-R [14]. Upon this
basic PNN structure, the binding of other CSPGs (such as phosphacan) are thought to provide much
of the heterogeneity of PNNs [15]. CSPGs are composed of chondroitin sulphate glycosaminoglycan
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(CS-GAG) chains attached to a core protein that differentiates the various CSPGs from one another [15].
CS-GAGs confer a further vast degree of heterogeneity through variation of expression, chain length
and sulphation patterns, even to the same core protein [16,17].

Although many studies have investigated the molecular heterogeneity of PNNs in distinct
neuronal populations in regions of the brain [18–21], much of the composition and associated
populations in the spinal cord is relatively unknown. Similar to the brain [22], in the spinal cord
many of the known cells enwrapped by PNNs are fast-spiking inhibitory parvalbumin (PV)-positive
interneurones (approximately half) [23,24], and have also been associated with calbindin-positive
Renshaw cells [22]. However, in contrast to the brain, reports suggest that PNNs in the spinal
cord also surround cells with large neuronal cell bodies, particularly within the ventral horn likely
representing motoneurones (Mns) [22,25–27]. Mns are a heterogeneous population of neurones with the
main subclasses, alpha and gamma Mns, innervating contractile extrafusal fibres and proprioceptive
intrafusal fibres within the motor unit, respectively [28].

Enzymatic removal of PNNs using chondroitinase ABC (ChABC) after CNS injury has been shown
in multiple models, predominately SCI, to reopen a window of plasticity to promote improvements
in motor functions [7,8]. Regeneration of descending tracts can contribute to this functional
recovery [29,30]; however, the extent and mechanism of changes in local spinal circuitry attributing to
this recovery remains unclear. Additionally, studies also implicate exercise and rehabilitative training
to activity-dependant modulation of PNNs in the ventral motor pools [31,32], suggesting a relationship
between PNNs and Mns that is important for normal motor functions.

This study therefore aims to investigate the normal expression and molecular composition
of PNNs in the spinal motor pools; the population of PNN-associated neurones in the spinal
cord likely to be involved in functional motor recovery after SCI, and to identify the best PNN
marker for this population. Immunohistochemical staining was performed using antibodies against
choline acetyltransferase (ChAT), a marker of spinal Mns [33], alongside labelling for primary PNN
components, including various CSPGs and the acclaimed “universal” PNN marker Wisteria floribunda
agglutinin (WFA), to elucidate the composition of PNNs associated with spinal motor circuitry.
Selective staining for the primary functional Mn subclasses was combined with PNN labelling to
categorise PNN expression within the motor pool. It was found that distinct populations of Mns were
surrounded by PNNs labelled by various CSPGs yet lacking WFA, indicating a difference between
the composition of PNNs and associated neuronal cell types in the brain and spinal cord. PNNs were
found to surround the majority of alpha Mns, suggesting that these are the main populations affected
by ChABC-mediated recovery after SCI.

2. Results

We aim to determine the molecular heterogeneity of PNNs in the spinal cord, with a particular
focus to the Mns in the ventral horn. Spinal cord sections from three different spinal levels, cervical,
thoracic and lumbar, were used to compare the spatial differences of PNNs. Alongside ChAT staining,
we also stained for WFA, a common PNN marker [6,7,10,34], and for CSPGs including aggrecan
(ACAN), brevican (BCAN), neurocan (NCAN), versican (VCAN) and phosphacan (PTPRZ).

2.1. WFA-Positive PNNs Only Partially Overlap with Other CSPGs in the Ventral Motor Pools

2.1.1. ACAN

ACAN is a CSPG in the lectican family and is widely considered to be a major component in
PNNs [2,35,36]. Immunohistochemical staining of ACAN core protein illustrated clear expression of
PNNs surrounding ventral Mns labelled with ChAT (Figure 1J–L). ACAN-positive PNNs surrounded
approximately 85% of ChAT-positive Mns in all levels of the spinal cord investigated (Figure 1A–C).
In comparison, WFA-positive PNNs enwrapped significantly fewer Mns (approximately 68% of the
ChAT-positive Mns) than ACAN-positive PNNs (cervical p < 0.001, thoracic p < 0.05 and lumbar p < 0.01;
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n = 4), illustrating that WFA does not label all PNNs in the ventral motor pools. Compounding this,
the total number of ACAN-positive PNNs surrounding Mns was significantly greater than the number
of ACAN+/WFA+ PNNs (cervical p < 0.001, thoracic p < 0.05, lumbar p < 0.01; n = 4). ACAN and WFA
PNN populations appeared to overlap (Figure 1D–I). Further breakdown of PNN type revealed that,
at each level, all PNNs that are positive for WFA co-localised with ACAN (n.s.; p = 1). No investigated
PNNs were WFA-positive and ACAN-negative. The results demonstrate that ACAN labels a larger
population of PNN-positive Mns, and suggest that it is a better marker for PNN in the spinal cord.

Figure 1. Comparison of perineuronal nets (PNNs) in the spinal ventral motor pools labelled by
Wisteria floribunda agglutinin (WFA) and aggrecan (ACAN). (A–C) Bar graphs showing percentage
of ChAT-positive motoneurones (Mns) in the ventral motor pools surrounded by ACAN-positive
and WFA-positive PNNs and their co-localisation (ACAN+/WFA+) in cervical (A), thoracic (B) and
lumbar (C) rat spinal cord. Error bars ± SD; n = 4. Statistics one-way ANOVA; significance levels:
* p < 0.05, ** p < 0.01, *** p < 0.001. Confocal images showing ACAN-positive (D–F) and WFA-positive
(G–I) PNNs surrounding ChAT-positive Mns (J–L) in the cervical, thoracic and lumbar spinal cord,
respectively. Scale bars, 100 μm.
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2.1.2. BCAN

BCAN is a lectican CSPG found specifically in the CNS with growing evidence of its importance
in regulating the plastic properties of PNNs [37]. Co-staining with ChAT-positive neurones in the
ventral horn revealed a high degree of localisation, with approximately 88% of Mns encircled by
BCAN-positive PNNs (Figure 2A–C). Similar to ACAN, WFA-positive PNNs appeared to denote
some but not all of the BCAN-positive PNN-ensheathed Mns, labelling approximately 30% fewer
Mns than BCAN (all levels p < 0.001; n = 5). BCAN+/WFA+ PNNs in the motor pools appeared to
represent a proportion that is significantly less that the total BCAN-positive PNN population (all levels
p < 0.001; n = 5). Additional categorisation again revealed that all WFA-positive PNNs in the motor
pool co-localised with BCAN-positive PNNs.

Figure 2. Comparison of perineuronal nets (PNNs) in the spinal ventral motor pools labelled by
Wisteria floribunda agglutinin (WFA) and brevican (BCAN). (A–C) Bar graphs showing percentage
of ChAT-positive motoneurones (Mns) in the ventral motor pools surrounded by BCAN-positive
and WFA-positive PNNs and their co-localisation (BCAN+/WFA+) in cervical (A), thoracic (B) and
lumbar (C) rat spinal cord. Error bars ± SD; n = 5. Statistics one-way ANOVA; significance levels:
*** p < 0.001. Confocal images showing BCAN-positive (D–F) and WFA-positive (G–I) PNNs surrounding
ChAT-positive Mns (J–L) in the cervical, thoracic and lumbar spinal cord, respectively. Scale bars, 100 μm.
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2.1.3. NCAN

NCAN is a nervous system-specific lectican, like BCAN, known to be present in PNNs in the
spinal cord [18,22,38]. In the ventral horn, NCAN staining revealed PNNs encircling approximately
87% of Mns (Figure 3A–C). Echoing the trend with ACAN and BCAN, WFA-positive PNNs enveloped
28% fewer Mns than NCAN (all levels p < 0.001; n = 5). Significantly, only approximately two-thirds
of these NCAN-positive PNNs co-localised with WFA (all levels p < 0.001; n = 5). No WFA-positive
PNNs lacking NCAN co-staining were observed, signifying that all WFA co-localised with NCAN.

Figure 3. Comparison of perineuronal nets (PNNs) in the spinal ventral motor pools labelled by
Wisteria floribunda agglutinin (WFA) and neurocan (NCAN). (A–C) Bar graphs showing percentage
of ChAT-positive motoneurones (Mns) in the ventral motor pools surrounded by NCAN-positive
and WFA-positive PNNs and their co-localisation (NCAN+WFA+) in cervical (A), thoracic (B) and
lumbar (C) rat spinal cord. Error bars ± SD; n = 5. Statistics: one-way ANOVA; significance
levels: *** p < 0.001. Confocal images showing NCAN-positive (D–F) and WFA-positive (G–I) PNNs
surrounding ChAT-positive Mns (J–L) in the cervical, thoracic and lumbar spinal cord, respectively.
Scale bars, 100 μm.
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2.1.4. VCAN

VCAN staining revealed intense diffuse ECM expression in both the white and gray matter of the
spinal cord due to its expression in the nodes of Ranvier [18,39,40]. VCAN did not show strong PNN
staining in laminae other than the ventral horn. In the ventral horn, VCAN-positive PNNs surrounded
approximately 82% of Mns at all spinal levels (Figure 4A–C). WFA and VCAN populations of PNNs
showed a clear overlap at all spinal levels (Figure 4D–L). However, all WFA-positive PNNs co-localised
with VCAN with a significant population of VCAN-positive PNNs WFA-negative (all levels p < 0.001;
n = 4).

Figure 4. Comparison of perineuronal nets (PNNs) in the spinal ventral motor pools labelled by
Wisteria floribunda agglutinin (WFA) and versican (VCAN). (A-C) Bar graphs showing percentage of
ChAT-positive motoneurones (Mns) in the ventral motor pools surrounded by VCAN-positive and
WFA-positive PNNs and their co-localisation (VCAN+/WFA+) in cervical (A), thoracic (B) and lumbar
(C) rat spinal cord. Error bars ± SD, n = 4. Statistics: one-way ANOVA; significance levels: * p < 0.05,
** p < 0.01, *** p < 0.001. Confocal images showing VCAN-positive (D–F) and WFA-positive (G–I) PNNs
surrounding ChAT-positive Mns (J–L) in the cervical, thoracic and lumbar spinal cord, respectively.
Scale bars, 100 μm.

121



Int. J. Mol. Sci. 2018, 19, 1172

2.1.5. PTPRZ

Phosphacan or PTPRZ is a non-HA binding CSPG that represents the extracellular domain of
protein tyrosine phosphatase receptor zeta (PTPRZ) modified by glial cells [41,42] and has been found
to be present in WFA-positive PNNs in the cerebral cortex [18,22,43]. Immunohistochemistry showed
that PTPRZ is also found in PNNs in the ventral motor pool, surrounding approximately 76% of Mns
in all levels of the cord studied (Figure 5A–C). However, in all levels of the spinal cord investigated,
PTPRZ-positive PNNssurrounded 15% more Mns than WFA (all levels p < 0.01; n = 4), reiterating the
trend shown by the lecticans above. Approximately 82% of PTPRZ-positive PNNs were also labelled
by WFA, representing a significantly lower proportion of the total observed PTPRZ-positive PNNs in
the motor pool (all level p < 0.05; n = 4).

Figure 5. Comparison of perineuronal nets (PNNs) in the spinal ventral motor pools labelled by
Wisteria floribunda agglutinin (WFA) and phosphacan (PTPRZ). (A–C) Bar graphs showing percentage
of ChAT-positive motoneurones (Mns) in the ventral motor pools surrounded by PTPRZ-positive and
WFA-positive PNNs and their co-localisation (PTPRZ+/WFA+) in cervical (A), thoracic (B) and lumbar
(C) rat spinal cord. Error bars ± SD; n = 4. Statistics: one-way ANOVA; significance levels: * p < 0.05,
** p < 0.01. Confocal images showing PTPRZ-positive (D–F) and WFA-positive (G–I) PNNs surrounding
ChAT-positive Mns (J–L) in the cervical, thoracic and lumbar spinal cord, respectively. Scale bars, 100 μm.
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2.2. Distinct Populations of CSPG-Positive yet WFA-Negative PNNs in the Motor Pools

For each CSPG investigated, a significant percentage of Mns were surrounded by PNNs that
were CSPG-positive yet WFA-negative (all levels, all CSPGs p < 0.001). The percentage of Mns
with WFA-negative PNNs varied with CSPG investigated (Figure 6). While ACAN+/WFA−,
VCAN+/WFA− and PTPRZ+/WFA− PNNs encircled roughly 15% of Mns (Figure 6A,D,E), a higher
percentage of Mns (approximately 30%) appeared to be surrounded by BCAN+/WFA− and
NCAN+/WFA− PNNs (Figure 6B,C). Overall, the results suggest that in the ventral motor pools, WFA
does not denote all PNNs, and instead distinct populations of Mns with CSPG-positive, WFA-negative
PNNs exist.

Figure 6. A proportion of perineuronal nets (PNNs) in the spinal motor pools were negative for Wisteria
floribunda agglutinin (WFA). Percentage of ChAT-positive motoneurones in the ventral motor pools
in the cervical, thoracic and lumbar spinal cord surrounded by CSPG-positive, WFA-negative PNNs.
(A) Aggrecan (ACAN, n = 4); (B) brevican (BCAN, n = 5); (C) neurocan (NCAN, n = 5); (D) versican
(VCAN, n = 4); and (E) phosphacan (PTPRZ, n = 4). Error bars ± SD. Statistics one-way ANOVA; n.s.

2.3. Alpha Mns Are Preferentially Surrounded by PNNs

Using NeuN and ChAT co-labelling, Mns in the spinal ventral motor pools were selectively
labelled as either alpha (NeuN-positive) or gamma (NeuN-negative) [31,44]. It was observed that
approximately 70–80% of ChAT-positive Mns were NeuN-positive (Figures 7 and 8), signifying
thealpha Mn population. Firstly, as the universal marker for PNNs, WFA was used to determine
the number of PNNs surrounding each Mn subtype. Similarly to the results above, WFA-positive
PNNs surrounded approximately 60% of all Mns with approximately 98% of these PNNs surrounding
NeuN-positive Mns (alphas; Figure 7A–C). In other words, a significant proportion of alpha Mns
(~72%) were associated with WFA-positive PNNs (cervical and lumbar p < 0.001, thoracic p < 0.05;
n = 3). As previous findings illustrated that in the ventral motor pools, WFA did not label all Mns,
ACAN was also used to identify PNNs around Mn subtype. Again, most PNNs (95%) surrounded
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alpha Mns (Figure 8A–C). ACAN-positive PNNs encircled roughly 90% of alpha Mns, suggesting that
PNN-positive Mns and alpha Mns are the same population.

Figure 7. Wisteria floribunda agglutinin (WFA)-positive PNNs surrounded some but not all alpha
motoneurones (Mns). (A–C) Bar graphs showing percentage of ChAT-positive Mns in the ventral motor
pools surrounded by NeuN, WFA-positive PNNs and their co-localisation (WFA+/NeuN+) in cervical
(A), thoracic (B) and lumbar (C) rat spinal cord. NeuN and ChAT co-localisation denotes alpha Mns.
Error bars ± SD; n = 3. Statistics: one-way ANOVA; significance levels: * p < 0.05, *** p < 0.001. Confocal
images showing WFA-positive PNNs (D–F) surrounding NeuN-positive (G–I) PNNs and ChAT-positive
Mns (J–L) in the cervical, thoracic and lumbar spinal cord, respectively. Scale bars, 100 μm.
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Figure 8. Aggrecan (ACAN)-positive PNNs surrounded most alpha motoneurones (Mns). (A–C) Bar
graphs showing percentage of ChAT-positive Mns in the ventral motor pools surrounded by NeuN,
ACAN-positive PNNs and their co-localisation (ACAN+/NeuN+) in cervical (A), thoracic (B) and
lumbar (C) rat spinal cord. NeuN and ChAT co-localisation denotes alpha Mns. Error bars ± SD; n = 3.
Statistics: one-way ANOVA; significance levels: * p < 0.05. Confocal images showing ACAN-positive
PNNs (D–F) surrounding NeuN-positive (G–I) PNNs and ChAT-positive Mns (J–L) in the cervical,
thoracic and lumbar spinal cord, respectively. Scale bars, 100 μm.

3. Discussion

As removal of PNNs in the spinal cord after injury enhances motor recovery, we looked to
investigate the expression of PNNs and their heterogeneity in spinal Mns; the final order neurones for
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the control of voluntary movement. This is the first article to systemically and quantitatively compare
the differences of CSPG- or WFA-positive PNN Mns in the ventral motor pools. Mns were identified
using an antibody against ChAT to label cholinergic neurones alongside markers for PNN components
and the acclaimed universal PNN marker WFA in comparison. We demonstrated that a high proportion
of Mns in the ventral spinal cord were surrounded by PNNs, particularly alpha Mns. Unexpectedly,
the universal marker for PNNs, WFA, did not label all of the PNNs with distinct populations of Mns
surrounded by CSPG-positive yet WFA-negative PNNs. This suggests that, in contrast to the brain,
WFA does not label the majority of PNN neurones in the ventral spinal cord and that studies using
WFA in the spinal cord may be underestimating the number of PNNs.

3.1. PNNs in the Spinal Ventral Motor Pools

Previous studies have described ventral Mns as the most conspicuous neuronal population in
the spinal cord to be surrounded by PNNs and this appears to be conserved across mammalian
species [25,31,32,45,46]. Despite this, few studies have actually investigated the proportion of PNNs in
the ventral motor pools and those that do use varying markers to determine this. Comparable to our
own methods, using ChAT as a specific Mn marker, a similar proportion of ventral Mns was observed
to be surrounded by PNNs to that found in our study (~80%) has been reported in non-human
primates (75%), using WFA [45], and in human (71%) spinal cord, using ACAN [46]. In rats, however,
this distribution has been investigated with the general neuronal marker (NeuN) using size and ventral
location to identify Mns alongside WFA lectin staining to characterise PNN expression, resulting in
estimates of only 30% of Mns associated with PNNs [25]. This is likely to underestimate for two
reasons: (1) without a Mn-specific neuronal marker small sized Mns, including NeuN-negative gamma
Mns [44,47], would have been absent from these counts, and (2) WFA does not appear to label all
PNNs in the rat spinal cord. Indeed, our findings suggest that PNNs are present in almost 80% of the
ChAT-positive Mns.

Although others have implicated that PNNs only surround large cell-bodied Mns in the motor
pools, i.e., alpha Mns and not gamma Mns [25,31], we are the first to systematically categorise
the proportion of specific Mn-subtypes associated with PNNs at different levels of the spinal cord.
Despite contributing to the same goal of voluntary muscle control, alpha and gamma Mns represent
distinct populations of Mns within the ventral motor pools, differing in both electrical and molecular
properties [28,44,48,49]. These differences also include the innervation of different muscle targets,
with alpha Mns responsible for force generation though contraction of extrafusal fibres whereas
gamma Mns innervate the intrafusal fibres regulating muscle spindle sensitivity. The high proportion
of enveloped alpha Mns revealed likely reflects the importance of the role of PNNs in providing
synaptic stabilisation of inputs from the specific spinal circuitry and consequent contractile innervation
of key muscle groups. After SCI, the stabilisation of synaptic plasticity conferred by PNNs instead
becomes another mechanism inhibiting regenerative attempts and compensatory rearrangements of
spared fibres. We suggest that ChABC-mediated removal of PNNs in SCI models is therefore able to
induce a high degree of enhanced plasticity of synaptic connections to the abovementioned populations
of alpha Mns contributing to the observed improvement of most functional motor recovery studies.

3.2. Differences in PNNs between the Brain and Spinal Cord

It is generally assumed that PNNs in the brain and the spinal cord are the same. While in the
brain, WFA does not always co-localise with ACAN as previously discussed, other CSPG-positive
PNNs always co-localise with WFA. Here, we demonstrate differences in the composition of PNNs
between the brain and spinal cord, where ACAN and other CSPGs denote subclasses of Mns in the
spinal cord lacking WFA. This study recommends that future staining for PNNs associated with the
spinal motor pools, particularly SCI studies utilising therapies that modify PNNs such as ChABC,
should seek alternatives to WFA to avoid underestimating total PNN number.

126



Int. J. Mol. Sci. 2018, 19, 1172

Additionally, brain PNNs are well known to target small fast-spiking inhibitory interneurones
playing a modulatory role in the brain [50]. In sharp contrast, the associated neuronal populations
studied here are large cell bodied neurones acting as the primary endpoint of neural control of the
somatic motor system. Other neuronal cell types such as calbindin-positive Renshaw cells in the
ventral spinal cord are surrounded by PNNs [22], further implicating the role of PNNs in stabilisation
of connections within the spinal motor circuitry. In a recent systematic review of the CNS, motor
regions, including the cerebellum and spinal cord, were more likely to have a higher proportion
of neurones surrounded by PNNs than sensory structures [45]. It is possible that PNNs may have
different roles in different parts of the nervous system or with different neuronal populations.

3.3. Composition of PNNs in the Spinal Motor Pools

Staining with the lectin WFA and antibodies for various CSPG core proteins revealed two distinct
types of distributions throughout the grey matter: diffuse extracellular staining and a bright ‘halo’
of pericellular expression identifying the PNNs. The overall distributions of immunoreactivities
for the CSPGs investigated and ChAT were generally similar to previous descriptions [18,22,25,33].
We showed that all of the CSPGs investigated were present in PNNs surrounding spinal Mns.
These were also found to be present to varying degrees, indicating heterogeneity of PNNs in the
motor pools.

ACAN in particular has been previously reported to be present in PNNs surrounding Mns [22,51,52],
as well as BCAN, NCAN, VCAN and PTPRZ. It is estimated that VCAN begins to appear in PNNs
around the Mns from postnatal day 8 [53]. Studies in the brain and spinal cord show that ACAN is
present in all PNNs and generally co-localises with WFA expression [12,18,25]. However, consistent
with all CSPGs investigated, WFA does not appear to show all PNN-associated neurones in the ventral
motor pools. As WFA is supposed to bind to the CS-GAG sugar N-acetylgalactosamine (GalNAc) [50],
it should bind to all CSPGs and therefore denote all PNNs. However, binding of WFA has previously
been shown to be dependent on the presence of ACAN [12] and recently other studies in various
regions of the brain, including the hippocampus, have reported PNNs with ACAN labelling but no
WFA binding [21,54]. In the spinal cord, we observed a lack of WFA in ACAN-positive PNNs to a
similar degree to that observed in the CA1 area of the hippocampus [21], appearing to denote distinct
populations of Mns. As there is a vast degree of heterogeneity of CS-GAGs within CSPGs, further
research is required to determine the conditions of WFA binding. It is possible that the molecular
composition of CSPGs within PNNs may confer functional subclasses of Mns.

The expression of many PNN components such as ACAN, BCAN and tenascin-R show differences
in expression between various brain regions [55]. In particular, BCAN is usually found at the
para-nodal regions and has been shown to regulate the localisation of potassium channels and AMPA
receptors [37]. The mechanism of how brevican performs these functions remains to be determined.
Expression of CSPGs in PNNs across the spinal laminae has also been shown to display differential
expression [22,25]. PNNs are a dynamic network of ECM components. Activity-dependant modulation
has been demonstrated where the thickness of PNNs surrounding spinal Mns increases in response
to exercise or rehabilitative training [31,32]. This is likely conveyed through dynamic regulation of
CSPGs and/or CS-GAGs within the PNNs. There is a growing concept that the properties of the ECM
have an important influence in both healthy and pathological states. Though it is beyond the scope of
this study, it is hoped that further research into the heterogeneity of PNNs in CNS regions may help to
unravel the functionality of these ECM components and their alterations in disease states.

3.4. Further Research and Conclusions

Despite the clinical relevance of PNNs targeted for CNS repair and regeneration, particularly in
locomotor recovery models of SCI, the functional relationship between PNNs and the motor system
is still mostly unexplored. Further research is required to look at the normal functional properties of
PNNs surrounding Mns. Additionally, the molecular heterogeneity of PNNs displayed in spinal Mns
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may indicate a functional role. However, understanding how the varying molecular heterogeneity of
PNNs affects CNS functions is a topic still in its infancy.

Though this study begins to address a research gap surrounding the properties of PNNs in
the spinal cord, much characterisation remains to be done. While ChABC has been an invaluable
investigative tool for understanding the role of PNNs in promoting plasticity and functional recovery
after SCI, there are clinical limitations to its therapeutic use. It is hoped that insights into the properties
of PNNs and their role in the spinal cord could aid the generation of alternative and non-invasive
strategies for targeted PNN removal to enhance functional recovery post-injury.

4. Materials and Methods

4.1. Animals

Female Lister Hooded rats (200–250 g; n = 5) were obtained from Charles River Laboratories
(Canterbury, UK) and were housed in groups in Central Biomedical Services (University of Leeds) in
a temperature controlled environment (20 ± 1 ◦C), with a 12 h light/dark cycle (lights on at 07:00).
Access to food and water was ad libitum. All procedures and experiments complied with the UK
Animals (Scientific Procedures) Act 1986.

4.2. Tissue Preparation

Animals were given an overdose of sodium pentobarbital (Pentoject; Henry Schein; 200 mg/kg;
intraperitoneal injection) to deeply anaesthetise without halting cardiac function. A transcardial
perfusion [56] was then performed using sodium phosphate buffer (PB; 0.12 M sodium phosphate
monobasic; 0.1 M NaOH; pH 7.4) followed by 4% paraformaldehyde (PFA; in PB; pH 7.4) for tissue
fixation. The spinal cord was dissected out, post-fixed in PFA (4%; 4 ◦C) overnight and cryoprotected
in 30% sucrose solution (30% v/w sucrose in PB; 4 ◦C) until tissue saturation. The appropriate cervical
(C3-T1), mid-thoracic and lumbar (L1-6) spinal cord segments were removed and frozen in optimum
temperature medium (OCT; Leica FSC 22 Frozen Section Media; Leica Biosystems) before storage at
−80 ◦C until sectioning. Tissue was cut using a cryostat (Leica CM1850; Leica Biosystems) into 40 μm
transverse sections. Sections were serially collected into 48-well plates containing physiological buffer
solution (PBS; 0.13 M NaCl, 0.7 M sodium phosphate dibasic, 0.003 M sodium phosphate monobasic;
pH 7.4) to remove the OCT before being transferred to 30% sucrose solution for storage at 4 ◦C.

4.3. Staining Procedures

Immunohistochemical techniques were used to label for cells in the spinal cord containing ChAT
and the PNNs surrounding subsets of these cells labelled by biotinylated Wisteria floribunda agglutinin
(bio-WFA) and CSPG components, including ACAN, BCAN and NCAN (Table 1). ChAT was used for
Mn identification [57] whilst WFA is universally used as a marker for PNNs [10,12].

At room temperature (RT), free-floating sections were washed three times for 5 min each in
Tris-buffered saline (TBS; 0.1 M tris base, 0.15 M NaCl; pH 7.4) to remove sucrose residue. Tissue
was then blocked in 0.3% TBST (1× TBS solution and 0.3% v/v Triton X-100) and 3% normal donkey
serum (NDS; v/v) for two hours. The sections were then transferred to co-incubate at 4 ◦C in blocking
buffer (3% NDS in 0.3% TBST; pH 7.4) containing the following primary antibodies: anti-ChAT (goat;
Millipore; 1:500; 48 h), biotin-conjugated Wisteria floribunda agglutinin (bio-WFA; Sigma; 1:150; 24 h)
and either ACAN (rabbit; Millipore; 1:250; 24 h), BCAN (mouse; DSHB; 1:500; 24 h), NCAN (mouse;
DSHB; 1:100; 24 h), VCAN (mouse; DSHB; 1:100; 24 h) or PTPRZ (mouse; DSHB; 1:80; 24 h) (Table 1).

128



Int. J. Mol. Sci. 2018, 19, 1172

T
a

b
le

1
.

Im
m

un
oh

is
to

ch
em

ic
al

de
te

ct
io

n
of

ex
tr

ac
el

lu
la

r
m

at
ri

x
co

m
po

ne
nt

s
an

d
ne

ur
on

al
m

ar
ke

rs
,i

nc
lu

di
ng

co
nc

en
tr

at
io

n
(c

on
c.

)
of

an
ti

bo
dy

us
ed

.

D
e

te
ct

e
d

C
o

m
p

o
n

e
n

t
M

a
rk

e
r

H
o

st
A

n
ti

b
o

d
y

C
o

n
c.

S
o

u
rc

e
C

h
a

ra
ct

e
ri

sa
ti

o
n

C
SP

G
s

A
gg

re
ca

n
(m

ou
se

A
C

A
N

co
re

pr
ot

ei
n)

A
nt

i-
A

C
A

N
R

ab
bi

tp
ol

yc
lo

na
lI

gG
50

0
μ

g/
m

L
M

ill
ip

or
e

#A
B1

03
1

W
B2

(L
en

dv
ai

et
al

.,
20

13
&

Su
tk

us
et

al
.,

20
14

)
Br

ev
ic

an
(B

C
A

N
;m

ou
se

ce
ll-

lin
e

de
ri

ve
d

re
co

m
bi

na
nt

hu
m

an
Br

ev
ic

an
)

A
nt

i-
BC

A
N

Sh
ee

p
po

ly
cl

on
al

Ig
G

1
m

g/
m

L
R

&
D

Sy
st

em
s

#A
F4

00
9

W
B2

(R
&

D
Sy

st
em

s
da

ta
sh

ee
t)

N
eu

ro
ca

n
(N

C
A

N
;N

-t
er

m
in

al
ep

it
op

e)
A

nt
i-

N
C

A
N

M
ou

se
m

on
oc

lo
na

lI
gG

36
9
μ

g/
m

L
D

SH
B1

#1
F6

W
B2

(A
sh

er
et

al
.,

20
00

&
D

ee
pa

et
al

.,
20

06
)

Ve
rs

ic
an

(V
C

A
N

;h
ya

lu
ro

na
te

-b
in

di
ng

re
gi

on
)

A
nt

i-
V

C
A

N
M

ou
se

m
on

oc
lo

na
lI

gG
16

9
μ

g/
m

L
D

SH
B1

#1
2C

5
W

B2
(A

sh
er

et
al

.,
20

02
&

D
ee

pa
et

al
.,

20
06

)
Ph

os
ph

ac
an

(P
TP

R
Z

)
A

nt
i-

PT
PR

Z
M

ou
se

m
on

oc
lo

na
lI

gG
16

5
μ

g/
m

L
D

SH
B1

#3
F8

W
B2

(D
ee

pa
et

al
.,

20
06

&
V

it
el

la
ro

-Z
uc

ca
re

llo
et

al
.,

20
06

)
Le

ct
in

s

N
-a

ce
ty

lg
al

ac
to

sa
m

in
e

(G
al

N
A

c)
Bi

ot
in

yl
at

ed
W

is
te

ri
a

flo
ri

bu
nd

a
ag

gl
ut

in
in

(W
FA

)
N

/A
2

m
g/

m
L

Si
gm

a
#L

17
66

K
op

pe
et

al
.,

19
96

N
eu

ro
na

lm
ar

ke
rs

C
ho

lin
e

ac
et

yl
tr

an
sf

er
as

e
(C

hA
T)

A
nt

i-
C

hA
T

G
oa

tp
ol

yc
lo

na
lI

gG
-

M
ill

ip
or

e
#A

B1
44

P
-

N
eu

ro
n-

sp
ec

ifi
c

nu
cl

ea
r

pr
ot

ei
n

(N
eu

N
)

A
nt

i-
N

eu
N

M
ou

se
m

on
oc

lo
na

lI
gG

1
m

g/
m

L
M

ill
ip

or
e

#M
A

B3
77

W
B2

(J
in

et
al

.,
20

03
)

1
D

SH
B,

D
ev

el
op

m
en

ta
lS

tu
di

es
H

yb
ri

do
m

a
Ba

nk
,U

ni
ve

rs
it

y
of

Io
w

a,
U

SA
.2

W
B,

W
es

te
rn

bl
ot

ti
ng

.

129



Int. J. Mol. Sci. 2018, 19, 1172

Immunostaining was routinely carried out using tissue from different animals and differing spinal
segments. The combinations carried out in this study used the formula: ChAT—Bio-WFA—CSPG
marker using various antibodies from Table 1, including for the lecticans ACAN, BCAN, NCAN and
VCAN. To differentiate between alpha and gamma Mns [31,44], ChAT was co-stained with anti-NeuN
(mouse; Millipore; 1:500; 24 h). Antibodies requiring 24-h incubation were added and mixed well 48 h
into a 72-h incubation with ChAT, using the protocols as above. To visualise each primary antibody
staining, the tissue was then co-incubated with the appropriate species of fluorescent-conjugated
secondary antibodies (1:500; 2 h; RT; Table 2).

Table 2. Fluorescent-conjugated secondary antibodies (2 mg/mL) used for immuno-detection of
primary antibodies.

Antibody Host Source

Alexa fluor 488 chicken anti-goat IgG Invitrogen #A21467
Alexa fluor 568 donkey anti-mouse IgG Invitrogen #A31571
Alexa fluor 568 donkey anti-rabbit IgG Invitrogen #A10042
Alexa fluor 568 donkey anti-sheep IgG Invitrogen #A21099
Alexa fluor 647 Streptavidin-conjugated Invitrogen #S32357

4.4. Image Acquisition and Quantification Methods

The fluorophores used to label the spinal cord sections were visualised using a Zeiss LSM
880 (upright) confocal microscope and were used to generate tile scans of the entire spinal cord
transverse section at 20× magnification (1.03 μs per pixel, averaging: 4). ChAT-positive cells and
co-localisation with WFA-positive PNNs and other CSPG-positive PNNs were counted using the Cell
Counter plugin (Kurt de Vos; https://imagej.nih.gov/ij/plugins/cell-counter.html) in the software
FIJI [58]. Mns were identified by location within the ventral horn of ChAT-positive cellular staining.
All ChAT-positive cells were individually counted and sequentially analysed for presence of PNN
staining. PNNs were only counted around ChAT-positive neurones and were identified by the presence
of intense staining as a bright ‘halo’ directly adjacent to the perimeter of ChAT-positive cells. Positive
PNN staining was categorised into three classes: (1) only WFA-positive, (2) only positive for the
appropriate CSPG stain or (3) WFA-positive and CSPG-positive. For differentiation of alpha and
gamma Mns, cells co-localising both ChAT and NeuN staining where taken as alpha Mns whereas the
absence of NeuN denoted gamma Mns [44,59].

4.5. Experimental Design and Statistical Analysis

A minimum of three sections per spinal level (cervical, thoracic or lumbar) per animal (n = 5)
were stained and imaged, maintaining the same confocal microscopy settings per staining procedure.
All counts per section were normalised by the number of ChAT-positive cells before averaging per
animal. All data sets were analysed with OriginPro 2016 scientific graphing and data analysis software
(OriginLab, Northampton, MA, USA), where results were statistically significant given that p < 0.05.
To test the influence of spinal cord level on PNN expression and for differences between PNN
types, results were pooled and analysed using one-way ANOVA, with Bonferroni correction for
between-groups multiple comparison.
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Abbreviations

ACAN Aggrecan core protein
BCAN Brevican core protein
ChAT Choline acetyltransferase
ChABC Chondroitinase ABC
CNS Central nervous system
CS-GAG Chondroitin sulphate glycosaminoglycan
CSPGs Chondroitin sulphate proteoglycans
ECM Extracellular matrix
GalNAc N-acetylgalactosamine
HA Hyaluronic acid/hyaluronan
Mn Motoneurone
NeuN Neuron-specific nuclear protein
NCAN Neurocan core protein
PTPRZ Phosphacan/protein tyrosine phosphatase receptor zeta
PNN Perineuronal net
Mn Motoneurone
SCI Spinal cord injury
VCAN Versican core protein
WFA Wisteria floribunda agglutinin
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Abstract: Neuropathic pain after spinal surgery, so-called failed back surgery syndrome, is a
frequently observed common complication. One cause of the pain is scar tissue formation, observed as
post-surgical epidural adhesions. These adhesions may compress surrounding spinal nerves, resulting
in pain, even after successful spinal surgery. E8002 is an anti-adhesive membrane. In Japan, a clinical
trial of E8002 is currently ongoing in patients undergoing abdominal surgery. However, animal
experiments have not been performed for E8002 in spinal surgery. We assessed the anti-adhesive
effect of E8002 in a rat laminectomy model. The dura matter was covered with an E8002 membrane or
left uncovered as a control. Neurological evaluations and histopathological findings were compared
at six weeks postoperatively. Histopathological analyses were performed by hematoxylin–eosin
and aldehyde fuchsin-Masson Goldner staining. Three assessment areas were selected at the middle
and margins of the laminectomy sites, and the numbers of fibroblasts and inflammatory cells were
counted. Blinded histopathological evaluation revealed that adhesions and scar formation were
reduced in the E8002 group compared with the control group. The E8002 group had significantly
lower numbers of fibroblasts and inflammatory cells than the control group. The present results
indicate that E8002 can prevent epidural scar adhesions after laminectomy.

Keywords: failed back surgery syndrome; anti-adhesive membrane; E8002; laminectomy
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1. Introduction

Spinal surgery typically induces various degrees of scar tissue and adhesion formation in the
epidural space, termed epidural fibrosis, and this fibrosis may cause problems if further surgery is
required [1]. Epidural fibrosis can compress the intraspinal nervous tissues to induce a variety of
symptoms including significant functional disability and recurrent radicular pain, and the resulting
syndrome, failed back surgery syndrome (FBSS), was reported to affect 8–40% of patients undergoing
lumbar disc surgery [2]. There are no effective treatments for patients with established epidural fibrosis,
and the associated complications make revision surgery more complex and time-consuming, with most
reoperations for FBSS being unsuccessful [3]. Prevention of epidural fibrosis formation is considered to
be the best approach for FBSS [4], and various attempts have been undertaken toward such prevention.

Many biological and synthetic materials, including polymethyl methacrylate, polylactic acid,
autologous leather, silastic silicone, and fat grafts, have been reported to show anti-fibrotic effects [5–9].
Pharmaceutical agents, such as mitomycin C, doxycycline, rapamycin, hydroxycamptothecine,
colchicine, steroid hormone, and anti-inflammatory agents, have been used to reduce epidural
fibrosis [10–14]. However, limited or variable success was achieved, and some of these medicines
caused side effects such as wound infections. Therefore, it remains clinically urgent to develop new
methods that can reduce epidural fibrosis.

E8002 is an anti-adhesive membrane that was previously known as nDM-14R [15]. E8002 is
designed to have a three-layered structure. The central layer is composed of pullulans, which are
used in foods and drugs, and are known to be innocuous and bioabsorbable. The surface layers are
composed of L-lactide, glycolide, and ε-caprolactone copolymers (Taki Chemical, Kakogawa, Japan)
produced by ring-opening polymerization catalyzed by tin octanoate [Sn(O2C8H15)2]. These polymers
are also used in bioabsorbable sutures. The material used for the central layer readily dissolves under
moist conditions, while the materials used for the surface layers are nearly insoluble. The thickness
of the central layer is set at 30 μm, while the surface layers are approximately 100 nm. In Japan,
a clinical trial on E8002 in patients undergoing abdominal surgery was initiated in 2007 and is currently
ongoing [16]. However, animal experiments have not yet been performed for E8002 in spinal surgery.
In the present study, we evaluated the therapeutic effect of local E8002 application on reduction of
epidural fibrosis in a rat laminectomy model. If E8002 can inhibit fibroblast proliferation and reduce
epidural fibrosis after laminectomy, this product may be effective for FBSS. The present results may
provide a novel method for reducing epidural fibrosis, and may be applicable to future human trials
on clinical use of E8002 for spinal surgery.

2. Results

2.1. E8002 Does Not Cause Neurological Adverse Effects

We evaluated neurological adverse effects in the rat laminectomy model. Preoperative and
postoperative comparisons of posture, weight support, and coordination according to the Basso,
Beattie, and Bresnahan (BBB) locomotion test did not show significant changes between the E8002
group and the control group (BBB score = 21) (Figure 1A). These results confirmed that the nervous
tissues were not injured intraoperatively by the properties of the inserted E8002 membrane. None of the
rats died intraoperatively or postoperatively, and no obvious adverse effects were observed. Therefore,
E8002 did not cause neurological adverse effects.
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Figure 1. Effect of E8002 on neurological and macroscopic evaluations. (A) BBB score; (B) Macroscopic
evaluation of skin; (C) Macroscopic evaluation of fascia; (D) Macroscopic evaluation of muscle. n.s.,
not significant.

2.2. E8002 Induces Muscle Healing

The data from the macroscopic evaluations are shown in Figure 1B–D. The evaluations did not
show significant differences in the skin and fascia between the two groups. However, muscle healing
was significantly improved in the E8002 group compared with the control group.

2.3. E8002 Reduce Fibroblasts and Inflammatory Cells in Epidural Scar Tissues

Typical images of hematoxylin–eosin (HE) staining of epidural scar tissues at the L1–L2 levels are
shown in Figure 2A. In the control group, dense epidural scar tissue and compact collagen tissues were
found at the laminectomy sites, and the scar tissue was widely adhered to the dura mater. In the E8002
group, vacuolation above the dura mater, loose scar adhesion, and less collagen tissues were observed.
On histological examination, the fibroblast and inflammatory cell densities in the E8002 group were
significantly lower than those in the control group (Figure 2B–F). Aldehyde fuchsin-Masson Goldner
staining revealed that the E8002 group had fewer observable epidural scar adhesions compared with
the control group (Figure 3).
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Figure 2. Cont.
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Figure 2. Effect of E8002 on epidural scar tissues evaluated by HE staining. (A) Photomicrographs
of epidural adhesions at the laminectomy sites. Arrows indicate scar tissue. The square indicates
vacuolation above the dura mater; (B) Representative images of HE staining for fibroblasts and
inflammatory cells in the control group and E8002 group (original magnification, ×200). Scale bars,
100 μm; (C) Representative images of HE staining for fibroblasts in the control group and E8002 group
(original magnification, ×400). Scale bars, 100 μm; (D) Counts of fibroblast density; (E) Representative
images of HE staining for inflammatory cells in the control group and E8002 group (original
magnification, ×400). Scale bars, 100 μm; (F) Cell counts of inflammatory cells.

Figure 3. Effect of E8002 on epidural scar tissues evaluated by aldehyde fuchsin-Masson Goldner
staining. Representative images of aldehyde fuchsin-Masson Goldner staining in the control group and
E8002 group are shown (original magnification: upper panels ×200, lower panels ×400) (scale bars:
upper panels 100 μm, lower panels 50 μm).

3. Discussion

The present findings have demonstrated reductions in scar formation and adhesions after
experimental laminectomy with E8002 treatment in a rat model.

Wound healing is generally a positive physiological event that restores the anatomy and function
of tissues after injury, and the ideal end result is tissue restoration to the condition before the injury [13].
An important part of the wound healing process is the formation of connective tissue or scar tissue
that supports the healing tissues during regeneration [13]. However, in many cases, the newly
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formed connective tissue (scar tissue) can negatively interfere with the normal function of the healing
tissues [13]. Following abdominal and gynecologic surgery, it is not uncommon for the surgical
procedure per se to induce adhesions that not only make subsequent surgery more difficult, but also
lead to pathological conditions such as ileus or infertility [17]. Spinal surgery often results in dense
scar formation termed epidural fibrosis. In some cases, this fibrosis induces significant difficulties
for repeated surgery and has been reported to induce compression of the adjacent nerve tissue [1,2].
Epidural fibrosis is a major cause of FBSS. A method for controlling wound healing, particularly the
formation of scar tissue and adhesions, would be of great value for post-surgical wound healing in
most cases.

Many attempts have been undertaken to control scar formation. There are several methods that
rely on barriers with various properties, and substantial numbers of biological and synthetic materials
and pharmaceutical agents have been applied [5–14]. However, the results have not been entirely
satisfactory. Because fibroblasts are responsible for producing collagen, much attention has been drawn
to the regulation of fibroblasts to reduce scar formation [18–20]. In previous studies, certain compounds
such as rapamycin, mitomycin C, and all-trans retinoic acid were shown to exert anti-adhesive effects
by inhibiting fibroblast proliferation [11,12,14], similar to the case for E8002. However, there are no
compounds with anti-adhesive effects that are widely used in the field of spinal surgery at clinical sites
worldwide. A clinical trial using E8002 is currently ongoing in patients undergoing covering colostomy
and colostomy closure. However, the spaces surrounding the intra-abdominal organs and those
surrounding the spinal cord may be different. Nevertheless, even if the types of organs are different,
the targets for adhesion prevention may be the same. Barriers between the two surfaces are considered
the most effective method for preventing postoperative adhesions. For membrane-like anti-adhesive
agents to exert an effect, two conditions are required: the damaged surface of all organs must be
covered by the anti-adhesive agent until the early fibrin network is completed, and inflammatory cells
must not invade the first fibrin network. The results of the above clinical trial may accelerate the start
of clinical trials in patients undergoing spinal surgery.

In conclusion, the results of the present study suggest that E8002 can reduce scar formation/
adhesions after spinal surgery. Although the underlying mechanisms remain to be clarified in further
studies, the findings suggest the possibility for future design of potent pharmacological treatment
modalities that can reduce post-surgical adhesion formation and scarring, potentially in combination
with physical barriers. We should remain optimistic about the future of spinal surgery, and continue to
explore new strategies to provide optimal care for patients undergoing spinal surgery.

4. Materials and Methods

The experimental protocol was approved by the Institutional Animal Care and Use Committee
of Kagoshima University (Kagoshima, Japan). The study protocol was approved by the local ethics
committee of Kagoshima University (Ethic approval number: MD17014, Approval date: 26 May 2017).

4.1. Rat Model of Laminectomy

A rat laminectomy model was used to determine the effects of E8002 on epidural fibrosis. A total
of 12 male Sprague-Dawley rats aged 8 weeks and weighing 290–310 g were used in the study.
Anesthesia was induced and maintained with 2.5–3.0% isoflurane inhalation and the animals were
fixed in the prone position. The back hair at the L1–L2 level was shaved, and the skin was sterilized
with iodophor three times. The laminectomy model was constructed as previously described [14].
All procedures were performed under sterile conditions with basic surgical tools, surgical microscopes,
and an electrical drill. A median incision of the dorsal skin was made at the L1–L2 level, and the
paraspinal muscles were separated. A rongeur was used to remove the spinous process and lamina,
and the dura mater at the L1–L2 level was exposed. An E8002 membrane (3 × 2 mm) was applied
to the surgical site. No membrane was applied in control rats. The total 12 rats were divided into
two groups: control group (n = 6) and E8002 group (n = 6). Satisfactory hemostasis was achieved
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using gauze; bone wax and cauterization after laminectomy were not needed. All procedures were
performed with care to avoid injury to the neural tissues.

4.2. Neurological Evaluation

At 6 weeks postoperatively, neurological evaluations were performed to confirm that the
membrane did not prevent healing of the spinal cord and dura matter, or injure the nerve roots
and spinal cord. All rats underwent preoperative and postoperative neurobehavioral assessments
using the BBB locomotion test [21]. This test assessed posture, weight support, and coordination
during open field locomotion.

4.3. Macroscopic Evaluation

After 6 weeks, the rats were re-anaesthetized. The skin and muscle wound healing was
macroscopically graded by a person blinded to the experimental groups using a semiquantitative
scale based on the Olmarker classification (healing of skin incision: 1, good healing; 2, slight
diastasis; 3, pronounced diastasis; 4, infection; healing of fascia and muscle: 1, good healing;
2, slight diastasis; 3, clear diastasis; 4, hematoma or infection with loss of contact) as described [13],
with small modifications.

4.4. Histological Analysis

At 6 weeks postoperatively, the rats were deeply anesthetized by intraperitoneal injection of
pentobarbital sodium (100 mg/kg), and perfused with heparin physiological saline, followed by 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) via the heart. The entire L1–L2 vertebral column,
including the paraspinal muscles and epidural scar tissue, was resected en bloc. The samples were fixed
in 4% paraformaldehyde at 4 ◦C overnight, decalcified in Kalkitox (Wako Pure Chemical Industries
Ltd., Osaka, Japan) at 4 ◦C for 2 days and 5% sodium sulfate solution at 4 ◦C overnight, dehydrated
in a graded ethanol series, cleared with xylene, and embedded in paraffin. The paraffin-embedded
samples were cut into 4-mm transverse sections through the L1–L2 vertebrae, and stained with HE.
Aldehyde fuchsin-Masson Goldner staining was also performed to identify connective tissues, such as
elastic fibers and collagen fibers. Epidural scar adhesions were evaluated under a light microscope
(DP21; Olympus Optical Co., Tokyo, Japan). Three areas were selected at the center and margins of the
laminectomy sites. The numbers of fibroblasts and inflammatory cells were counted in these three
areas, and the mean value was calculated per ×400 field as previously described [22].

4.5. Statistical Analysis

Variability of data was assessed by the F-test for parametric data. Student’s t-test for independent
samples was applied to determine the statistical significance of differences between the mean values of
two study groups. Values of p < 0.05 were considered statistically significant. If data were not normally
distributed, the Mann–Whitney-U-test was used. Values were presented as mean ± standard deviation
(SD). All statistical analyses were performed with SPSS version 24 (IBM, Chicago, IL, USA).

5. Study Limitations

For surgeons, the most important factor in evaluating adhesions is not the histological change of
the operative field, but the feeling when actually touching the field. Using the Rydell classification
(grade 0, epidural scar tissue is not adherent to the dura mater; grade 1, epidural scar tissue is adherent
to the dura mater, but easily dissected; grade 2, epidural scar tissue is adherent to the dura mater
and difficult to dissect without disrupting the dura mater; grade 3, epidural scar tissue is firmly
adherent to the dura mater and cannot be dissected) as previously described [23], we tried to perform
evaluations correctly for neurosurgeons and veterinary surgeons. However, the blinded macroscopic
evaluation was unable to reveal differences in adhesions and scar formation between the two groups.
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The fundamental factor for this is that the surgical field is very narrow in rats. Therefore, larger animal
models may be needed to allow correct evaluations.
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Abstract: Spinal cord injury (SCI) consists of three phases—acute, secondary, and chronic
damages—and limiting the development of secondary damage possibly improves functional recovery
after SCI. A major component of the secondary phase of SCI is regarded as inflammation-triggered
events: induction of cytokines, edema, microglial activation, apoptosis of cells including
oligodendrocytes and neurons, demyelination, formation of the astrocytic scar, and so on. Two major
stress-activated protein kinases (SAPKs)—c-Jun N-terminal kinase (JNK) and p38 mitogen-activated
protein kinase (p38 MAPK)—are activated in various types of cells in response to cellular stresses
such as apoptotic stimuli and inflammatory waves. In animal models of SCI, inhibition of either JNK
or p38 has been shown to promote neuroprotection-associated functional recovery. Here, we provide
an overview on the roles of SAPKs in SCI and, in particular, the pathological role of p38 will be
discussed as a promising target for therapeutic intervention in SCI.

Keywords: spinal cord injury; stress-activated protein kinases; c-Jun N-terminal kinase;
p38 mitogen-activated protein kinase

1. Introduction

Traumatic spinal cord injury (SCI) is a severe, devastating disease which often results in
sensorimotor dysfunction, largely due to the poor regenerative capacity of neuronal cells in the
adult mammalian central nervous system (CNS) [1]. Following the initial physical injury, the lesion
proceeds to receive secondary waves of complex neuroinflammatory events that cause additional
tissue destruction and functional impairments [2,3]. Under the secondary phase of SCI, however,
gradual functional recovery is observed in not only several animal models but also humans to some
extent, and is inversely proportional to the initial damage intensity of the SC [4]. In developing
beneficial drugs for SCI, it is therefore clinically reasonable to target the secondary damages involving
inflammation, blood–cerebrospinal fluid (CSF) barrier disruption, glial scar formation, cell death of
neurons and oligodendrocytes, lipid peroxidation, and glutamate excitotoxicity. Indeed, many studies
have recently focused on pharmacological interventions targeting the secondary damage symptoms.
To strengthen the reliability of therapeutic candidates for SCI, however, the exact molecular mechanism
underlying the secondary damage symptoms and the pivotal signaling pathway mediating each
symptom should be evaluated precisely.

The stress-activated protein kinase (SAPK) group of mitogen-activated protein kinases (MAPKs)
includes two members of the c-Jun NH2-terminal kinase (JNK) and p38 MAPK families, which are
activated in response to environmental stresses such as inflammatory stimuli by cytokines and Toll-like
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receptor (TLR) ligands, oxidative stress, trophic factor withdrawal, osmolarity shock, ultraviolet (UV)
irradiation, chemotherapeutic drugs, and so on [5,6]. The JNK family (JNK1, JNK2, and JNK3) are
encoded by three separate but closely related genes. JNK1 and JNK2 are expressed ubiquitously
in adult tissues, whereas the expression of JNK3 is primarily observed in brain, heart, and testis.
Ten different JNK isoforms are produced by alternative splicing of the Jnk transcripts: JNK1α1,
JNK1β1, JNK2α1, JNK2β1, and JNK3α1 have a molecular weight of 46 kDa; and JNK1α2, JNK1β2,
JNK2α2, JNK2β2, and JNK3α2 have a molecular weight of 54 kDa with an extended C-terminus [7].
Their relative contributions to the overall JNK activity remain to be elucidated. JNKs are activated by
dual phosphorylation of the TPY motif within their activation loop by two upstream MAPK kinases
(MAP2Ks)—MKK4 and MKK7—which are activated by various MAPKK kinases (MAP3Ks), MEKKs,
Mixed-lineage kinases (MLKs), apoptosis signal-regulating kinase 1 (ASK1), thousand-and-one amino
acid kinase 2 (TAO2), TNF receptor-associated factor 2- and NCK-interacting protein kinase (TNIK),
and dual leucine zipper-bearing kinase (DLK) [8].

On the other hand, the p38 family consists of four isoforms (α, β, γ, and δ) arising from separate
genes. p38α and -β are ubiquitously expressed in adult tissues, whereas expression of p38γ is
predominant in skeletal muscle and p38δ shows high expression levels in the kidney and lung [9,10].
As an alternative form of p38β that was initially identified, p38β2 with an internal deletion of 8 amino
acids has been reported. p38β2 showed much higher sensitivity to extracellular stimuli and p38
inhibitor than does p38β, which shows a level similar to that of p38α. In particular, p38β2 but not p38β
phosphorylated various substrates (as p38α does) in response to sorbitol [11]. Therefore, p38β means
p38β2 at present. Among p38 isoforms, the best characterized isoform is p38α, the physiological and
pathological roles of which have been well investigated [5,12]. In this review, we therefore mostly
refer to p38α as p38, unless otherwise indicated. p38 MAPKs are activated by dual phosphorylation
of the TGY motif within their activation loop by two upstream MAP2K—MKK3 and MKK6—which
are activated by various MAP3Ks, MEKKs, MLKs, ASK1, TAO2, TGF-β-activated kinase 1 (TAK1),
and Tumor progression locus 2 (TPL2). Consequently, JNK and p38 pathways share a number of
upstream MAP3Ks although the two pathways are not redundant. In addition to this canonical
activation pathway composed of three stepwise modules, specific binding of TAK1-binding protein
1 (TAB1) to p38α and TCR/ζ chain-associated protein kinase (ZAP70)-mediated phosphorylation of
Tyr323 in the C-terminal domain of p38 MAPKs (except p38δ) are described as new p38 activation
pathways via upregulating autophosphorylation of p38 MAPKs [13,14].

Overview of the SAPK activation pathway is shown in Figure 1A. SAPKs activated through
a typical kinase cascade promote a variety of cellular responses. In this review, we introduce increasing
evidence concerning pathological functions of JNK and p38 in SCI. In particular, we will discuss the
potential of targeting the p38 pathway as a disease-modifying therapy in SCI.
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Figure 1. (A) Overview of the stress-activated protein kinase (SAPK) pathway. SAPKs, c-Jun N-terminal
kinases (JNKs), and p38 mitogen-activated protein kinases (MAPKs) are activated in response to
a variety of cellular stresses through a three-step pathway (MAP3K/MAP2K/MAPK). In addition to
this canonical pathway, several pathways for p38 activation have been demonstrated. (B) Overview
of the SAPK-mediated neuronal degeneration after spinal cord injury (SCI). JNK contributes to
neuronal degeneration in a direct manner and also induces neuronal dysfunction in an indirect
manner through oligodendrocytic cell-death-associated demyelination. p38 predominantly orchestrates
SCI-triggered inflammatory responses such as activation of microglia, production of inflammatory
and neurotoxic mediators from infiltrated leukocytes and activated microglia, and reactive astrogliosis.
Reactive astrogliosis shows bidirectional effects on neuronal regeneration after SCI.

2. SAPKs in the CNS

In the CNS, JNK1 and JNK2 are expressed in various types of cells. On the other hand,
the expression of JNK3 is predominantly observed in neuronal cells. The most highly expressed
transcript of JNK isoform in the adult rodent brain is Jnk3 mRNA followed by Jnk2 mRNA and
then Jnk1 mRNA [15,16]. The cellular and behavioral phenotypes observed in JNK isoform- and
compound JNK isoforms-knockout mice models clearly suggest crucial roles of JNKs in the
CNS as follows: (i) Jnk3-knockout mice exhibit a marked reduction in kainate-induced neuronal
apoptosis in the hippocampus secondary to seizure response, and in dopaminergic cell loss in the
Parkinson’s disease model mice using 1-methyl-4-phenyl-1,2,4,6-tetrahydropyridine (MPTP) [17–19];
(ii) Jnk2-knockout mice show a decrease in dopaminergic cell loss in the MPTP Parkinson’s disease
model [18]; (iii) Jnk1/Jnk2-double-knockout mice show an embryonic lethality at E11.5 because of
severe dysregulation of apoptosis in the hindbrain at E9.0 [20]; (iv) Jnk1/Jnk2/Jnk3-triple-knockout
neuronal cells (primary cultured neurons from Jnk1LoxP/LoxPJnk2−/−Jnk3−/− mice were infected with
Ad-cre to establish deficiency of the JNKs) exhibit marked life span extension during culture in vitro [21].
Therefore, JNK is the central player at least in neuronal apoptosis, which tempts us to consider that
JNKs are able to contribute to the development of various neural diseases. Here, “knockout” represents
a traditional gene knockout, unless otherwise indicated.

In contrast to the cases of JNK-knockout mice, deficiency of each p38 isoform gene does not
result in defects in the CNS. p38α-knockout mice result in embryonic lethality due to dysfunction
of erythropoiesis and placental organogenesis [22,23]. A deficiency of the p38β gene is functionally
compensated by p38 in both activation of downstream kinases and TNF-α-mediated inflammatory
diseases [24]. p38γ-knockout mice exhibit loss of myogenic precursor cells that are primarily
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responsible for skeletal muscle growth and regeneration [25]. p38δ-knockout mice exhibit a marked
resistance to skin tumor development induced by chemical agents [26]. However, increasing evidence
indicates that at least p38α is expressed in neurons, astrocytes, oligodendrocytes, and microglia and
controls their cell fate and functions [12,27–30]. For instance, it has been proposed that amyloid
β-peptide (Aβ)-induced disruption of N-cadherin-based synaptic contact results in p38 activation,
which in turn phosphorylates Tau leading to neuronal apoptosis. This phenomenon is one of
the neurodegenerative processes in Alzheimer’s disease (AD) [31]. Likewise, p38 as well as JNK
are activated and play roles in the innate and adaptive immune responses, and various p38
inhibitors have been energetically developed and are in clinical trials as potential anti-inflammatory
drugs [5] (Clinicaltrials.gov, https://clinicaltrials.gov/). In inflammation-associated disorders of
the CNS, p38 may therefore be a valid therapeutic target. In fact, several reports including our
study have demonstrated that p38α contributes to the pathogenesis of experimental autoimmune
encephalomyelitis (EAE, a model for multiple sclerosis) mainly via mobilizing the Th17/IL-17
axis [32–36]. Notably, p38 inhibitors ameliorate the progression of EAE if administered even after the
onset of clinical symptoms [35,36]. In AD, moreover, the intense signal of p38 activation was observed
in the brain area where neuritic β-amyloid plaques were accumulated. It has been also demonstrated
that p38 plays a crucial role in amyloid precursor protein-induced production of neurotoxic cytokines
(e.g., TNF-α and IL-1β) in microglia [37]. It is noteworthy that p38α inhibition ameliorates the
overproduction of proinflammatory cytokines associated with neuronal dysfunction and behavioral
deficits in the Aβ-infused AD-relevant animal model [38].

3. Involvement of JNK in the Pathogenesis of SCI

Early evidence has demonstrated that contusion SCI activates the ASK1/JNK-p38 signaling axis
in both neurons and oligodendrocytes proceeding to apoptosis [39]. These events were followed
by further study using tiptoe-walking Yoshimura (TWY) mice that developed aging-associated
spontaneous calcification in the cervical ligament, thereby causing chronic mechanical compression of
the spinal cords. [40]. In those reports, the activation of ASK1-JNK and -p38 pathways was observed
in apoptotic sign-bearing neurons and oligodendrocytes, suggesting that JNK and p38 contribute to
neuronal and oligodendrocytic apoptosis in SCI at least phenomenologically.

The JNK-mediated apoptosis of oligodendrocytes in SCI has been precisely investigated [41].
The injury-activated JNK3 phosphorylated myeloid cell leukemia sequence-1 (Mcl-1) and
facilitated the degradation of Mcl-1 by ubiquitination in oligodendrocytes, which in turn induced
apoptosis-associated release of cytochrome C from mitochondria. This JNK-mediated oligodendrocytic
apoptosis was canceled by a disruption of the Jnk3 gene. Interestingly, the peak activation ratio of
JNK3 was 500-fold higher than those of JNK1/2 in the SC after hemisection injury, and JNK activation
monitored by phosphorylation of c-Jun was typically detected in neurons as well. Nevertheless,
the number of apoptotic neuron somas (TUNEL+/NeuN+) was not significantly different between
Jnk3-knockout mice and wild-type (WT) littermates, suggesting several possibilities as follows:
(i) low activation of JNK1 or JNK2 functionally contributes to neuronal cell death after SCI;
(ii) JNK3 may induce not apoptosis but another type of cell death—autophagic death—after SCI;
(iii) JNK3 may not directly regulate apoptosis of neurons but may play a role in transporting the
damage signal under nerve degeneration or regeneration like the case in the previous report [42].
The last notion was supported by a subsequent study.

Superior cervical ganglion 10 (SCG10), an axonal-maintenance factor, has phosphorylation sites
(Ser63 and Ser73) specific for JNK and is at least partly regulated by the phosphorylation-triggered
degradation program. In healthy axons, SCG10 protein may undergo rapid JNK-dependent
degradation versus replenishment by axonal transport from cell bodies. Once axons were injured,
loss of function of the replenishment in concert with continuous JNK-dependent degradation might
result in a marked loss of SCG10 selectively in distal axon segments, which accelerates axonal
fragmentation leading to anterograde axonal degeneration [43]. Hence, the JNK/SCG10 axis may
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contribute to Wallerian degeneration, one of the typical pathological aspects in SCI. Furthermore,
the involvement of JNK in retrograde axonal degeneration—so-called “dieback”—has been clearly
demonstrated [44]. The SCI-upregulated phospho-JNK was observed in the dorsal corticospinal tract
(CST) fibers labeled with biotinylated dextran amine (BDA) in the gray matter rostral to the lesion site,
where amyloid-β precursor protein, a marker for axonal degradation, was apparently accumulated.
This SCI-induced axonal dieback was markedly suppressed by continuous intrathecal administration
of a JNK inhibitor, SP600125, which was replicated in both JNK1-knockout and JNK3-knockout
mice. Likewise, hindlimb locomotor recovery after SCI was improved in SP600125-treated WT,
JNK1-knockout, and JNK3-knockout mice, suggesting that at least JNK1 and JNK3 positively regulate
axonal dieback limiting locomotor recovery after SCI. It has been also demonstrated that the
improvement of functional recovery after SCI is performed by D-JNKI1—the cell-permeable peptide
inhibitor against JNK [45]. Notably, a single intraperitoneal injection of D-JNKI1 showed beneficial
effects on SCI, which may be valuable as a minimally invasive strategy for clinical application of
JNK inhibition.

In contrast to the axonal degeneration activity of JNK in SCI, a lot of previous reports have
demonstrated that JNKs might play important roles in axonal guidance and neurite growth [8].
During the axonal regeneration process, JNK activity is necessary for neuritogenesis and sustained
neurite elongation [46]. These findings strongly suggest that JNK elicits neuroregenerative function as
well, tempting us to think whether the anti-JNK strategy prevents spontaneous axonal regeneration
after SCI. JNK inhibition by D-JNKI1 did not reduce long-term sprouting of the serotonergic fibers
in the glial scar after SCI [45]. In this case, the single administration of D-JNKI1 was performed 6 h
after SCI, under the experimental condition in which D-JNKI1 might not affect the relatively late-onset
sprouting. On the other hand, continuous administration with SP600125 did not interfere with axonal
branches extending from the CST into the gray matter far rostral to the lesion and, more likely,
preserved the axonal branches sprouting in the rostral part close to the lesion epicenter more frequently
compared with vehicle-treated control mice [44]. The reason why SP600125 efficiently leads to
axonal regeneration after SCI is not clear. As a plausible explanation, SCI-induced JNK activation
under the axonal degeneration process may be stronger than that under the axonal regeneration
process, because a significant activation of JNK in the SC is observed at 1–3 days post-injury [44].
However, further investigation as to whether JNK inhibition especially during the axonal regeneration
process worsens functional recovery after SCI is informative in considering the adverse effect of
JNK inhibitors.

Taken together, JNK activity (at least in neurons and oligodendrocytes) can contribute to the
pathogenesis of SCI. In addition, several reports have described that JNK activity in endothelial
cells and astrocytes may be involved in the breakdown of the blood–CSF barrier and neuropathic
pain, respectively, after SCI [45,47]. Although JNK is closely related to innate and adaptive
immunity in various pathological situations, neither activation of microglial cells nor infiltration
of myeloperoxidase-positive neutrophils were affected under the condition in which JNK inhibitors
improved locomotor recovery after SCI [5,45,48]. Further precise studies are required, but JNK may
not primarily orchestrate inflammatory events in the secondary damage of SCI.

4. Involvement of p38 in the Pathogenesis of SCI

4.1. p38 as a Central Player in Inflammatory Responses

In the secondary phase of SCI, infiltrated leukocytes and activated glial cells exacerbate
tissue damage by releasing proinflammatory cytokines/chemokines, proteases, and reactive oxygen
intermediates, though they exhibit certain beneficial aspects as well in some cases. The post-traumatic
inflammatory responses may contribute to axonal degeneration, neuronal and oligodendrocytic cell
death, and scar formation, and finally result in the impairment of neuronal function [49]. A number
of studies have described that proinflammatory cytokines such as IL-6, TNF-α and IL-1β are potent
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mediators for the pathogenesis of SCI at the early stage of secondary damage [50]. Initially, p38 has
been identified as a target protein for cytokine-suppressive anti-inflammatory drugs (CSAIDs)
as well as a lipopolysaccharide (LPS)/TLR-activated kinase and shown to contribute to mRNA
stabilization of IL-1β and TNF-α [51,52]. In addition to the function of transducing extracellular
signals to the transcriptional machinery through regulating transcriptional factors (e.g., activating
transcription factor 2 (ATF2), myocyte-specific enhance factor 2C/A, cAMP response element binding
protein (CREB) and CEBP-homologous protein) as substrates of p38, p38 has been found to play
an important role in both translation and stability of inflammatory mRNAs. For instance, AU-rich
elements (AREs) found in the 3′-untranslated region of TNF-α mRNAs are binding sites for various
factors regulating mRNA decay. The downstream kinase of p38, MAPK-activated protein kinase
2 (MK2 also known as MAPKAPK2), interferes with the interaction between AREs and the binding
factors and thereby stabilizes TNF-α mRNA [53]. Expression of IL-6, which provokes activation and
infiltration of leukocytes as one of its pleiotropic functions in SCI, is controlled by the mechanism of
p38/MK2-induced mRNA stabilization as well [54]. Therefore, p38 can mobilize major SCI-related
proinflammatory cytokines in the post-traumatic inflammatory process.

Using genetically manipulated mice and p38 inhibitors, it has been well documented that
p38 plays important roles in various steps of inflammatory responses as follows: (i) p38 in
macrophages stimulated with different TLR ligands regulates the expression of proinflammatory
factors (e.g., inducible nitric oxide synthase (iNOS), cyclooxygenase 2, IL-6 and TNF-α) via gene
regulatory mechanisms at both transcriptional and post-transcriptional levels [5,55]; (ii) p38 is required
for the LPS-, TNF-, or UV-B-induced maturation of monocyte-derived dendritic cells (DCs) [5];
(iii) p38 is involved in production of interferon (IFN)-γ and Th1 differentiation of CD4+ T cells under
stimulation with antigen and/or cytokines [5,56]; (iv) p38 upregulates the translational regulation of
cytokine production in NKT cells through activating the MAPK-interacting serine/threonine kinase
(Mnk)-eukaryotic translation initiation factor 4E (eIF4E) pathway, a downstream target of p38 [57];
(v) p38 is involved in DC-driven Th17 differentiation, Th17 proliferation, and regulation of IL-17
expression in Th17 [33,34]. As for IL-17 expression in Th17 cells, both the transcriptional regulation
via ATF2/CREB activated by p38α and the translational regulation via the p38α/Mnk-eIF4E pathway
have been proposed [35,36]. In conjunction with the fact that inhibition of p38 efficiently blocks the
highly pathogenic avian influenza virus (HPAIV)-induced “cytokine storm”, the p38 pathway can
regulate inflammatory responses as a central player [58].

4.2. Spatial Activation of p38 after SCI

In addition to neurons and oligodendrocytes, activation of p38 was observed in activated
microglia/macrophages, infiltrated neutrophils, and reactive astrocytes forming a glial scar after
SCI [39,40,59,60]. Several reports have described the mechanism of p38-mediated SCI development.
In a complete transection model of SCI, activation of p38 induced the expression of iNOS in activated
microglia/macrophages and then caused a decrease in NeuN+ cells. The loss of neuronal cells
was effectively inhibited by either a p38 inhibitor, SB203580, or N(ω)-nitro-L-arginine methyl ester,
suggesting that the p38/NO signaling axis mediates the microglial cell-induced neurotoxicity after
SCI [59]. In the SC after contusion injury, induction of IL-1β expression and p38 phosphorylation
was observed prior to neuronal apoptosis identified as the TUNEL+/active caspase-3+ somas in the
gray matter. An inhibitor of the IL-1β pathway, IL-1Ra suppressed phosphorylation of p38, indicating
that p38 functions downstream of IL-1R1. Likewise, the neuronal apoptosis was sensitive to both
IL-1Ra and SB203580, suggesting that the IL-1β/p38 signaling axis is involved in neuronal apoptosis
after SCI [61].
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4.3. Correlation between p38 Pathway Inhibition and Functional Recovery after SCI

4.3.1. p38 Inhibitors

Initially, SB203580 was reported to prevent damage to hindlimb function after SCI [62]. In contrast,
a subsequent study has shown that SB203580 could not improve functional recovery after SCI [60].
The two reports are controversial in spite of employing a similar contusion SCI model and the same
administration protocol (continuous intrathecal administration). The difference in intensity of SC
damage between the two cases might influence the beneficial effect of p38 inhibition on SCI. In the
former report, moreover, the treatment with SB203580 did not affect inflammatory responses in the
lesion area, indicating that the anti-inflammatory potential of p38 inhibition may not work as a primary
therapeutic effect on SCI.

Then, we have recently validated whether p38α is a potential therapeutic target in SCI.
A single-copy disruption of p38α gene (p38α+/−, p38α−/− is embryonic lethal as described
above) reduced the tissue degenerative events (e.g., induction of various cytokines/chemokines,
leukocytic infiltration, apoptosis of oligodendrocytes, loss of neuronal cells, and reactive astrogliosis)
and augmented the tissue regenerative events (e.g., recruitment of oligodendrocyte progenitor cells,
compaction of microglia/macrophages, and axonal regrowth), thereby causing a better functional
recovery following lateral hemisection SCI. In our investigation, hence, genetic inhibition of p38α
markedly suppressed at least the SCI-induced inflammatory responses: an increase in infiltration
of both T lymphocytes and monocytes/macrophages into the lesion epicenter, and upregulation
of inflammatory-related proteins (e.g., C-X-C motif chemokine 12, macrophage inflammatory
protein (MIP)-1α, MIP-2, and matrix metalloproteinase 9) in the SC. These findings strongly
suggest that the decrease of leukocytic infiltration associated with the suppression in expression
of inflammatory-related proteins may contribute to the reduced development of SCI in p38α+/− mice
and further that inhibition of p38 can ameliorate SCI-associated inflammatory responses. In addition,
the analysis using Texas Red-BDA, an anterograde tracer, showed that axonal regeneration after SCI
was accelerated or enhanced in the caudal part of the SC in p38α+/− mice compared with WT mice.
Notably, SB239063, a p38 inhibitor that is transferable across the blood–CSF barrier, significantly
improved functional recovery after SCI in WT mice if orally administered once a day at 1–3 days
post-injury [63]. An overview of the SAPK-associated pathological outcome, especially the neuronal
degenerative process in SCI, is shown in Figure 1B.

4.3.2. Minocycline

Minocycline, known as a second-generation tetracycline, is an interesting candidate in
the treatment of traumatic CNS injuries and neurodegenerative diseases because it possesses
neuroprotective and anti-inflammatory properties. A number of reports have proposed that
minocycline-evoked anti-inflammatory and anti-apoptotic actions could be mediated through
inhibition of p38 as follows: (i) low doses of minocycline protected neurons in mixed spinal
cord cultures from N-methyl-D aspartate excitotoxicity by inhibiting the p38-promoted microglial
activation [64]; (ii) minocycline protected cerebellar granule neurons from NO-induced cell
death via reduction of p38 activity [65]; (iii) minocycline ameliorated carrageenan-induced
inflammation-associated hyperalgesia through inhibiting p38 activation in spinal microglia [66].
In fact, it has been shown that the minocycline-p38 inhibition loop improves functional recovery after
SCI mainly by decreasing cell death of oligodendrocytes [67]. In that report, minocycline inhibited
oligodendrocytic apoptosis via reduction of the p38 activity-dependent pro-nerve growth factor
(proNGF) production in microglia, leading to the improvement of functional recovery after SCI.

NGF can promote cell death via stimulation of p75 neurotrophin receptor (p75NTR) in addition
to the well-known function of neuronal differentiation/survival via tyrosine receptor kinase
A (TrkA). Likewise, proNGF, the unprocessed NGF precursor, can bind p75NTR preferentially
over TrkA, and the expression of p75NTR is specifically upregulated in oligodendrocytes after
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SCI. Thus, the proNGF/p75NTR signaling axis-induced apoptosis may occur predominantly in
oligodendrocytes after SCI [68].

In another report, gene array analysis of mRNA from the SCs of rats with SCI showed the
expression of p38β2 was typically and specifically downregulated by treatment with minocycline,
the phenomenon of which is of interest [69]. In regards to the LPS-induced neurotoxicity secondary to
the proinflammatory cytokine production in microglia, however, p38β but not p38α is dispensable
in the brain, which is similar to the case of peripheral inflammation mentioned above [24,70].
Furthermore, neuron-selective microRNAs (miRs)—miR-124 and miR-128—selectively deplete p38α
but not p38β in neurons, which results in loss of function of the p38/Mnk-eIF4E pathway in neurons.
Thus, p38β cannot compensate p38α loss at least in the translational machinery mediated by the
Mnk-eIF4E pathway [71]. Further investigation is required for the pathophysiological significance of
minocycline treatment-specific downregulation of p38β2.

Currently, an interventional clinical trial, MASC (Minocycline in Acute Spinal Cord Injury) in
phase III, is in progress with minocycline for patients with SCI (clinicaltrials.gov, registration number
NCT01828203). The indication expansion for minocycline is much expected [72].

4.3.3. Plant-Derived Agents

Some plant-derived agents showing a beneficial effect on SCI can inhibit the p38 pathway.
Curcumin, a yellow polyphenol derived from the Curcuma longa plant, is commonly used as a spice
and also has a variety of medicinal properties including anti-inflammatory, analgesic, anti-oxidant,
and antiseptic activity. It has been clearly demonstrated that curcumin enhances locomotor and
sensory recovery after SCI at least partly through inhibiting the nuclear factor κ-light-chain-enhancer
of activated B cells (NF-κB) pathway [73].

NF-κB elicits pleiotropic functions by regulating the transcription of various genes such as
cytokines/chemokines, adhesion molecules, proinflammatory transcription factors, proinflammatory
enzymes, and so on. In addition, it is well described that NF-κB is activated downstream of TLR
and cytokine receptors like p38 is. In the CNS, the basal activity of NF-κB in glial cells is low but
highly inducible in response to the change of neural environment, which may play a crucial role in
brain inflammation [74]. In fact, transgenic mice with astrocyte-specific loss of function of NF-κB
activity show a dramatic improvement of functional recovery after contusive SCI [75]. Therefore,
NF-κB activity at least in glial cells contributes to the pathogenesis of SCI. Subsequently, it has been
demonstrated that curcumin ameliorates secondary damage (e.g., production of IL-6, TNF-α, IL-1β,
and nitric oxide) presumably through inhibiting both the TAK1/MKK6/p38 pathway and the NF-κB
pathway, which may contribute to the improvement of locomotor recovery after SCI [76].

Geraniol (an acyclic monoterpene alcohol) is primarily found in rose oil, palmarosa oil,
and citronella oil and commonly used in flavors and perfumes due to its rose-like scent. Geraniol has
various properties including antibacterial, immune regulation, insecticidal, and antitumor activities.
It has been demonstrated that Geraniol ameliorates secondary damage (e.g., edema, induction
of proinflammatory cytokines, oxidative stress, and neural apoptosis) and improves locomotor
recovery after SCI. As the main signaling mechanism of action, geraniol was shown to inhibit the
SCI-upregulated expression of NF-κB and p38 [77]. Through a similar mechanism, improvement of
locomotor recovery after SCI was observed in rats treated with asiaticoside, a terpenoid component
extracted form Centella asiatica [78].

4.4. p38 as a Promising Target for Therapeutic Intervention in SCI?

Accumulating evidence with animal models suggests that p38 plays a crucial role in the
pathogenesis of SCI and that p38 is expected as a clinical target for the treatment of SCI. However,
p38 signaling has a wide spectrum of biological activities beyond the inflammatory/stress responses in
the CNS [12]. In addition, the obvious resistance of p38α+/− mice to various pathological inputs raises
the question whether a full inhibition of p38 results in improvement of clinical symptoms [36,63,79–82].
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This notion may be partly supported by the fact that highly concentrated application of SB203580
loses its beneficial effect on SCI [62]. Likewise, mitogen- and stress-activated kinases (MSKs) 1 and
2 that are activated downstream of p38 play important roles in macrophages as follows: production
of the anti-inflammatory cytokine, IL-10; production of IL-1Ra; and an increase in transcription
of dual-specificity protein phosphatase 1 (DUSP1 also known as MAPK phosphatase-1) leading to
dephosphorylation/inactivation of p38. Thus, the p38/MSK signaling axis can function as the negative
feedback loop in p38-mediated inflammatory responses [83]. Furthermore, p38 inhibitor-based
therapeutic investigation is sometimes limited because of its specificity [84]. Therefore, further precise
investigation is needed, focusing on the exact spatial and temporal activation of p38 which positively
or negatively contributes to the functional outcome after SCI. As a result, p38 inhibition will be received
as a therapeutic option without adverse effects.

5. Closing Remarks

Here, we gave an overview on roles of SAPKs in SCI and, in particular, discussed the potential
of targeting the p38 pathway as a disease-modifying therapy in SCI. In addition to its role in the
development of neuronal degeneration after SCI, p38 may contribute to SCI-associated neuropathic
pain development and maintenance. After spinal nerve ligation (SNL) that is commonly used as
a neuropathic pain model, p38 was markedly activated predominantly in spinal microglia, and its
activity was maintained over 3 weeks [85]. The relationships between nerve-injury-induced microglial
activation and pain sensitization are well characterized [86] Therefore, p38 may represent a potent
clinical target for neuropathic pain management after SCI. In fact, the therapeutic effect of SB681323,
a p38 inhibitor, on neuropathic pain following nerve trauma was studied in a past clinical trial
(clinicaltrials.gov, registration number NCT00390845). It has been reported that nearly 80% of patients
with SCI are seriously affected by pain and unpleasant sensations [87]. The development of emerging
strategies for both functional recovery and neuropathic pain management after SCI is regarded as
a clinically and socially urgent matter.

Acknowledgments: This work was supported in part by Grants-in-Aid for Scientific Research ((B), 24390137 to
Yoshitoshi Kasuya) from the Ministry of Education, Science, Sports and Culture of Japan.

Author Contributions: Yoshitoshi Kasuya, Hiroki Umezawa and Masahiko Hatano wrote the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

Aβ Amyloid β

AD Alzheimer’s disease
ARE AU-rich element
ASK1 Apoptosis signal-regulating kinase 1
ATF2 Activating transcription factor 2
BDA Biotinylated dextran amine
CNS Central nervous system
CREB cAMP response element binding protein
CSAID Cytokine-suppressive anti-inflammatory drug
CSF Cerebrospinal fluid
CST Corticospinal tract
DCs Dendritic cells
DLK Dual leucine zipper-bearing kinase
EAE Experimental autoimmune encephalomyelitis
eIF4E Eukaryotic translation initiation factor 4E
HPAIV Highly pathogenic avian influenza virus
IL Interleukin

152



Int. J. Mol. Sci. 2018, 19, 867

IFN-γ Interferon-γ
iNOS Inducible nitric oxide synthase
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LPS Lipopolysaccharide
MAPK Mitogen-activated protein kinase
MAP2K MAPK kinase
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Mnk MAPK-interacting serine/threonine kinase
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NGF Nerve growth factor
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SAPK Stress-activated protein kinase
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SCG10 Superior cervical ganglion 10
TAB1 TAK1-binding protein 1
TAK1 TGF-β-activated kinase 1
TAO2 Thousand-and-one amino acid kinase 2
TGF-β Transforming growth factor-β
Th T-helper
TNF-α Tumor necrosis factor-α

TNIK
TNF receptor-associated factor 2- and NCK-interacting
protein kinase

TLR Toll-like receptor
TPL2 Tumor progression locus 2
TrkA Tyrosine receptor kinase A
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UV Ultraviolet
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Abstract: Spinal cord injury (SCI), a serious public health issue, most likely occurs in previously
healthy young adults. Current therapeutic strategies for SCI includes surgical decompression and
pharmacotherapy, however, there is still no gold standard for the treatment of this devastating
condition. Inefficiency and adverse effects of standard therapy indicate that novel therapeutic
strategies are required. Because of their neuroregenerative and neuroprotective properties, stem
cells are a promising tool for the treatment of SCI. Herein, we summarize and discuss the promising
therapeutic potential of human embryonic stem cells (hESC), induced pluripotent stem cells (iPSC)
and ependymal stem/progenitor cells (epSPC) for SCI.
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1. Introduction

Spinal cord injury (SCI), a serious public health issue, most likely occurs in previously healthy
young adults. Country-level incidence studies show that incidenceof SCI ranges from 40 to 80 per
million people per year [1]. The aim of modern society is to prevent traumatic SCI usually caused by
road traffic accidents, falls from heights, and violence (gunshot or stab wound), as well as nontraumatic
SCI resulting from cancer, spinal disk degeneration, or arthritis. Gray and white matter damage after
SCI leads to partial or complete motor, sensory, or autonomic deficit in parts of the body distal to the
lesion site. In accordance, the most devastating of all SCIs are injuries of the cervical spine, accompanied
by high-grade dysfunction of the central nervous system (CNS). In order to determine the severity of
SCI, the American Spinal Injury Association (ASIA) defined international standards for neurological
classification and formulated impairment scale for neurological assessment of individuals with SCI [2].
The most severe SCI is complete, irreversible and characterized by increased mortality risk compared
to the general population due to cardiovascular, respiratory and genitourinary complications, deep
venous thrombosis, chronic neuropathic pain, pressure ulcers, and infections [3].

Although a detailed understanding of molecular mechanisms involved in the pathophysiology of
SCI provides great promise for improving therapeutic strategies for spinal cord repair, there is still no
gold standard for the treatment of this devastating condition. Because of their differentiation abilities
and secretion of a variety of cytokines and growth factors, stem cells have been extensively studied
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as a novel neuroregenerative and neuroprotective agents for the treatment of SCI. A large number of
murine models of acute, subacute and chronic SCI, that resemble lesions that develop in the adult
human spinal cord following exposure to trauma, have demonstrated not only therapeutic role of
in vitro-expanded stem cell-derived progenitor, but also the cellular and molecular mechanism of
spinal cord repair and neurological improvements through activation of endogenous stem cells.

In this review, we summarize the advantages and disadvantages of current surgical and
pharmacological approaches and discuss promising therapeutic potential of human embryonic stem
cells (hESC), induced pluripotent stem cells (iPSC) and ependymal stem/progenitor cells (epSPC) for
SCI. We hope that the data highlighted in this report may be of relevance to stem cell researchers and
clinicians as a backdrop to future development of stem cell-based therapy of SCI.

2. Pathophysiology

Neurological outcome after SCI is associated with mechanical destruction of spinal tissue and
secondary injury mediated by multiple pathophysiological processes (reviewed in [4]). Displacement
of the anatomical structures of the spinal cord, following the initial mechanical events underlies the
onset of SCI and refers to the primary injury phase. Physical forces such as compression, contusion,
laceration, and acute stretch, damage nerve cells and their axons, leading to the disruption of
descending neuronal pathways [5]. During the secondary phase of SCI, the series of destructive
pathological processes occur, leading to massive cellular dysfunction and death, aberrant molecular
signaling and generation of harmful metabolic products. Immediately after sudden mechanical
trauma, focal microhemorrhage, vasospasm and reduction in blood flow, are seen within the injured
cord. Disturbance in ion chomeostasis, glutamaterelease, and lipid peroxidation in the lesion site
contribute to further progression of neurological dysfunction in patients with SCI by activating
consequential cascade of destructive pathophysiological mechanisms [6–8]. Electrolytic disbalance
in SCI is characterized by elevated extracellular concentration of potassium (K+) and increased
intracellular concentration of sodium (Na+) and calcium (Ca2+) [9]. As a result of the high amount of
potassium in the extracellular area, the transmission of a nerve impulse is blocked. Intracellular acidosis
promotes excessive water influx into the neurons, resulting in cytotoxic edema and neuronal death
(reviewed in [10,11]. Damaged cells massively release various toxic metabolites as well as excitatory
amino acid glutamate, which trigger autodestructive free-radical generation and excitotoxicity [9,12].
Reactive oxygen species cause oxidative damage of DNA, and lipid peroxidation in the cellular
membranes. These pathological changes observed in the lesion site lead to further progression
of neurons and glia cells necrosis and apoptosis [13]. It is well known that immune response
significantly contributes to pathogenesis of SCI. Interestingly, the inflammatory process has both
aggressive and protective effects on damaged spinal cord. Mechanical trauma breaks the integrity and
increases permeability of the blood-spinal cord barrier, thus contributing to inflammatory cell invasion,
and edema generation at the lesion site. Neutrophils, macrophages, T cells and microglia infiltrate
the spinal parenchyma, and produce wide range of proinflammatory cytokines tumor necrosis factor
alpha (TNF-α), interleukin-1 beta (IL-1β), interleukin-1 alpha (IL-1α), and interleukin-6 (IL-6) [14–17].
Expression of ion channels included in the family of connexins (Cx) is augmented at early stages
after traumatic SCI and contributes to secondary damage of spinal cord and neuropathic pain [18].
Neuroinflammation causes the development of a necrotic cavity surrounded by a glial scar that
prevents SCI progression [19]. At the same time, activated macrophages and microglia are involved in
phagocytosis of necrotic and destroyed tissue. This rapid removal of cellular debris is significant for
establishing an environment beneficial for neuroregeneration [20,21].

160



Int. J. Mol. Sci. 2018, 19, 1039

3. Current Therapeutic Strategies for Spinal Cord Injury

3.1. Surgical Decompression

Surgical Timing in Acute Spinal Cord Injury Study (STASCIS) showed that urgent surgical
decompression within 24 h after injury significantly increased post-operative motor and sensory
functions according to American Spinal Injury Association (ASIA) score [22,23]. Although early
decompression reduces the risk of respiratory failure and sepsis [24], neurological surgery for the
treatment of SCI is still associated with complications such as incidental durotomy or meningitis [25].
These limitations indicate that STASCIS and urgent neurological surgery in SCI as a widely adopted
treatment requires further improvement.

3.2. Therapeutic Hypothermia

Beneficial effects of modest (32–34 ◦C) systemic hypothermia induced by intravascular
cooling catheter have been clearly demonstrated in SCI [26,27]. Problems related to the safety
of invasive systemic treatment and relation between temperature at the spinal cord lesion and
core body temperature have been successfully resolved by localized cooling of the injury site
during surgical decompression [28]. Systemic hypothermia as well as local cooling attenuate
main pathophysiological processes during SCI including neuronal metabolism, neuroinflammation,
oxidative stress, excitotoxicity, and apoptosis [29,30]. At the same time, decreased temperature
protects the spinal cord from further injury by preserving the blood-spinal cord barrier (BSCB) and
reducing edema, and induces neurorepair by enhancing angiogenesis and neurogenesis [29]. However,
the effects of timing and duration of hypothermia as well as the best rewarming method on endogenous
mechanisms and mobilization of stem cells are still the main challenges in the use of therapeutic
hypothermia for the treatment of SCI [31].

3.3. Pharmacotherapy

Because of their anti-inflammatory effects and capacity to reduce oxidative stress and
excitotoxicity, corticosteroids are used in many preclinical and clinical studies as therapeutic agents
for the treatment of SCI [32]. Although it was expected that methylprednisolone would have the
ability to suppress immune-mediated damage after SCI by decreasing the inflammatory cytokine
production, several clinical studies failed to demonstrate functional repair after methylprednisolone
administration [33–37]. Use of methylprednisolone in patients with SCI has become controversial,
because of high rate of complications such as sepsis, pulmonary embolism, and gastrointestinal
hemorrhage [33–37]. In order to improve pharmacological treatment of secondary injury phase,
neuroprotective and regenerative effects of various agents were evaluated in clinical trials during the
last decade. Several prospective, multicenter human studies demonstrated neurologic improvement
in patients with spinal cord trauma who received riluzole [38], GM1 ganglioside [39], BA-210 [40],
minocycline [41] or granulocyte-colony stimulating factor (G-CSF) [42], suggesting the potential of
these agents for application in routine clinical practice.

4. Stem Cells—New Hope for Spinal Cord Injury

4.1. Human Embryonic Stem Cells

Human embryonic stem cells (hESC) are derived from the inner cell mass of the preimplantation
blastocysts, by removing the trophectoderm cells by immunosurgery [43]. hESC are positive
for pluripotent stem cell surface antigens such as stage specific embryonic antigens 3 and 4
(SSEA-3 and SSEA-4), TRA-1-60, TRA-1-81, and express well-known pluripotency-associated genes
octamer-binding transcription factor 3/4 (OCT3/4), sex determining region Y box-containing gene 2
(SOX2), and NANOG [44,45]. Elevated alkaline phosphatase and telomerase activity are associated
with their unlimited proliferative potential [44,45]. These markers are used to verify the successful
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isolation of a new hESC line and confirm the maintenance of an undifferentiated pluripotent state for
established hESC.

In addition to remarkable proliferative capacity, hESC exhibit pluripotency both in vitro and
in vivo. Because of their ability for differentiation into cells of ectodermal origin such as neuronal
and glial cells, hESC are used in many preclinical studies (reviewed in [46]) as a new therapeutic
option for SCI (Figure 1A). Several previously published papers have shown that transplantation of
hESC-derived oligodendrocyte progenitor cells (OPC) to SCI models resulted in cell survival and
clinically relevant recovery of neurological functions with no evidence of harmful effects [47–49].

Figure 1. (A)Human embryonic stem cells (hESC), induced pluripotent stem cells (iPSC) and
ependymal stem/progenitor cells (epSPC) as a promising tool in the therapy of SCI; (B) the role of
FM19G11, an inhibitor of hypoxia inducible factor (HIFα), to mobilize epSPC. OCT3/4, octamer-binding
transcription factor 3/4; SOX2, sex determining region Y box-containing gene 2; KLF4, Krüppel-like
factor 4; TGF-α, transforming growth factor-alpha; GLUT-4, glucose transporter type 4.
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Keirstead and coworkers demonstrated that hESC-derived OPC transplanted seven days after SCI
in rats differentiate into mature oligodendrocytes, induce myelin sheath regeneration and significantly
improve locomotor function [48]. In contrast, OPC administration ten months after injury, did not
manage to improve neurological outcome in injured animals compared with controls, suggesting that
first week after SCI is the optimal time point for OPC transplantation [48]. Neural stem cells (NSC)
clonally derived from murine embryonic stem cells (dNSCs), without embryoid bodies formation,
survive and differentiate into neurons, oligodendrocytes, and astrocytes after injection into the spinal
cord lesion one week after SCI in mice. Salewski et al. provided the evidence that transplanted dNSCs
have broad spectrum of beneficial neuroregenerative effects associated with enhanced remyelination of
damage axons [50]. In addition to differentiation into myelin-forming oligodendrocytes, hESC-derived
OPC express neurotrophic factors such as neurite growth-promoting factor 2 (NEGF2), hepatocyte
growth factor (HGF), activin A, transforming growth factor-beta 2 (TGF-β2), and brain-derived
neurotrophic factor (BDNF), providing significant therapeutic effects in SCI such as neuronal survival
and neurite extension [51,52].

In order to increase the yield of defined hESC-derived neural lineages, we optimized in vitro
conditions for the differentiation of hESC towards motoneuron progenitors (MP) and OPC using
chemically defined mediums without animal components and without feeder cells. This protocol
induces conversion of hESC into rosettes and neural tube-like structures with capacity to differentiate
into region specific and functional neurons, astrocytes, and oligodendrocytes [53]. For the first time,
we achieved controlled differentiation of neural progenitors towards specific type of neuronal cells
by stimulating the rosettes with specific signaling factors in vitro [53]. Promising results obtained
under in vitro conditions suggest that neuroregenerative potential of hESC-derived OPC and MP
should be investigated using an animal model of SCI. Therefore, we used a well-established rat
model of complete spinal cord transection, that resemble the pathology of the most severe clinical
cases of SCI in humans [54]. Our study showed that transplanted cells OPC and MP survived for
at least 4 months, and migrated at least 3 mm away from the site of injury [55]. Main mechanisms
of behavioral and electrophysiological improvement after OPC and MP transplantation in SCI were
their differentiation into mature oligodendrocytes and neurons and their capacity to produce various
neurotrophic factors [55]. Additionally, transplanted OPC and MP triggered Janus kinase/signal
transducers and activators of transcription (JAK/STAT) and Notch signaling in the lesion site leading
to enhanced astrogliosis [56] indicating that reactive astrocytes in synergy with transplanted cells
promote survival and growth of serotonergic and dopaminergic axons [56].

Although the results of preclinical study are promising, there are important issues such as the
possibility of immune rejection and the risk of tumor formation after transplantation that should be
addressed to achieve successful hESC-based therapy [57].

4.2. Induced Pluripotent Stem Cells

Induced pluripotent stem cells (iPSC) were originally obtained by the viral transduction of four
transcription factors: SOX2, OCT3/4, tumor suppressor Krüppel-like factor 4 [KLF4], and proto-oncogene
c-MYC in differentiated somatic cells [58]. The standard viral integrative reprogramming techniques are
associated with many risks including insertional mutagenesis, uncontrolled expression of integrated
transgenes—downregulation or silencing of the transgenes or tumor formation due to residual
reactivation of transgenes, senescence-associated DNA changes, and immunogenicity of iPSC-derived
cells [59]. Huge efforts have been devoted toward the development of novel protocols in order to
improve quality and efficiency of reprogramming technology and to bring iPSC-derived cells closer to
clinic. During the last decade, several studies suggested alternative non-integrative delivery methods for
more safety iPSC generation such as use of adenovirus and Sendai virus as well as non-viral-mediated
molecular strategies (Cre-loxP-mediated recombination, PiggyBac-transposition episomal DNA vectors,
and direct miRNA transfection) [60–64]. All these technologies provide an opportunity to derive
pluripotent cells similar to hESC in terms of morphology, karyotype, and phenotype without destruction
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of human embryos. The use of patient-specific iPSC for treatment of SCI is particularly attractive, given
that they avoid the ethical considerations and immunological rejection of hESC and represent a source of
autologous cells that can be differentiated to neural progenitor cells (NPC), neurons, oligodendrocytes,
and astrocytes at the same time underlining the integration of transplanted cells into the site of
injury as an important issue of successful cell-based therapy (Figure 1A). Several research groups
reported that iPSC are capable of generating mature dopaminergic neurons [65,66], motor neurons
(MN) [67–69], and GABAergic interneurons [70], however, it is known that transplantation of mature
neurons is characterized by poor cellular engraftment versus transplantation of neural progenitors.
Consequently, transplantation of neural progenitors has been a focus, and seems to be a promising
approach for the treatment of SCI. Several groups reported that autologous iPSC derived neural
precursor cells (iPSC-NPC) could be efficiently derived [71,72] and used for transplantation into rodents
with SCI [73,74]. Transplanted NPC predominantly gave rise to myelin-producing oligodendrocytes,
leading to remyelination and improvement of nerve conduction [73]. Moreover, iPSC-NPC migrated
long distances, integrated into the spinal cord and differentiated into mature neurons and glia, resulting
in synaptic reconstruction and locomotor recovery [75–77]. In addition, neurotrophic factors produced
by iPSC-NPC, modulate immunopathological events following SCI [78]. Hayashi and colleagues found
that iPSC-derived astrocytes injected into the injured rodent spinal cord increased the sensitivity to
mechanical stimulus but did not affect locomotor functions [79].

Although patient-specific iPSC are a revolutionary tool which could pave the way to personalized
medicine, many issues remain to be improved including reprogramming techniques as well as protocols
for targeted differentiation.

4.3. Ependymal Stem/Progenitor Cells

It has been demonstrated that OPC, astrocytes, and ependymal cells are the most important
dividing cells in the adult spinal cord [80–82]. Astrocytes and OPC have the capacity to self-renew,
however they cannot give rise to different types of specialized cells, indicating that they are not
NSC [83]. Ependymal stem/progenitor cells (epSPC) are adult multipotent stem cells characterized by
the ability to differentiate into the both glial cells and neurons [18,56] and can be found around the
spinal central canal [4] (Figure 1A, Table 1).

Table 1. The capacity of engraftment and differentiation, contribution to functional recovery and risk
of tumorigenesis of transplanted hESC, iPSC and epSPC in animal model of spinal cord injury Stem
cell source.

Stem Cell
Source

Differentiation Engraftment
Contribution to

Functional Recovery
Tumorigenesis

hESC differentiation into
neurons and glia [53,64]

hESC-derived OPCs and
MPs engraft for at least 4
months in the lesion site [55]

significant improvement of
behavioral and
electrophysiological,
function of injured animals
at early time points after
SCI [55,56]

risk of teratoma
formation [46,57]

iPSC

differentiation into
neural progenitor cells,
neurons,
oligodendrocytes, and
astrocytes [72–77]

integration for at least 12
weeks after transplantation
into injured spinal cord
tissue [74]

iPSC-derived cells
promote functional
recovery in an early SCI
model [72–77]

more tumorigenic
than hESC due to
genetic and
epigenetic
aberrations [46]

epSPC

differentiation into glial
cells (oligodendrocytes
and astrocytes) and
neurons [18,34]

detected 2 months after
transplantation [56]

accelerates recovery of
motor activity 1 week after
injury [56]

low rates of
tumorigenesis [4]

hESC, human embryonic stem cells; OPC, oligodendrocyte progenitor cells; MP, motoneuron progenitors; iPSC,
induced pluripotent stem cells; epSPC, ependymal stem/progenitor cells; SCI, spinal cord injury.
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OPC, present in the white and gray matter in the adult CNS, are the main proliferating cell types
in the intact spinal cord [80]. Under homeostatic conditions, neural/glial antigen 2 (NG2)—expressing
OPC proliferate and differentiate into mature oligodendrocytes maintaining tissue integrity over the
lifespan. Following SCI, OPC migrate to the spinal cord lesion sites, and extensively contribute to
remyelination [80,81]. The recent studies [84,85] have shown that glial growth factor 2 (GGF2) and
ferritin administration promote oligodendrogenesis and improve functional recovery after SCI. Thus,
enhancing the endogenous OPC response to injury could be a potential therapeutic approach to
manage tissue repair and regeneration without the transplantation of exogenous cells.

It is well known that astrocyte turnover is low in healthy spinal cords, however, these cells respond
to SCI by intensive dividing and forming the border of glial scar with fibromeningeal and NG2+glia
cells [80,86]. Astrocytes in the scar’s periphery inhibit axonal growth in the environment of SCI
through secretion of inhibitory molecules such as heparan sulphate proteoglycan, dermatan sulphate
proteoglycan, keratan sulphate proteoglycan and chondroitin sulphate proteoglycan (CSPG) [87].
In addition to the extracellular matrix components, semaphorin 3, ephrin-B2 and its receptor
EPHB2 and the Slit proteins produced by reactive astrocytes, have largely negative effects on nerve
regeneration [87]. Following these observations, several in vivo studies provided the evidence
that application of chondroitinase ABC (ChABC) as an individual therapy or in combination
with other treatments degraded CSPG in scar tissue, enhanced growth and regeneration of axons,
and re-established neural pathways below the lesion (reviewed in [88]). Enzyme-based treatments
may provide new opportunities to overcome detrimental effects of glial scar and may offer new hope
for success in therapy of SCI.

However, as we mentioned, reactive astrocytes surrounding the spinal cord lesion prevent an
excessive inflammatory cell infiltration leading to decrease in immune-mediated damage of spinal
cord. Interestingly, during the last two decades, there is growing evidence suggesting novel cellular
and molecular mechanisms underlying neuroprotective effect of astrogliosis after SCI. The fact that
glial scar is composed of at least two phenotypically and developmentally different populations of
astrocytes, may explain a dual role of scar tissue on spinal cord regeneration. Although the most
extensive proliferation of epSPC occurs during embryogenesis and the early postnatal period, there
are data suggesting slow proliferation rate of epSPC surrounding spinal cord in adulthood [89–91].
More importantly, endogenous epSPC are activated 72 h after SCI to migrate from spinal central canal
towards the lesion site, divide extensively, and generate astrocytes, as well as a small number of
oligodendrocytes [80,82,92,93]. Only small portion of epSPC differentiate toward oligodendrocytes
responsible for myelin production, typically located in white matter areas of spinal cord [94]. Most of
the epSPC-derived progeny express astrocytic markers [82], however, these reactive astrocytes are
glial fibrillary acidic protein (GFAP) negative, invade glial scar center and promote axonal growth
and regeneration [80,82,95]. In contrast to astrocytes constituting the glial scar border, epSPC-derived
reactive astrocytes actively maintain extracellular homeostasis. In particular, astrocytic uptake of
glutamate prevents glutamate-mediated neuronal loss, suggesting that pharmacological stimulation
of astrocytes may be a promising therapeutic target for SCI as well as other pathologies involving
excitotoxicity. In addition, astrocytes provide significant metabolic support to neurons, regulate
extracellular potassium level, and prevent generation of free radicals [96]. The neuroprotective capacity
of astrocytes is mediated by wide variety of soluble factors including brain-derived neurotrophic factor,
ciliary neurotrophic factor, nerve growth factor (NGF), and basic fibroblast growth factor (FGF-2) and
the extracellular matrix molecules laminin and fibronectin [97]. Thus, specific modulation of two
reactive astrocyte subpopulations in the injured spinal cord, protective in the core and harmful at the
periphery of glial scar, could represent a new regeneration strategy for SCI.

Although the precise mechanism for improved functional recovery after intrathecal administration
of epidermal growth factor (EGF) and fibroblast growth factor 2 (FGF-2) is not known [98], these
findings suggested that stimulation of resident NSC might be used as a possible new therapeutic
approach for SCI treatment. Endogenous cell-based therapeutic approach avoids the risks of exogenous
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cell transplantation such as risk of tumor formation after engraftment, and possible immunogenicity
that requires immunosuppression. Thus, we explored a new chemical entity, FM19G11 as a new
pharmacological agent for spinal cord regeneration (Figure 1B). FM19G11, by HIF2α-mediated
mechanisms, inhibits the transcriptional and protein expression of pluripotency markers Sox2, Oct4,
Nanog, and Tgf -α in epSPC, leading to increased differentiation of epSPC into oligodendrocytes in a
hypoxic environment [99]. However, under normoxic conditions, FM19G11 stimulates glucose intake
and mitochondrial functions in epSPC, causing an increased energy status and high proliferation of
epSPC (Figure 1B, left panel). Furthermore, we confirmed neuroregenerative properties of FM19G11
using an animal model of SCI [100]. In line with previous findings, paralysis of hind limbs was
significantly reversed in FM19G11-treated rats with SCI compared to vehicle treated animals [100]
(Figure 1B, right panel). Furthermore, we showed that epSPC isolated from rats with an SCI (epSPCi)
display enhanced capability for self-renewal and differentiation toward oligodendrocyte progenitors
compared to epSPC from healthy animals [56]. This isconsistent with the fact that the inflammatory
environment to which quiescent epSPCare exposed after SCI modulates gene expression profile
and induces recruitment of endogenous epSPCto the lesion site [82,92]. In order to delineate the
molecular mechanisms responsible for higher regeneration ability of epSPCi after injury, we analyzed
the role of Cx50, an ion channel involved in differentiation of stem cells into glial cells within the
injured area. In non-pathological conditions, epSPC show high expression levels of Cx50, however,
activated epSPCi express low levels of Cx50, indicating adverse effects of Cx50 in spinal cord
regeneration [18,101]. An additional molecular mechanism of increased regenerative capacities
of epSPCi versus epSPC could be changes in purinergic receptors (P2Y) expression in stem cells.
We showed that downregulation of P2Y1 receptor and an upregulation of P2Y4 receptor increases
differentiation potential and proliferation ability of epSPCi, respectively [102]. Hence, transplantation
of epSPCi or epSPCi-derived oligodendrocyte precursors [OPCi] immediately after spinal cord
contusion was a more efficient therapeutic strategy for the locomotor recovery one week after
treatment than epSPC or OPC transplantation [56]. Therefore, our studies revealed that transplanted
epSPCi differentiated rarely and that beneficial effect of transplanted epSPCi in SCI was primarily
based on their release of trophic and immunomodulatory factors that alter function of immune
cells [56]. Combination of epSPCi transplantation and local application of FM19G11 reduced glial
scar and enhanced generation of oligodendrocyte precursor, however, did not significantly improve
the neurological outcome compared to the individual treatments [103]. Therefore, to treat SCI as
complex disorder, new hope might be found in a combination of cell transplantation, pharmacotherapy,
mobilization of endogenous stem cells and bioscaffolds [103,104].

5. Conclusions

Stem cell therapy in SCI provides a clue to solve the challenges which currently used medical
procedures cannot treat. Because of their neuroregenerative, neuroprotective and immunomodulatory
properties, stem cells are an innovative approach for the therapy of SCI. The presence of NSC in the
adult CNS raises the possibility of the modulation of an endogenous regenerative process. Although
further investigations are necessary to confirm neurological benefits by adjusting doses and drug
administrations, treatments for mobilization of endogenous stem cell population have been considered
as a promising therapeutic approach to enhance repair mechanisms in SCI. Additionally, results of
preclinical studies indicate that application of stem cell-derived progenitors significantly reduces
neurological disability in most severe SCIs. However, the main safety issue regarding pluripotent stem
cell-based transplantation is still a lack of efficient protocols to obtain pure cell populations without
the presence of unwanted cell types, and undifferentiated hESC/iPSC. It is important to highlight that
stem cell transplantation alone is not sufficient to bridge a spinal cord lesion, therefore, a repair strategy
based on combination of well-established therapeutic modalities, including surgery and medications,
and stem cell-derived neural cells is an extremely attractive option for the treatment of this devastating
injuries. Therefore, it is critical to develop new modalities such as directly applied pharmacology and
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biomaterials that support stem cell survival and provide better tissue integration. Future studies must
be focused on resolving issues such as ideal sources of stem cells and safety of stem cell-based therapy
with the aim to utterly exploit the promising therapeutic potential of both exogenous and endogenous
stem cells in SCI.
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Abstract: Neuromuscular impairment and reduced musculoskeletal integrity are hallmarks of spinal
cord injury (SCI) that hinder locomotor recovery. These impairments are precipitated by the
neurological insult and resulting disuse, which has stimulated interest in activity-based physical
rehabilitation therapies (ABTs) that promote neuromuscular plasticity after SCI. However, ABT efficacy
declines as SCI severity increases. Additionally, many men with SCI exhibit low testosterone,
which may exacerbate neuromusculoskeletal impairment. Incorporating testosterone adjuvant to
ABTs may improve musculoskeletal recovery and neuroplasticity because androgens attenuate
muscle loss and the slow-to-fast muscle fiber-type transition after SCI, in a manner independent
from mechanical strain, and promote motoneuron survival. These neuromusculoskeletal benefits
are promising, although testosterone alone produces only limited functional improvement in
rodent SCI models. In this review, we discuss the (1) molecular deficits underlying muscle loss
after SCI; (2) independent influences of testosterone and locomotor training on neuromuscular
function and musculoskeletal integrity post-SCI; (3) hormonal and molecular mechanisms underlying
the therapeutic efficacy of these strategies; and (4) evidence supporting a multimodal strategy
involving ABT with adjuvant testosterone, as a potential means to promote more comprehensive
neuromusculoskeletal recovery than either strategy alone.

Keywords: neuroplasticity; bodyweight-supported treadmill training; estradiol; estrogen; muscle;
PI3K; IGF-1; motor neuron; BDNF; FOXO; PGC-1 alpha; PGC-1 beta

1. Introduction

Spinal cord injury (SCI) results in profound sensorimotor impairment below the lesion site,
which is precipitated by the insult to the spinal cord and exacerbated by a cascade of secondary
cellular and molecular processes occurring in the acute and chronic post-injury phases [1–3].
Neuromuscular impairment and muscle loss are hallmarks of the SCI injury cascade that
produce substantial impediments to physical therapy regimens intended to restore locomotion [3].
Activity-based physical rehabilitation therapies (ABTs) (e.g., bodyweight-supported treadmill training
(BWSTT) or robotic assisted locomotor training with or without electric stimulation) have shown
promise in promoting neuromuscular plasticity in humans and rodent models after motor-incomplete
SCI [4,5]. However, ABTs are only partially effective in restoring function after SCI and their
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neuromuscular efficacy declines as injury severity increases [6], indicating the need for adjuvant
therapeutic strategies to hasten functional recovery in this population.

Low testosterone (T) is also a secondary consequence of SCI, with hypogonadism being
~ four times more prevalent in men after SCI than in non-injured populations [7]. Non-neurologically
impaired men with low T exhibit low muscle mass, impaired muscle function [8], and worsened
walking biomechanics [9], while T replacement therapy (TRT) improves muscle mass, neuromuscular
function [10], and walking speed in older ambulatory hypogonadal men [11]. To-date, a causal
relationship between low T and worsened neuromuscular function after SCI has not been elucidated,
although TRT increases sublesional lean mass [12] and muscle cross-sectional area (CSA) in men with
motor-complete SCI [13], in a manner completely independent from voluntary muscle contractility.
Similarly, in male and female rodent SCI models, androgen treatment attenuates sublesional muscle
loss and other phenotypic changes associated with impaired muscle function after SCI [14–20], and may
promote slight improvement in locomotor recovery [15]. Herein, we will summarize the (1) molecular
deficits underlying muscle loss after SCI; (2) independent influences of T and ABTs on neuromuscular
function and musculoskeletal integrity subsequent to SCI; (3) hormonal and molecular mechanisms
underlying the therapeutic efficacy of these strategies; and (4) evidence supporting a multimodal
strategy involving BWSTT with adjuvant T, as a potential means to promote more comprehensive
neuromusculoskeletal recovery after SCI.

2. Neuromuscular Adaptations after SCI

Motoneuron innervation of skeletal muscle fibers influences muscle mass and function,
and fiber-type distribution [21]. After SCI, changes to the excitatory and inhibitory inputs to the
motor unit (i.e., spinal motoneuron and the innervated fibers) exist [22]. For example, motor units that
are dysfunctional after SCI result in a weaker and less fatigue resistant muscle [22,23], with rate of force
development and motor axon conduction velocity decreasing [24,25]. These changes may exacerbate
functional decline after SCI and can impair locomotor recovery, depending on the injury severity and
degree of motor dysfunction [26]. The plethora of anatomical and functional consequences resulting
from motor unit impairment after SCI have been detailed elsewhere [22]. Herein, we will focus on
somatic motoneuron structural adaptations that influence impaired motor function after SCI [27] and
how T administration [17,18] and locomotor training [28,29] may alter these adaptations and ultimately
improve muscle function and/or locomotor recovery.

The muscular adaptations to SCI have been detailed previously [30], which we summarize here
in brevity. Individuals with SCI exhibit an 18–46% lower sublesional muscle cross-sectional area
(CSA) than those without SCI, with the degree of atrophy depending on the injury severity [31] and
muscle groups involved [32–34]. Muscle loss is worsened as injury severity progresses [31], a result of
more impaired motor function and extended disuse in those with motor-complete SCI. For example,
muscle atrophy occurs primarily in the initial six weeks after injury in those with motor-incomplete
SCI [32], while whole muscle CSA and muscle fiber (f)CSA continually decline for at least 24 weeks
after motor-complete SCI [33,35]. Atrophy of both type I (slow-oxidative) and type II (fast-glycolytic)
fibers occurs in humans [35,36] and rodents in response to SCI [37], preceding intramuscular fat
accumulation [32] and the well-characterized slow-to-fast fiber transition [38,39]. These structural
and physiologic changes impair voluntary force generation and muscle endurance [40,41], factors that
are associated with locomotor recovery after SCI [42,43]. However, skeletal muscle retains the ability
to reverse the molecular cascade precipitating atrophy [44,45] and to improve contractility after SCI
in response to sufficient stimuli [46]. In the sections below, we discuss evidence supporting the
involvement of several molecular signaling pathways that likely influence muscle deficits after SCI.

2.1. Ubiquitin-Proteasome Signaling after SCI

Reduced phosphorylation of the forkhead box O (FOXO) proteins FOXO1 and FOXO3a promotes
the transcription of muscle atrophy F-box (MAFbx or atrogin-1) and muscle ring finger-1 (MuRF1),
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muscle-specific E3 ubiquitin ligases that stimulate atrophy in response to disuse and other catabolic
states [47]. The influence of these ubiquitin ligases on skeletal muscle atrophy has been demonstrated
by the viral overexpression of MAFbx, which reduced the myotube diameter by ~85% in vitro, and by
genetic elimination of MAFbx or MuRF1, which attenuated muscle atrophy in response to sciatic nerve
transection [48]. Within several days of SCI, >50 protein ubiquination pathway genes are upregulated
in sublesional muscle [49], an effect that likely influences the rapid muscle atrophy in response to
injury. In particular, MAFbx and MuRF1 mRNA expressions are increased five- to >40-fold within two
to eight days of injury [50–54], with protein expressions elevated >two-fold prior to the initiation of
muscle atrophy [55]. Interestingly, the fold inductions of MAFbx and MuRF1 were associated with the
rate of skeletal muscle atrophy in response to spinal cord transection [53], suggesting that a higher
expression of these genes exacerbates muscle loss after SCI. In this regard, FOXO1 mRNA was 33%
higher [54] and MAFbx and MuRF1 mRNA were >two-fold higher in rodents after spinal transection
than in animals receiving sciatic nerve transection [53], potentially explaining the more rapid atrophy
occurring after SCI than in other disuse conditions [53,56]. However, the increased expressions of these
and other ubiquitin proteasome pathway genes do not persist after experimental SCI [49], with FOXO1,
MAFbx, and MuRF1 gene expressions and pFOXO1 and pFOXO3 proteins reverting to the level of
uninjured controls within two to 10 weeks of spinal cord transection [53,54,57]. Similarly, in humans
with motor-complete SCI, MAFbx and MuRF1 expressions are high at one-month post-injury and
decline by 50–75% at three- and 12-months, resulting from reductions in pFOXO1 and/or total FOXO3
proteins [58]. Indeed, in cohorts of men with chronic SCI, MAFbx and MuRF1 gene expression appear
equal to [59] or less than uninjured controls, with FOXO1, FOXO3a, and MAFbx proteins being
>35% lower than controls [60]. While our discussion focused on changes in the ubiquitin-proteasome
pathway, it is important to note that other catabolic pathways likely influence muscle atrophy after SCI.
For example, calpain 1 mRNA expression is increased as early as day 4 after spinal cord transection,
an effect that persists for at least 15 days [50], which is important given the influence of calpain
signaling on myofibrillar proteolysis [61].

2.2. IGF-1 Signaling Pathway after SCI

IGF-1 mediated activation of the phosphatidylinositol-3 kinase (PI3K)/Akt signaling pathway
promotes skeletal muscle anabolism [62]. In the immediate days after SCI, mRNA encoding IGF-1,
the IGF-1 receptor (IGF-1R), and several IGF binding proteins (IGFBP) are upregulated in muscle [50,51,63],
and muscle IGF-1 protein expression is increased [63]. Despite this, muscle pAkt is reduced within
several days of SCI [51,55], while relatively normal total and phosphorylated 4E-BP1 and S6K1
expression persist in the first few weeks after SCI [50,51]. The inability of IGF-1 to increase pAkt and
downstream targets acutely after SCI likely occurs because insulin receptor substrate-1 (IRS1) protein
expression is rapidly reduced in response to SCI [51]. In this regard, IRS1 expression is required for
IGF-1 mediated muscle hypertrophy, evidenced by the inability of genetic IGF-1 overexpression to
promote skeletal muscle hypertrophy in IRS1 deficient animals [64]. Subsequently, the downregulation
of IGF-1 signaling persists chronically after SCI, evidenced by (1) 25–40% lower circulating IGF-1 [65,66]
and 50% lower IGF-1 protein expression in the muscle of individuals with chronic SCI compared
with controls [60]; and (2) lower total Akt protein and lower total and phosphorylated mTOR and
S6K1 in rodent muscle 10-weeks after spinal cord transection [57,67], accompanying 50% lower
immunoprecipitated S6K1 activity [67]. Similarly, in humans with motor-complete SCI, total and
phosphorylated mTOR and regulatory-associated protein of mTOR (RPTOR), an mTOR cofactor,
were lower at three- and 12-months after injury, when compared with values obtained one-month
post-SCI, likely influencing the lower p4E-BP1 and pS6 (subunit of S6K1) protein expression [58] that
persists for upwards of 30 years after SCI [60]. In this regard, circulating IGF-1 has been shown to be
highly correlated with increased thigh muscle CSA in men with chronic motor-complete SCI [68].
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2.3. PGC-1α and PGC-1β Signaling after SCI

In skeletal muscle, peroxisome proliferator-activated receptor gamma co-activator (PGC)-1α
regulates type I fiber expression and mitochondrial biogenesis [69], while PGC-1β regulates various
aspects of mitochondrial structure and function [70]. As evidence, transgenic PGC-1α expression
results in a whole body muscular phenotype that is high in type I oxidative fibers [71] and
muscle-specific PGC-1α overexpression increases mitochondrial biogenesis [72]. In comparison,
ablation of PGC-1β in skeletal muscle myofibers in adulthood reduced mitochondrial CSA and
mitochondrial respiration without altering fiber-type distribution, resulting in increased oxidative
stress and impaired exercise performance [70]. Baligand et al. used genome wide analysis
and identified that genes associated with mitochondrial dysfunction and impaired oxidative
phosphorylation were altered three to 14 days after SCI [49]. In particular, muscle PGC-1α mRNA
expression was suppressed to a nearly undetectable level three days after spinal cord transection [54]
and within two weeks, muscle PGC-1α protein was dramatically reduced, accompanying reductions
in slow myosin heavy chain (MHC) protein expression [73] that is indicative of fewer oxidative fibers.
Similarly, at eight-weeks post-transection, muscle PGC-1α gene expression and total and nuclear
PGC-1α protein were >50% lower than controls, and slow MHC and slow troponin mRNA and
protein were >60% lower [16]. However, at 17-weeks after spinal cord transection, muscle PGC-1α
mRNA expression was no longer suppressed in rodents [74]. In this regard, the hallmark slow-to-fast
fiber-type shift resulting from spinal cord transection is most pronounced in the first 100 days after
injury, with relatively minor changes in type I MHC expression thereafter [38]. Regardless, muscle
PGC-1α mRNA was 75% lower in men with chronic motor-complete SCI than in normally active
men [75]. In comparison, relatively less is known about the changes in muscle PGC-1β after SCI.
Interestingly, PGC-1β mRNA was reduced by 90% within three days of sciatic nerve transection [54],
an effect that is mentioned because SCI typically results in relatively larger gene expression changes [76]
and more rapid muscle loss than other disuse models [53,56]. Wu et al. also reported that muscle
PGC-1β mRNA expression was 50% lower than controls at eight-weeks after spinal transection [74]
and Kramer et al. reported 75% lower PGC-1β mRNA in men with chronic motor-complete SCI,
when compared with ambulatory controls [75].

3. Androgenic Regulation of Muscle

Maintenance of skeletal muscle mass requires relative balance between muscle protein synthesis
(i.e., anabolic processes) and protein degradation (i.e., catabolic processes), with elevated catabolic
signaling and/or reduced anabolic signaling influencing muscle loss. Readers are directed to the
following in-depth review of the various signaling pathways that influence skeletal muscle anabolism
and catabolism in response to disuse [77]. Herein, we will discuss how androgens influence muscle
mass via classical AR-mediated signaling and through interactions with other intercellular anabolic
and catabolic signaling pathways (Figure 1).

3.1. Testosterone Synthesis and Metabolism

Testosterone is the most abundant bioactive androgen and is primarily synthesized by testicular
Leydig cells in males [78] and by the ovaries in females [79], and to a lesser extent in other organs,
such as the adrenal cortex [80]. The majority of T circulates are bound to protein transporters
(i.e., sex-hormone binding globulin (SHBG) or albumin), with only a small fraction (~1–2%)
circulating freely unbound to any protein transporter [81]. The fraction of free (i.e., unbound) T and
albumin-bound T is bioavailable [82] because it can bind cell surface or cytosolic androgen receptors
(ARs), in the case of free T, or cross the cell membrane and dissociate from its low affinity protein
transporter, in the case of albumin, which allows subsequent cytosolic AR binding. In comparison,
SHBG-bound T is biologically inactive because it cannot (1) bind cell-surface/plasma-membrane ARs;
(2) cross cellular membranes and bind cytosolic ARs [83]; or (3) undergo enzymatic metabolism [84].

176



Int. J. Mol. Sci. 2018, 19, 1701

As such, elevated SHBG is associated with reduced androgenic action in target tissues expressing ARs,
including skeletal muscle [78], bone [84], and spinal motoneurons [85–87], among others.

 

Figure 1. Androgen-mediated Anabolic and Anticatabolic Signaling Pathways in Muscle. Anabolic
signaling: Androgens (A) pass through the plasma membrane and bind to cytosolic androgen
receptors (AR). Dimerized and phosphorylated ARs pass through the nuclear membrane and bind
to a region of the DNA termed the androgen response element (ARE), thereby initiating protein
synthesis. Ligand-bound ARs may also enhance Wnt signaling as follows. Wnt binds to Frizzled
and in turn disheveled (not shown). Disheveled inhibits the activity of glycogen synthase kinase-3β
(GSK3β), which phosphorylates β-catenin and marks it for degradation. When GSK3β is inhibited,
β-catenin accumulates and enters the nucleus where it binds to a region of the DNA termed the T-cell
factor/lymphoid enhancer factor (TCF/LEF) that regulates genes involved in myogenic differentiation.
Ligand-bound ARs enhance Wnt signaling by inhibiting GSK3β and attaching to β-catenin for
nuclear shuttling. Androgens may also indirectly stimulate protein synthesis by activating the
phosphatidylinositol-3 kinase (PI3K)/Akt signaling through actions of Erk or by promoting synthesis
of insulin-like growth factor (IGF)-1 or mechano growth factor (MGF). IGF-1 and MGF bind cell-surface
IGF-1 receptors (IGF-1R) and activate PI3K/Akt signaling. Anticatabolic signaling: Activation of
PI3K/Akt signaling inhibits the transcription factor forkhead box O (FOXO). FOXO1 and FOXO3a
activate muscle atrophy F-box (MAFbx or atrogin-1) and muscle ring finger-1 (MuRF1), and E3 ubiquitin
ligases that prepare proteins for proteasome degradation.

In addition to serving as a hormone, T is a substrate for the tissue-specific synthesis of two
bioactive sex-steroid hormones, dihydrotestosterone (DHT) and estradiol (E2), via actions of the
5α-reductase and aromatase enzymes, respectively [78,84]. The localized conversion of T to DHT,
via any of the three 5α-reductase isozymes [78], enhances tissue-specific androgen signaling given
that DHT binds to ARs with ~three times the affinity of T [88] and that DHT maintains a longer
presence in tissues because it is not aromatized to E2 nor converted to androstenedione (a weaker
androgen), via 17β-hydroxysteroid dehydrogenase (17β-HSD) [78]. Similarly, the aromatization of
T to E2 amplifies estrogen signaling in tissues expressing estrogen receptors (ERs) [89]. In males,
this conversion primarily occurs in non-gonadal tissue, with >80% of circulating E2 derived from
localized peripheral metabolism [90]. However, in females, the peripheral aromatization of T to E2 also
amplifies estrogen signaling [79], an effect that is particularly evident after the menopausal transition
or in other situations where ovarian estrogen synthesis declines [80].
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3.2. Hypogonadism and Testosterone Replacement after SCI

After SCI, 45–60% of men exhibit low T (hypogonadism, T < 300 ng/dL) [91–93] that results,
in-part, from secondary testicular dysfunction [94] and impairments in the hypothalamic-pituitary
axis [95,96]. Hypogonadism is ~four times more prevalent after SCI than in able-bodied men [7],
with T concentrations remaining >25% below that of age-matched healthy men for an extended
duration after SCI [91,97]. Additionally, a 50% greater decline in circulating T and >10-fold higher
increase in SHBG occurs throughout the age-span in response to SCI [92], indicating that assessment
of total T may underestimate hypogonadism incidence after SCI, a concept that we have demonstrated
in other populations that exhibit elevated SHBG [81]. A causal relationship between low T and
muscle loss after SCI has yet to be identified, although it is interesting to note that Finkelstein et
al. reported that healthy men receiving pharmacologic treatment to maintain circulating T in the
subphysiologic range (191 ± 78 ng/dL) exhibited a significant decline in whole body lean mass and
thigh muscle area [98]. In this regard, the median T concentrations observed in several SCI cohort
studies (i.e., 160–220 ng/dL) [93,99] were similar to that of Finkelstein et al., suggesting that the
magnitude of hypogonadism after SCI is sufficient to induce muscle loss.

Our rodent severe contusion SCI model also exhibits 40–55% lower circulating T than controls
for at least two months after injury [14,15,37,100] and androgen treatment attenuates muscle
loss [14–16] and fCSA atrophy [17–20] in some, but not all, sublesional muscles in rodent SCI
models [16,37,101]. In this regard, androgen-induced muscle preservation appears dependent upon
muscle-specific AR expression, given that Phillips et al. reported muscle preservation in the sublesional
levator ani/bulbocavernosus (LABC) muscle (high AR expression), but not soleus (low AR expression),
in response to T treatment after SCI [37]. Importantly, neither E2 treatment [17] nor the conversion
of T to DHT [14] influence muscle preservation in rodent SCI models, suggesting dispensability
of aromatase and 5α-reductase activity in muscle. Indeed, Borst et al. [102] demonstrated that
co-administration of T with finasteride (type II 5α-reductase inhibitor) to non-neurologically impaired
men resulted in dramatically lower DHT, but did not prevent T-induced improvements in lean mass
or muscle strength. Several small clinical trials have also assessed TRT in men with motor-complete
SCI. For example, Cooper et al. observed ~40% lower urinary protein and creatinine excretion in
SCI patients receiving TRT acutely after injury [103,104], indicating reduced whole body and muscle
protein catabolism. Additionally, Bauman et al. reported that 12 months of TRT increased upper- and
lower-extremity lean mass and resting energy expenditure in hypogonadal men with motor-complete
SCI [12], with improvement persisting for at least 12-months after TRT discontinuation [105].
Lastly, a single case-study recently reported that TRT increased thigh muscle CSA in a man with
motor-complete SCI [13].

3.3. Classical Androgen Signaling

Classical androgen-mediated genomic signaling is initiated by the binding of T or DHT to
cytosolic ARs to form hormone-receptor complexes that translocate to the nucleus and bind androgen
response elements (AREs) [106], resulting in the activation or repression of multiple gene pathways that
regulate skeletal muscle [107]. Similarly, E2 stimulates classical estrogen-mediated genomic signaling
that is characterized by binding cytoplasmic ERα or ERβ, which stimulates nuclear translocation of
the hormone-receptor complex and binding to estrogen response elements (EREs). ER signaling is
pronounced in bone [89], although the aromatization of T to E2 is not obligatory for skeletal muscle
maintenance [98].

Androgens also exert actions that are independent of nuclear AREs [78]. For example,
androgens [78] and estrogens [108] exert effects by binding non-traditional cell-surface sex-steroid
hormone receptors (e.g., G-protein-coupled receptors (GPCR)) that rapidly alter several intracellular
signaling pathways [106,109]. In mesenchymal multipotent C3H 10T1/2 cells, ligand-bound ARs
also complex with cytosolic β-catenin [110]. This interaction results in the chaperoning and nuclear
accumulation of the androgen-AR/β-catenin complex and stimulation of downstream T-cell factor (TCF)-4
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genes, an effect that simultaneously promotes myogenic differentiation and suppresses adipogenic
differentiation of mesenchymal pluripotent cells [110]. For further discussion on Wnt/β-catenin
signaling, readers are directed to the following in-depth review [111]. Similarly, in C2C12
myotubes [112] and rodent skeletal muscle [113], androgens increase the phosphorylation of cytosolic
glycogen synthase kinase-3β (GSK3β), which (1) inhibits the phosphorylation, ubiquitination,
and degradation of β-catenin; and (2) promotes nuclear β-catenin accumulation and TCF activity.
Ligand-bound ARs also interact with cytosolic β-catenin in motoneurons [114] and neuronal
gonadotropin-releasing hormone cell lines [115] to promote nuclear shuttling of β-catenin and
TCF-4 binding, which influences β-catenin-dependent transcriptional activity. To our knowledge,
the functional significance of androgen-AR/β-catenin nuclear shuttling in motoneurons has not been
determined. However, the loss of endogenous ARs accelerates motoneuron degeneration [116] and
pharmacologically-induced stimulation of β-catenin protein expression in the spinal cord is associated
with improved locomotor function after SCI [117–119], suggesting that nuclear β-catenin accumulation
may promote motoneuron function.

3.4. Androgenic Crosstalk with IGF-1 and PI3K/Akt Signaling

Ligand-bound ARs activate PI3K/Akt signaling in muscle indirectly by stimulating the
expression of (1) IGF-1 [113,120] and/or (2) other intracellular signaling molecules (e.g., Erk) that
may activate or suppress components of this pathway independently of IGF-1 [121]. In support
of this contention, the upstream promoter of the human IGF-1 gene exhibits two AREs that
activate IGF-1 expression [122]. In rodents, androgen administration increases IGF-1 and mechano
growth factor (MGF) mRNA expression by several fold in skeletal muscle within seven days of
administration [113], an effect that persists for at least one month [120]. Similarly, within one month
of initiating TRT, older men exhibit a >two-fold increase in IGF-1 protein expression in muscle [123].
In cultured rodent myoblasts, T treatment stimulates protein accretion and mammalian target of
rapamycin (mTOR) mRNA expression, effects that are abrogated by co-incubation with bicalutamide
(competitive AR antagonist), rapamycin (mTOR inhibitor), or LY294002 (PI3K inhibitor) [121,124],
indicating that T-induced protein accretion is dependent upon both AR activation and PI3K
signaling. Similarly, dose-dependent phosphorylation of Akt, mTOR, S6 (subunit of S6K1),
and S6K1 occurs in cultured rodent and C2C12 myotubes in response to increasing concentrations
of T [125,126]. Importantly, these effects are also abolished by co-incubation with LY294002,
Akt inhibitor VIII, or rapamycin [126], demonstrating dependence upon the PI3K signaling pathway.
Further, complete androgen withdrawal was sufficient to reduce muscle IGF-1 mRNA and suppress
Akt, mTOR, S6K1, and 4E-BP1 phosphorylation (downstream PI3K targets) by >50% in rodents,
with androgen (nandrolone or DHT) treatment increasing these factors two-fold above gonadally-intact
animals [125,127]. Interestingly, Serra et al. reported that orchiectomy also increased RPTOR and
reduced tuberous sclerosis complex protein 2 (TSC2) phosphorylation by >50%, changes associated
with mTOR inhibition, while T treatment reversed these effects [128]. These findings indicate that
androgens stimulate various IGF-1/PI3K/Akt signaling components in muscle and suggest that
activation PI3K/Akt signaling influences androgen-mediated muscle hypertrophy. This contention
is strengthened by the observation that MKR mice, which express a dominant negative IGF-1R in
mature muscle fibers, exhibit attenuated hypertrophy of the highly androgen-sensitive LABC muscle
in response to T treatment [128]. Regardless, IGF-1 and IGF-1R mRNA expression was not altered in
animals receiving nandrolone for eight weeks after spinal cord transection, suggesting that androgens
do not chronically stimulate IGF-1 expression in muscle in the absence of descending supraspinal
input and/or mechanical strain [16].

3.5. Androgen Crosstalk with the Ubiquitin-Proteasome Pathway

Androgenic influence on FOXO expression and subsequent downstream signaling is evidenced
by (1) increased total FOXO1 and FOXO3a protein and lower pFOXO3a in rodent muscle in response
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to orchiectomy (ORX) [125,128]; (2) 10- to 25-fold higher MAFbx and MuRF-1 mRNA expression in
rodent skeletal muscle within seven days of ORX [128,129], an effect that persists for at least one month,
albeit to a lesser magnitude over time [120,125]; and (3) the ability of androgen treatment to abolish
these changes and prevent ORX-induced muscle atrophy [120,125,128,129]. Similarly, TRT suppresses
ubiquitin-proteasome activity in the muscle of older men [130]. In C2C12 myoblasts and myotubes,
androgen-induced suppression of MAFbx occurs indirectly via interactions among ligand-bound
ARs and octamer binding transcription factor (Oct)-1 or Ankryn repeat domain protein 2 (Ankrd2),
co-regulators of sex-steroid hormone induced transcriptional activity in target genes [131,132].
Interestingly, androgen treatment also attenuated muscle atrophy and the increases in FOXO1,
MAFbx, and MuRF1 mRNA expression resulting from methylprednisolone administration after
SCI [101], an effect that may be mediated by androgenic suppression of glucocorticoid receptor
expression [120,133,134]. Alternatively, it is also possible that androgens indirectly influence
FOXO signaling by stimulating PI3K/Akt signaling in muscle, given that FOXO1 and FOXO3a are
downstream targets of pAkt signaling [62], although we are unaware of any study addressing this
interesting possibility.

3.6. Androgenic Influence on PGC-1α and PGC-1β Signaling after SCI

Testosterone stimulates muscle PGC-1α expression via direct AR-mediated and/or ER-mediated
pathways following aromatization to E2. As evidence, (1) castration lowered muscle PGC-1α
mRNA by 50% in male rodents and nandrolone treatment increased PGC-1α mRNA >two-fold [125];
(2) ovariectomy lowered muscle PGC-1α >70% in female rodents [135], while one week of E2

replacement increased PGC-1α mRNA and nuclear protein expression in postmenopausal women [136];
and (3) within eight days of initiating pharmacologic E2 therapy, muscle PGC-1α mRNA was increased
by 30% in men [137]. As discussed above, PGC-1α [16,54] and -1β expressions [74] are suppressed in
response to spinal cord transection, an effect that may influence the slow-to-fast fiber transition [30]
and/or mitochondrial dysfunction after SCI [138]. In this regard, chronic androgen treatment
increased PGC-1α mRNA >three-fold in the muscle of animals receiving spinal cord transection
and prevented the SCI-induced reductions in total and nuclear PGC-1α protein, changes that were
accompanied by higher slow troponin mRNA and protein expression and lower fast troponin
mRNA [16]. Similarly, Gregory et al. reported that androgen treatment attenuated the slow-to-fast fiber
transition after spinal cord transection [20]. In addition, Wu et al. observed >two-fold higher PGC-1β
mRNA expression in the muscle of spinal cord transected animals receiving nandrolone for eight
weeks, although this change did not reach the level of statistical significance [16]. Regardless, the role
of aromatase in mediating the influence of androgens on muscle PGC-1α and/or PGC-1β expression
remains to be determined after SCI.

4. Androgenic and Estrogenic Regulation of Motoneurons

The influence of SCI on somatic motoneuron structure depends largely upon injury characteristics
and the muscle groups innervated (discussed in [27]). For example, Sengelaub et al. [17] and
Byers et al. [18] reported no differences in quadriceps motoneuron counts or soma area four-weeks after
mid-thoracic contusion SCI, although, dendritic length was decreased 40–50%. Similarly, four-weeks
after mid-thoracic spinal transection, fewer dendrites (labeled via sciatic nerve) were present on spinal
motoneuron, and dendritic arbor size and dendritic length were reduced in comparison to intact
animals [28]. Reduced tibialis anterior and soleus motoneuron dendritic length was also observed
four-months after mid-thoracic contusion SCI, with no difference in soma area [29]. Whereas, Bose et al.
reported fewer motoneurons innervating the soleus at four-months after mid-thoracic contusion SCI,
with residual motoneurons being relatively larger and having fewer total dendrites that exhibited
longer dendritic lengths [27]. When taken together, these findings indicate that dendrite length
is rapidly reduced after SCI, with the loss of relatively small motoneurons and short dendrites
occurring thereafter.
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ARs are expressed in the cytoplasm and nuclear regions of spinal motoneurons [86] in a roughly
equal distribution among male and female rodents [85]. 5α-reductase type II is highly expressed in
several gray- and white-matter areas of the spinal cord [139], including spinal motoneurons [140].
Spinal cord homogenates and cultured NSC34 cells (immortalized motoneurons) actively convert T
to DHT [141] in a manner that is ~three-times greater than that occurring in other central nervous
system (CNS) regions [142] or the seminal vesicles, an androgen-sensitive tissue that highly expresses
5α-reductase type II [143]. The neuronotrophic effects of androgens are evidenced by the ability
of T and DHT to equally preserve motoneuron number and size in cultured rodent lumbosacral
spinal cord segments [144]. Indeed, lumbosacral motoneurons innervating the quadriceps and
other musculature are androgen responsive [145]. However, the androgen sensitivity of spinal
motoneurons appears largely dependent upon the magnitude of AR expression in motoneurons and
in the innervated skeletal muscle, given that (1) motoneurons innervating LABC (high AR expression)
exhibit robust dendritic atrophy in response to ORX, which is completely prevented by T or DHT
administration [146]; (2) motoneurons innervating quadriceps (relatively lower AR expression) do
not exhibit dendritic atrophy in response to ORX [147]; and (3) transgenic AR overexpression in
skeletal muscle increased somatic motoneuron androgenic responsiveness, evidenced by ORX-induced
dendritic atrophy in normally non-androgen responsive motoneurons, which was completely
prevented by T administration [147].

ERα and ERβ are also expressed in cytoplasmic and nuclear regions of spinal motoneurons [148,149]
and cultured motoneurons actively synthesize E2 in culture [149], owing to aromatase expression [148,149].
However, cultured rodent embryonic and adult spinal cord homogenates do not appear to synthesize
E2 when incubated with androstenedione [142] or T [141]. Regardless, E2-mediated preservation of
motoneuron dendritic growth [150] is as robust as that resulting from T or DHT treatment [151] and is
highly dependent upon motoneuronal ERα expression, at least during development [152]. In culture,
E2 treatment also improves spinal motoneuron cell survival during glutamate-induced toxicity,
an effect that was not inhibited by ICI 182,780 (competitive ERα/ERβ agonist) [153], indicating that
estrogen-mediated improvement in spinal motoneuron viability occurs independent of nuclear
ER-signaling. In this regard, GPCR-30 (or G protein-coupled estrogen receptor-30) has been identified
as a cell-surface/transmembrane ER that rapidly stimulates intracellular signaling [108] and E2 has
been shown to improve motoneuron viability during glucose-oxygen deprivation, an effect that was
blocked by co-treatment with G15 (GPCR-30 inhibitor) [154].

4.1. Influence of Androgens and Estrogens on Motoneuron Structure after SCI

As discussed above, altered dendritic length is a hallmark of SCI that has been observed
in motoneurons innervating sublesional vastus lateralis [17,18], tibialis anterior [29], and soleus
muscle [27]. In adult female rats, T treatment completely prevented the reduction in dendritic length
of quadricep motoneurons resulting from SCI, without altering motoneuron counts, soma volume,
or other motoneuron structural variables [18]. Whereas, DHT or E2 treatment each attenuated the
reduction in quadriceps dendritic length by 50–60% [17]. The functional consequences of preserved
dendritic length after SCI remains to be determined. However, it is interesting to note that our
laboratory has reported that T treatment slightly increased hindlimb locomotor recovery in male
rodents subsequent to moderate-severe contusion SCI, with the largest benefit occurring in response
to supraphysiologic T [15], while E2 treatment is known to produce comparatively larger locomotor
improvements in both male and female rodents after SCI [155].

4.2. Molecular Pathways Underlying Androgen-Mediated Motoneuron Protection

Androgenic regulation of brain-derived neurotrophic factor (BDNF) and tyrosine receptor kinase
(Trk)B (BDNF receptor) in spinal motoneurons appears particularly important for motoneuron
anatomical preservation [156,157]. As evidence, both somatic motoneurons and the spinal nucleus
of the bulbocavernosus (SNB) express BDNF and TrkB mRNA and protein [146,158], with >80% of
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motoneuron dendrites identified as TrkB-positive [159]. In male rodents, ORX reduced BDNF mRNA
and protein expressions in SNB [159] and in motoneurons innervating the quadriceps [158], while T
treatment prevented these effects. BDNF regulates soma size independently of T, as evidenced by the
ability of exogenous BDNF to maintain SNB motoneuron soma size in ORX male rats after bilateral
axotomy [160]. In comparison, both BDNF and T appear necessary for the maintenance of SNB
dendritic length, given that neither exogenous BDNF nor T independently prevented the reduction in
SNB motoneuron dendritic length resulting from bilateral axotomy in ORX males, while co-treatment
with BDNF and T increased dendritic length [161]. In females, T treatment also increased SNB
motoneuron count by 50%, an effect that was prevented by the co-administration of TrkB-IgG [162].
These findings are particularly striking and suggest that androgen treatment may represent a means
of stimulating BDNF/TrkB signaling, given the prevalence and severity of hypogonadism after
SCI [91–93] and that the stimulation of motoneuron BDNF/TrkB signaling enhanced functional
recovery in rodent SCI models [163].

In addition, estrogenic activation of GPCR-30 [108] or ERα [164] stimulates intercellular PI3K/Akt
signaling, which promotes motoneuron survival [155]. As evidence, treatment of cultured spinal
motoneurons with LY294002 (PI3K inhibitor) blocked the anti-apoptotic effects of E2 treatment
during glucose-oxygen deprivation, resulting in a 50% increase in apoptotic motoneurons [154].
Similarly, PC12 cell viability was reduced ~50% upon treatment with rapamycin (mTOR inhibitor),
demonstrating the necessity of downstream PI3K/Akt/mTOR signaling for cell survival [165].
Interestingly, LY294002 co-administration suppressed E2-mediated voluntary locomotor recovery
in male rodents after SCI [154], indicating that PI3K/Akt signaling influences locomotor recovery
after SCI. Estrogens may also exert neuroprotection via other pathways that have been reviewed by
others [155].

5. Activity-Based Physical Rehabilitation after SCI

After SCI, increasing focus has been placed on improving activity-dependent neuromuscular
plasticity through the use of BWSTT, a therapy that involves robotic or manual placement of the
impaired limbs into normal gait patterns on a slowly moving treadmill, or other ABTs (e.g., passive
or functional electric stimulation cycling) [166]. Through intense repetitive practice, it is postulated
that ABTs activate sublesional spinal networks that promote beneficial neuromuscular adaptations
by retraining the CNS to recover task-specific motor activities, via stimulation of the central
pattern generator (CPG) in the lumbosacral region of the spinal cord [166]. Indeed, a number
of studies involving persons with motor-incomplete SCI indicate that BWSTT produces several
functional benefits, including (1) improved temporal gait parameters associated with walking ability
(e.g., increased number of steps, faster cadence, and improved muscle activation patterns) [167–177];
(2) improved muscle strength and rate of torque development in impaired limbs, and reduced
detrimental co-activation of antagonist muscle groups [24,169,171,178–180]; and (3) reduced muscle
atrophy [24,178,181–184] (Table 1). However, when data from well-controlled randomized clinical
trials assessing BWSTT after SCI [179,185–188] are pooled, there appears to be only limited meaningful
improvement in overground walking speed or distance [4,189–191], given that the minimal clinically
important difference in walking speed is reported as 0.13 m/s in the SCI population [192]. This finding
stresses the necessity of testing combinatory therapies that prime the neuromuscular system for better
functional recovery when combined with BWSTT.

Preclinical studies also utilize ABTs to evaluate mechanisms underlying activity-dependent
neuroplasticity after SCI and have observed locomotor and neuromuscular improvements in response
to BWSTT (Table 2) [5]. However, there are considerable differences in the reported effects of BWSTT on
locomotor and neuromuscular recovery in SCI rodents, in-part due to the influence of age and gender,
the mechanism of producing SCI (i.e., transection, hemisection, or contusion), delay in initiating
BWSTT, duration of therapy, and the methods of assessing neuromuscular recovery [5,193]. In general,
better outcomes for locomotor recovery are observed in female rats with mild to moderate contusion
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SCI, with training that begins seven to 14 days after injury and continues for at least eight weeks [5].
In this regard, female rodents have higher endogenous E2 than males [194], which is important given
that subphysiologic and physiologic E2 treatment significantly improves open-field locomotor recovery
in both male and female rodents after SCI, in-part, by reducing secondary apoptotic and inflammatory
damage to the spinal cord [155].

5.1. Effects of ABTs on Muscle

In rodent SCI models, BWSTT produces relatively consistent improvements in muscle integrity,
even following complete transection. As evidence, after spinal transection, the incorporation of
BWSTT completely preserved the muscle mass:body mass ratio [195,196] and prevented ~55% of
soleus fCSA loss [196]. Similarly, in a moderate-contusion SCI model, BWSTT produced 23% higher
soleus fCSA and 38% higher soleus peak tetanic force in comparison with untrained SCI animals [197],
with analogous effects reported by others [49,197–200]. Similarly, several case-report and cohort-studies
have reported muscle responses in individuals with motor-incomplete SCI. For example, in persons
with chronic SCI, four to six months of BWSTT increased vastus lateralis muscle fCSA [178,184].
Likewise, Jayaraman et al. reported that nine-weeks of BWSTT enhanced knee extensor and ankle
plantar flexion voluntary muscle activation and increased plantar flexion peak torque by 43%,
which accompanied a 15% increase in plantar flexor CSA [201], an important finding given that lower
extremity strength is positively associated with walking function after SCI [42]. However, others have
reported much less robust strength improvements [202,203] or no strength improvement [171] in
response to BWSTT.

The structural improvements mentioned above appear to be influenced, in-part, by reduced
catabolic signaling resulting from BWSTT. As evidence, in a rodent SCI model, three sessions of
BWSTT suppressed >10 protein ubiquitination pathway genes, an effect accompanied by the full
preservation of muscle mass [49]. Similarly, after spinal cord transection, five sessions of electrical
stimulation of paralyzed muscle suppressed MAFbx and MuRF1 mRNA and myostatin mRNA
in muscle [51]. Myostatin is a member of the transforming growth factor (TGF)-β family and a
muscle-derived negative regulator of muscle growth, which acts via the activin IIB receptors [204].
Additionally, muscle regeneration occurs in response to BWSTT after SCI, evidenced by the
upregulation of myogenic regulatory factors and increased expression of Pax7 positive nuclei (a marker
of satellite cell activation) [63,205], suggesting that BWSTT stimulates muscle anabolic signaling
pathways. In this regard, IGF-1, MGF, IGF-1R, and several IGFBPs mRNA were increased 1.5 to
>10-fold in rodent muscle and IGF-1 protein expression was increased >three-fold within seven
days of initiating BWSTT after moderate-contusion SCI [63]. In contrast, other reports indicate that
electrical stimulation of paralyzed muscle suppressed IGFBP-4 and -5 mRNA in muscle, without
altering IGF-1 or MGF mRNA after spinal transection [51,206]. Similarly, no change in circulating
IGF-1 was observed in persons with chronic SCI undergoing a comprehensive physical rehabilitation
program involving one to two hours per week of bodyweight-supported locomotor training [207].
As such, the role of IGF-1 signaling in the muscle regenerative response to BWSTT requires further
elucidation, especially given that SCI-induced downregulation of IRS1 limits IGF-1 mediated activation
of PI3K/Akt signaling in muscle acutely after SCI [51].

In addition to muscle preservation, BWSTT is reported to reduce soleus fatigue and
attenuate the slow-to-fast fiber transition occurring in rodent moderate-contusion SCI models [197].
Similarly, in persons with chronic SCI, four to six months of BWSTT partially reversed the slow-to-fast
fiber transition, evidenced by increased oxidative fibers and fewer type IIx (glycolytic) fibers compared
with the baseline [178,184]. Interestingly, lower Mhyl, Mybph, and Myh4 gene expression (fast-twitch
fiber markers) was apparent in rodent muscle within five-days of initiating BWSTT [49], indicating that
reversal of the slow-to-fast fiber-type switch occurs rapidly with this physical rehabilitation modality.
However, to our knowledge, changes in PGC-1α or -1β have not been evaluated in response to
BWSTT after SCI. Regardless, a five-fold increase in PGC-1α mRNA in muscle was observed in men
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with chronic motor-complete SCI within several hours of neuromuscular electrical stimulation of
quadriceps [208] and a ~two-fold increase in PGC-1α was present in men with chronic motor-complete
SCI undergoing functional electric stimulation for durations of 16-weeks [209] to six-years [210],
suggesting that increased PGC-1α expression may underlie the slow-to-fast fiber-type reversal
occurring in response to BWSTT.

5.2. Effects of ABTs on Motoneurons

In rodent SCI models, ABTs limit injury severity, evidenced by the preservation of myelin, axons,
and collagen morphology and decreased lesion volume [198], and produce a host of anatomical
and functional improvements to the motor unit [29,198,200,211–213]. For example, after spinal
cord transection, BWSTT increases axonal regrowth [212], preserves motoneuron dendritic length,
increases neuromuscular junction synaptic density in the lumbar motoneuron pool [29], and produces
larger group Ia afferent-evoked monosynaptic excitatory postsynaptic potentials (EPSPs) in the ankle
plantar flexors, an effect that is particularly prevalent in rats regaining the greatest stepping ability [213].
Similarly, after moderate-severe contusion SCI, BWSTT produced a beneficial reduction in the
sprouting of small caliber afferent fibers and improved stepping patterns while on the treadmill [200],
although open-field locomotor activity did not improve in this study, suggesting some limitation
to functional recovery in more severe injury scenarios. Interestingly, Singh et al. induced a spinal
transection at nine weeks following contusion SCI in a subgroup of rats that previously underwent
BWSTT or no training and observed that kinematic improvements were maintained in BWSTT rats and
worsened in untrained rats, indicating that functional improvement resulting from BWSTT occurred
via neural networks originating below the lesion level [200]. Indeed, Cote el al. reported that after
spinal transection, BWSTT facilitated lumbar spine motoneuron pool recruitment via improved reflex
pathways resulting from afferent input [211].

In individuals with incomplete SCI, beneficial adaptations to spinal neuronal pathways have
been demonstrated in response to BWSTT. For example, the soleus H-reflex phase-dependent
modulation during walking normalizes homosynaptic facilitation, reverses homosynaptic depression,
and improves the presynaptic inhibition of Ia afferents [214–216]. However, better functional recovery
has also been associated with increased ankle dorsiflexor and knee extensor maximal motor-evoked
potential, a probe of corticospinal tract excitability, in persons with motor-incomplete SCI undergoing
BWSTT [180] and improved ankle dorsiflexor and plantar flexor muscle co-activation patterns
accompany improved walking function in response to BWSTT [171], findings that indicate greater
descending corticospinal drive. In this regard, improvements in the above-mentioned factors likely
stem from the reorganization of both supraspinal and spinal cord neural circuits in response to
BWSTT [214,217], with further research needed to resolve whether functional adaptations rely more
heavily on improved cortical or spinal circuitry in individuals with SCI.
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While the molecular signals regulating BWSTT-induced motoneuron recovery after SCI require
further elucidation, there is growing evidence that several inducible neurotrophic factors influence
neuroplasticity [211]. For example, an upregulation of BDNF and TrkB (BDNF receptor) mRNA and
protein has been observed in the skeletal muscle and spinal cord of healthy animals in response
to voluntary wheel running or forced treadmill running, with BDNF protein levels increasing to a
greater degree in the spinal cord than in the soleus [237,256,257]. In this regard, BDNF and TrkB both
undergo retrograde transport from skeletal muscle to the spinal cord [258], an effect that may mediate
locomotor recovery after SCI by improving synaptic transmission and plasticity, axon regeneration,
and motoneuron survival [259]. Indeed, in rodent SCI models, BWSTT upregulates BDNF mRNA
and protein in skeletal muscle and the spinal cord [29,196,198,211,237,260–267] and TrkB protein in
the lumbar spinal cord [237,257]. Interestingly, Leech and Hornby also observed increased circulating
BDNF in persons with motor-incomplete SCI undergoing treadmill training, with high-intensity
treadmill exercise (performed at 100% peak gait speed) resulting in the larger BDNF increases than
exercise performed at 33% or 66% peak gait speed [268]. In addition, BSWTT upregulated glial cell
derived neurotrophic factor (GDNF) protein in the lumbar spinal cord, which was positively associated
with the facilitation of motoneuron excitability [211].

Neurotrophin-3 (NT-3) is another endogenous neurotrophin that regulates synaptic transmission,
promotes neuromuscular junction maturation, and improves the survival and function of sensory
neurons via the activation of TrkC (receptor), both of which are expressed in the spinal cord [269–273].
Indeed, recent results from Fang et al. indicate that co-treatment with BDNF/TrkB and NT-3/TrkC
promoted motor recovery in a rodent SCI model [274]. NT-3 is produced in the spinal cord and
NT-3 mRNA and protein levels are upregulated after seven days of voluntary treadmill and wheel
running in healthy rodents [256,262,265]. Similarly, following SCI, rodents exhibit increased NT-3
mRNA and protein in the spinal cord within seven days of initiating BWSTT [262,263,265,266].
Interestingly, Ying et al. reported that BWSTT did not increase spinal cord NT-3 protein expression
in adult male rats after spinal cord hemisection [266], while Cote et al. observed increased NT-3
protein levels in the lumbar and thoracic spinal cord after four weeks of BWSTT in adult female rats
with complete transection [211], suggesting that sex differences may exist in the NT-3 response to
BWSTT. In this regard, E2 treatment increases NT-3 levels in several CNS regions [275], although we
are unaware of any study evaluating whether spinal cord NT-3 expression is regulated via E2-mediated
mechanisms. BWSTT is also reported to upregulate genes involved in neuroplasticity (e.g., Arc
and Nrcam) and angiogenesis (e.g., Adam8 and Tie1), which may be important given that improved
neurovascular remodeling has the potential to improve locomotor function after SCI [235].

6. Testosterone Adjuvant to BWSTT

We are unaware of published results from any randomized study evaluating T treatment as
an adjuvant to BWSTT. However, at least one ongoing study is evaluating TRT as an adjuvant
to electric stimulation-based resistance training in men with motor-complete SCI [276]. A single
case-report has also indicated that a man with motor-complete SCI exhibited increased thigh muscle
CSA in response to twice-weekly neuromuscular electric stimulation-based resistance training,
when combined with adjuvant TRT [13]. In addition, our preliminary data indicates that the
combination of testosterone-enanthate (TE), a long-acting T ester [277], and quadrupedal BWSTT
(consisting of two 20-min bouts performed twice daily, five-days per week for seven-weeks) promoted
more complete neuromuscular restoration than TE-alone in our rodent moderate-severe contusion SCI
model [278]. Specifically, the incorporation of TE+BWSTT after SCI produced near-complete restoration
of the sublesional muscle mass:body mass ratio, completely prevented the slow-to-fast fiber-type
transition occurring in the soleus, attenuated the reduction in soleus fCSA by >50%, and maintained
isolated soleus muscle force mechanics near the level of intact control animals. Impressively, 100% of
SCI animals receiving TE+BWSTT regained the ability to perform occasional voluntary overground
weight-supported hindlimb plantar stepping within seven-weeks of initiating therapy, while 0/11 SCI
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animals and only 2/10 of SCI animals receiving TE-alone regained this ability. As such, our preliminary
data appear to support the contention that a combinatory strategy involving BWSTT with adjuvant TE
promotes musculoskeletal and neuromuscular improvement in male rodents after moderate-severe
contusion SCI.

Potential Side-Effects of TRT

TRT is approved for the treatment of hypogonadism in adult men and has been shown to increase
muscle protein synthesis in women [279]. However, given its androgenic potential, chronic TRT
remains controversial for women, at least when administered in the doses necessary to produce
musculoskeletal benefit in males. This should not detract from TRT research in relation to SCI because
men represent ~80% of new SCI cases [280] and many of these men will develop hypogonadism of an
indefinite duration [91–93]. Regardless, careful evaluation of TRT safety and efficacy is necessary prior
to implementation of this therapy after SCI.

To-date, meta-analyses have confirmed that TRT produces three adverse events (AEs) in
non-neurologically impaired adult men: (1) polycythemia, which occurs in ~6% of men treated
with TRT; (2) a higher number of cumulative prostate-related events (discussed below); and (3) a slight
decrease in HDL cholesterol, which is of unknown clinical significance [281]. The development
of polycythemia in men receiving TRT has raised concerns regarding the cardiovascular safety
of TRT, especially when taken in context with findings from the Testosterone in Older Men with
Mobility Limitations (TOM) trial [282] and from two retrospective studies that indicated increase
cardiovascular risk in hypogonadal men receiving TRT [283,284]. In this regard, the TOM trial was
discontinued upon recommendation of the Data Safety Monitoring Board due to a higher prevalence
of cardiovascular-related AEs in the TRT versus placebo groups [282]. However, this trial received
criticism because of the relatively poor classification of cardiovascular AEs [285]. In comparison,
the NIH-funded T-trials, which represent the largest randomized clinical trials to-date evaluating
the safety and efficacy of TRT, reported no differences in adjudicated cardiovascular AEs in
hypogonadal men receiving TRT versus placebo [11]. Similarly, heavy scientific criticism and
numerous calls for retraction [286] accompanied the retrospective studies from Vigen et al. [284]
and Finkel et al. [283] that reported increased cardiovascular risk in hypogonadal men receiving
TRT. Indeed, the aforementioned findings remain in direct conflict with findings from the largest
meta-analyses on the topic, which reported that TRT does not increase cardiovascular risk in men
enrolled in well-controlled clinical trials [287,288], and with findings from the largest retrospective
study (n = 83,010 men with low T) that indicated TRT reduced all-cause mortality by 56% and
MI and stroke risk by 24–36% in comparison with untreated hypogonadal men [289]. Of note,
the potential cardiovascular responses to TRT have not been extensively evaluated in the SCI
population. However, in a small clinical trial, La Fountaine et al. reported that QTa interval variability
was higher in hypogonadal men with SCI than in eugonadal men with SCI, and that TRT normalized
QTa interval variability, suggestive of reduced arrhythmia risk [290].

The risk for increased cumulative prostate-related events also merits mention because prostate
growth and worsened urinary symptoms resulting from TRT have the potential to worsen bladder
dysfunction, which is already common in the SCI population [291]. In this regard, the prostate-related
AEs associated with TRT appear to be driven primarily by the 5α-reduction of T to DHT [8].
As evidence, we have reported that older hypogonadal men receiving TE-alone exhibited a 43%
increase in prostate volume over a period of 12-months, while men receiving TE plus finasteride
exhibited no change in prostate volume [102]. In comparison, 5α-reductase inhibition did not prevent
the musculoskeletal or lipolytic benefits resulting from TRT in our trial [102] or others [292,293],
indicating that finasteride co-treatment improves the prostate-related safety profile of TRT without
inhibiting musculoskeletal efficacy in older men. The safety and efficacy of TE plus finasteride
treatment in men with SCI currently remains unknown, although an ongoing clinical trial in our
laboratory is evaluating this promising combinatory therapy in hypogonadal men with SCI [294].
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In addition, it is important to note that a 15-yr retrospective study of 150,000 men reported that TRT
was not associated with prostate cancer [295] and that no meta-analysis to-date has reported increased
prostate cancer risk resulting from TRT [8].

Several less common risks are also associated with TRT, which we have previously reviewed [296],
including: pain or bleeding at injection sites, skin reactions, fluid retention, breast tenderness,
gynecomastia, and liver disorders. Importantly, these side-effects remain putative [8] and have
not been confirmed by meta-analysis [281]. However, one potential risk that merits mention is the
possibility that TRT may cause or worsen obstructive sleep apnea [297], a condition that is relatively
common in tetraplegic men with SCI [298]. As such, need exists to determine TRT safety in men
with SCI who display obstructive sleep apnea, especially given the higher sleep apnea prevalence in
non-neurologically impaired men receiving TRT [297].

7. Conclusions

Upregulation of FOXO signaling occurs in the immediate days to weeks after SCI, an effect that
likely influences the rapid muscle loss in this population. Similarly, muscle PGC-1α and -1β are reduced
in response to SCI, underlying the slow-to-fast fiber change and impaired mitochondrial function
subsequent to SCI. In comparison, downregulation of IGF-1 and PI3K/Akt signaling occurs more
chronically after SCI. These molecular changes are precipitated by the spinal injury and subsequent
disuse, but may also be exacerbated by low T that occurs in many men with SCI. T promotes muscle
anabolism via direct AR-mediated genomic signaling and/or via cross-talk with IGF-1 and the
PI3k/Akt signaling pathway. T may also promote anticatabolic effects in muscle by directly or indirectly
suppressing FOXO signaling. Further, androgen treatment increases PGC-1α in muscle and attenuates
the slow-to-fast muscle fiber-type transition occurring in response to spinal transection. In addition,
T improves the preservation of motoneuron dendritic length after SCI directly via AR-mediated
mechanisms and/or indirectly, following aromatization to E2. Regardless, these improvements
appear to result in only minor improvement in locomotor recovery in rodents after moderate-severe
contusion SCI, likely because only limited descending corticospinal input remains. In comparison,
BWSTT improves descending corticospinal drive and/or facilitates reorganization of spinal cord
neural circuitry below the lesion, which produces neuromuscular improvement and some restoration
of musculoskeletal integrity. However, findings from well-controlled randomized clinical trials indicate
that BWSTT only promotes limited clinically meaningful improvement in voluntary locomotor recovery
in humans after SCI. Interestingly, activity-mediated neuromuscular plasticity appears to rely, in-part,
upon the upregulation of BDNF/TrkB in the spinal cord. Androgen/AR signaling is required for
BDNF/TrkB-mediated dendritic restoration in androgen sensitive motoneurons in the lumbosacral
spinal cord, suggesting that T treatment may enhance activity-mediated neuromuscular plasticity
after SCI. Indeed, our preliminary data supports this contention, given that adult male rodents
receiving TE adjuvant to BWSTT exhibited profound musculoskeletal and neuromuscular improvement
and recovery of voluntary weight-supported overground plantar stepping after moderate-severe
contusion SCI. Elucidation of the molecular mechanisms underlying these neuromusculoskeletal and
locomotor improvements will assist in validating our hypothesis and will improve the likelihood for
the translation of this promising multimodal therapeutic strategy.
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ABT activity-based therapies
AR androgen receptor
ARE androgen response element
BDNF brain-derived neurotrophic factor
BWSTT bodyweight-supported treadmill training
CNS central nervous system
CSA cross-sectional area
DHT dihydrotestosterone
E2 estradiol
EPSP excitatory postsynaptic potential
ER estrogen receptor
ERE estrogen response element
fCSA fiber cross-sectional area
FOXO forkhead box O
GPCR G-protein-coupled receptor
GSK3β glycogen synthase kinase 3β
IGF-1 insulin-like growth factor
IGF-1R insulin-like growth factor receptor
IGFBP insulin-like growth factor binding protein
IRS1 insulin receptor substrate-1
LABC levator ani/bulbocavernosus
MAFbx muscle atrophy F-box or atrogin-1
MGF mechano growth factor
MHC myosin heavy chain
mTOR mammalian target of rapamycin
MuRF1 muscle ring finger-1
NT-3 neurotrophin-3
ORX orchiectomy
PGC-1α peroxisome proliferator-activated receptor gamma co-activator-1α
PGC-1β peroxisome proliferator-activated receptor gamma co-activator-1β
PI3K phosphatidyl inositol-3 kinase
SCI spinal cord injury
SHBG sex-hormone binding globulin
SNB spinal nucleus of the bulbocavernosus
T testosterone
TCF-4 T-cell factor-4
TE testosterone enanthate
TrkB tyrosine receptor kinase B
TrkC tyrosine receptor kinase C
TRT testosterone replacement therapy
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Abstract: Spinal cord injury is a chronic and debilitating neurological condition that is currently
being managed symptomatically with no real therapeutic strategies available. Even though there
is no consensus on the best time to start interventions, the chronic phase is definitely the most
stable target in order to determine whether a therapy can effectively restore neurological function.
The advancements of nanoscience and stem cell technology, combined with the powerful, novel
neuroimaging modalities that have arisen can now accelerate the path of promising novel therapeutic
strategies from bench to bedside. Several types of stem cells have reached up to clinical trials phase
II, including adult neural stem cells, human spinal cord stem cells, olfactory ensheathing cells,
autologous Schwann cells, umbilical cord blood-derived mononuclear cells, adult mesenchymal cells,
and autologous bone-marrow-derived stem cells. There also have been combinations of different
molecular therapies; these have been either alone or combined with supportive scaffolds with
nanostructures to facilitate favorable cell–material interactions. The results already show promise but
it will take some coordinated actions in order to develop a proper step-by-step approach to solve
impactful problems with neural repair.

Keywords: neuroregeneration; chronic spinal cord injury; central nervous system; stem cells;
molecular therapies; biomaterials; nanotechnology; nanomaterial

1. Introduction

Regenerative medicine is an exciting and relatively new field of medicine that is still in its
infancy. Several attempts have been made for new and innovative applications in clinical practice.
Chronic spinal cord injury (SCI) sets an excellent example because there are currently no interventions
to restore body functions after chronic SCI, so novel regenerative interventions can be tested using
several already developed, clinically relevant chronic SCI models. This can not only make a significant
difference in the clinic and the patient’s overall functional outcome and quality of life, but also in the
financial burden within society, given the enormous healthcare cost linked to chronic SCI [1]. Despite
the severe and devastating nature of the condition, from a research point of view, chronic SCI could be
perceived as a natural opportunity to utilize the potentials of regenerative therapies to overcome the
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boundaries that such an untreatable condition set. Due to the inherent inability of the Central Nervous
System (CNS) to regenerate, chronic SCI poses a great challenge for regenerative medicine to prove its
utility for real-world applications, opening the pathway for further CNS applications.

SCI is a devastating disease that results in paralysis, either immediately following the injury
or in a very short period of time, depending on the cause, e.g., neurotrauma, inflammatory disease,
etc. The current state-of-the-art intervention for SCI is neurorehabilitation. Surgery might initially be
needed in order to stabilize the bone structure. After that the patients are transferred to a rehabilitation
unit in order to learn how to take care of their basic bodily functions, e.g., bowel and bladder
management, as well as in order to develop important skills that will help them reintegrate into
society. Although rehabilitation is the only strategy used to manage SCI for the time being, its efficacy
and reproducibility depend on many factors. For example, the individual’s personality and his
perceptions may hinder his adaptation to the changes. In addition to that, the type of impairment plays
a significant role too, for example, high versus low SCI lesions. Finally, another important factor to
consider, which influences rehabilitation, is the type of environment/community where the person is
to be reintegrated, e.g., developed versus developing countries, present or absent laws for people with
disabilities in society and the needed infrastructure for an accessible environment in the community.

SCI can be divided into three phases: acute, subacute, and chronic (Figure 1). The most plausible
and within reach target for regenerative medicine for proof of concept of translational applications
seems to be the chronic phase, when inflammation has subsided and any kind of neural plasticity and
spontaneous regeneration has already failed, making the interpretation of any results much clearer.
Many scientists argue that regeneration is a major challenge after the lesion is well established in the
chronic phase and this is why most of the studies focus on acute SCI, avoiding the formation of a glial
scar, which would make any interventions harder. Nevertheless, it has been demonstrated before that
bridging axonal regeneration in the adult CNS after a chronic SCI lesion is achievable as long as both
the intrinsic growth state of the neuron and the nonpermissive established injury environment get
modified [2,3].

 

Figure 1. This is a schematic representation of the cascade of events that are included in the
pathophysiological response to a spinal cord injury induced by a mechanical trauma. All the phases
from the acute to the sub-acute and chronic SCI are being depicted until cavitation occurs in the lesion
site and the glial scar forms. Abbreviations used: IL-1α: Interleukin 1α; IL-1β: Interleukin 1β; IL-6:
Interleukin 6; TNF-α: Tumor Necrosis Factor α. Figure reprinted with permission from “Nanofiber
Scaffolds as Drug Delivery Systems to Bridge Spinal Cord Injury” by Faccendini et al., Pharmaceuticals
2017, 10, 63, licensed under a Creative Commons Attribution license [4].
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Currently there are several clinical trials worldwide that attempt to deliver feasibility/proof
of concept for regenerative therapies. Two main approaches are currently being used and they are
discussed in the “Cell therapies” and “Molecular therapies” sections below in order to bring the most
promising translational research for chronic SCI to the attention of the scientific community. This is
crucial, given the overwhelming number of publications, reported over 11,000 within the past five years
on such a promising field, leading to the inability of research work to focus on promising therapies
that are closer to clinical translation. The purpose of this article is not to include an extensive list of
therapeutic strategies for chronic SCI, but to focus on the ones that are the most promising for future
applications in the clinic. The key aspect affecting the success of such therapeutic strategies is the use
and proper choice of biomaterials for the development of 3D scaffolds to support nerve growth within
the cavity lesion, as well as providing trophic factors, biomolecules, and/or cells as delivery systems.
Due to their importance, we have also included a last section with selected biomaterials that we think
will be excellent candidates for future clinical applications, given their promising preclinical results.

2. Cell Therapies

Cell-based translational therapies have attempted using types of stem cells alone or in combination
with growth factors or other molecules in order to induce nerve–axon sprouting or to neutralize the
growth inhibitor factors. Stem cells have also been used in conjunction with biocompatible scaffolds,
which encapsulate and gradually release the cells, guiding and tuning the process of nerve growth and
repair. Several clinical trials have arisen that target chronic SCI.

2.1. The “Pathway Study” of Stemcell Inc. (Phase I/II Clinical Trials)

The “Pathway study” [5,6] used adult neural stem cells (NSCs) derived from fetal tissue for
transplantation to chronic SCI, recruiting patients with cervical SCI lesions. Unfortunately, the study
had to stop due to results that were deemed too moderate for Stemcell Inc., given the funding that the
study needed for its completion. This was despite the improvement noted, especially in hand function,
in a few of the recruited patients after the transplantation.

Based on the company’s reports, all state and federal guidelines were followed when obtaining
the human fetal brains from Advance Bioscience Resources. The company used HuCNS-SC product
in a form of “neurospheres” for transplantation. This product is comprised of a highly purified
population of human neural stem cells that are grown in a suspension as clusters of cells, hence why
it is called “neurospheres”. The rationale for using those cells is that they can maintain their ability
to self-renew and differentiate into the three major cell types of the CNS (i.e., neurons, astrocytes,
and oligodendrocytes) after being cultured and expanded for a number of generations. Even though
the use of the HuCNS-SC product was found to be safe and encouraging patterns of motor and sensory
improvements were noted at the 6-month mark of the study, the improvement declines over time.
Even though there was still improvement compared to the baseline, the results were not considered to
be adequate enough to justify the cost of the study.

2.2. Phase I Clinical Trial of NeuralStem Inc.

NeuralStem Inc. [7] has enrolled four American Spinal Injury Association (ASIA) Impairment
Scale (AIS)-A thoracic chronic SCI subjects (1–2 years post-injury at the time of stem cell treatment) for
the ongoing clinical trial phase I that they are conducting for chronic SCI. The company uses human
spinal cord stem cells (NSI-566), stemming from a single 8-week-old fetus. The cells are expanded
serially by epigenetic means only. NSI-566 is a novel human neural stem cell line that possesses robust
growth properties and neurogenic potential. In preclinical models, when the cells were grafted into
a rat spinal cord, the cells differentiated extensively into neurons and glia, secreted neurotrophic
factors and formed synapses with the host neural cells, but not with muscles [8,9].
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Even though there are no published data available yet, the last surgery was completed in
July of 2015, so the company has already conducted a 6-month post-observation analysis of the
results. The company claims that the treatment was well tolerated with no serious adverse reactions.
The enrolled subjects are currently being monitored for long-term follow-up evaluations. The Food
and Drug Administration (FDA) has approved the protocol amendment to treat an additional cohort
of four cervical SCI patients. In April 2018, Neuralstem Inc. announced the completion of the first
surgery in the cervical cohort of the Phase I clinical trial in patients with chronic SCI. At the same time,
NeuralStem Inc. has already proceeded with a phase I/II clinical trial to treat motor deficits in stroke
patients and to establish a treatment for Amyotrophic Lateral Sclerosis (ALS). Thus, during the next
decade, there is probably a lot more to be explored in terms of clinical applications of fetal stem cells.

Recently, Rosenzweig et al. [10] published a very promising research paper about the restorative
effects of NeuralStem Inc. donated cells in nonhuman primate spinal cord models. In particular, they
grafted spinal cord-derived neural progenitor cells (NPCs) into sites of cervical C7 hemisection spinal
cord lesions 2 weeks after the hemisections surgery took place. During a 9-month analysis, forelimb
function improvement was noted several months after the grafting took place, while monkey axons
were found to regenerate and form synapses, suggesting translatability of the NPCs graft therapy
to humans.

2.3. The Chronic SCI Stem Cell Study of InVivo Therapeutics

The neurospinal scaffold made by InVivo therapeutics company in USA is composed of
FDA approved poly(lactic-co-glycolic acid) (PLGA) covalently conjugated to poly(L-lysine) to
facilitate favorable cell–material interactions. InVivo Therapeutics utilizes injectable combinations of
biomaterials and NSCs, delivered using minimally invasive surgical instrumentation and techniques
to create trails across the chronic injury site.

InVivo Therapeutics has already announced several promising results on the progress of the acute
SCI study, called INSPIRE [11], which has already reached to a phase III clinical trial. The company
recently reported that seven of 16 (43.8%) evaluable patients in the INSPIRE study experienced
an improvement in the AIS grade from baseline at six months compared to the Objective Performance
Criterion (study success definition) of 25% of patients. Of these seven patients, three of five individuals
who had converted from AIS A SCI (complete) to AIS B SCI (sensory incomplete) in the first six-month
period of follow-up subsequently further improved to AIS C SCI (motor incomplete) within 12 to
24 months, including a recent patient who converted from AIS B to AIS C at the 12-month exam in
January 2018.

Unfortunately, three deaths were witnessed during the INSPIRE study that were considered
to be unrelated to the Neuro-Spinal Scaffold used and the implantation technique. Nevertheless,
the company has elected, based in part on discussions with the company’s independent Data Safety
Monitoring Board, to implement a temporary halt to enrolment as it engages with the FDA to determine
whether any changes to patient enrolment criteria related to patients who may have a higher mortality
risk or other study modifications are deemed necessary.

As a result of the temporary enrolment halt, the company anticipated completing INSPIRE
enrolment in the first half of 2018 and submitting a Humanitarian Device Exemption (HDE) application
in the second half of 2018. As per a recent press release of the company in March 2018, the company
has received supplemental Investigational Device Exemption (IDE) approval from the US FDA for
a second pivotal clinical study of the company’s Neuro-Spinal Scaffold in patients with acute SCI.

In the meantime, InVivo therapeutics took the decision to focus only on the INSPIRE study for
the time being, so they announced the temporary suspension of the chronic SCI stem cell study.
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2.4. “Walk Again Project”

Raisman and co-workers in London, who pioneered the “Walk Again Project” [12]. Unfortunately,
he passed away but his work is being continued by Tabakow and co-workers in Poland, the leading
neurosurgeon involved in Raisman’s project. The project focuses on the use of Olfactory Ensheathing
Cells (OECs) in order to accomplish functional improvement after SCI. Even though there are many
unidentified mechanisms involved, OECs have been used for years in clinical trials for CNS repair
and one of their functions is thought to be helping the local propriospinal interneurons to create new
circuits for bypassing the lesion. The first clinical trials of OECs have already taken place in China,
Australia, and Spain in 2003, 2005, and 2006, respectively [13–15]. Ever since, significant progress has
been accomplished and the safety of OECs transplantation in humans has been established through
several phase I clinical trials [16]. Nevertheless, the need for robust, well-designed phase II clinical
trials is still unmet in order to measure the efficacy of that technique. Through such future clinical
trials, the technique can be optimized in order to accomplish the optimal harvesting methodology and
maximize the viability of the cells after transplantation [17].

Despite all the current limitations regarding the OECs transplantation technique, Geoffrey
Raisman’s team in UCL reported very promising results, from an injured patient, in 2014 (Figure 2).
As per the report, the recipient of the transplanted OECs demonstrated significant functional recovery
below the level of SCI, favoring the use of OECs as an efficient treatment of SCI [12]. It is remarkable
that the patient went from complete paraplegia to incomplete (ASIA A to ASIA C) and has regained
considerable functions. Nevertheless, expectations from this study have to be tempered since we are
now talking about a single patient. Chronic SCI patients are still (since March 2016) being recruited for
a new clinical trial taking place in Poland (Tabakow and colleagues). As far as we know, the clinical
trial follows the same protocol as the one that was applied to the first patient, i.e., extraction of olfactory
cells from the olfactory bulb in the patient’s brain, transplantation into the spinal cord and a peripheral
nerve graft. Only patients with a transected/severed spinal cord can apply for the trial and not patients
with contused spinal cord.

2.5. “Miami Project” Phase I Clinical Trial

Schwan cells (SCs) are supporting cells surrounding the peripheral nerves. In the peripheral
nervous system (PNS) they are thought to provide guidance to the axons for regeneration to take
place [18]. The idea of using SCs after chronic SCI stems from the observation that SCs have been
found around the lesion site after SCI [19,20], demonstrating beneficial effects. Nevertheless, it has
been shown that apoptosis is a big obstacle, given the hostile CNS environment that does not favor the
survival of those cells [21,22]. Despite the challenges, SCs are being used, for years now, in clinical
trials targeting CNS lesions. Their safety has already been demonstrated in two already completed
clinical trials involving SCs transplantation in human spinal cords. Currently, two more clinical trials
phase I are in progress in Miami, Florida, USA, both studying sub-acute and chronic SCI subjects,
in order to establish the safety of SCs before proceeding.

The “Miami Project” is a Phase I clinical trial for chronic SCI patients, it is currently recruiting
patients and is expected to be completed by January 2019. Trial enrolment will target 2 cohorts.
The study uses autologous Schwann cells harvested from the sural nerve of the participant, those cells
are being transplanted into the epicenter of the participant’s SCI. The first cohort is announced to be
thoracic (T) level 2–12 AIS grade A, B, or C (n = up to 4) and the second one to be cervical (C) level 5
through T1 AIS A, B, or C (n = up to 6).
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Figure 2. Schematic diagram shows steps of the treatment of Spinal Cord Injury (SCI) in a male
patient who was paralyzed due to knife injury in 2010. He was treated with Olfactory Ensheathing
Cells (OECs), a type of cell which is produced at the base of brain and through which human
beings get their sense of smell. The surgeon extracted OECs from the nasal cavity and cultured
those in the lab. Then nerve grafts were extracted from the ankle of the patient to support the
regeneration of severed spinal cord nerve fibers to fill the spinal cavity. Both nerve grafts and
stem cells were injected into the spinal cord injured site of the patient. This figure is also available
online: http://www.dailymail.co.uk/sciencetech/article-2800988/world-man-spinal-cord-severed-
walks-paralysed-fireman-recovers-thanks-uk-research.html.

2.6. Umbilical Cord Blood & Lithium ChinaSCINet Phase II Clinical Trial

In the fall of 2014, Wise Young, from Rutgers University and SCINetChina (available online:
http://www.chinascinet.org), presented some preliminary information from the Umbilical Cord Blood
& Lithium Phase II clinical trial that had taken place in China. In this trial [23], umbilical cord blood
mononuclear cells (UCB-MNC) and lithium are used as a combinatorial therapy. The rationale
for using lithium is that, apart from the low cost and availability in the clinic, it is known to
stimulate UCB-MNC cells to secrete Nerve Growth Factor (NGF), Neurotrophin-3 (NT-3), and Glial
cell line-derived Neurotrophic Factor (GDNF). In terms of the selection of UCB-MNCs, the aim is to
improve recovery after chronic SCI. Several mechanisms have been proposed for the UCB-MNCs to
improve recovery after CNS injury, involving secretion of anti-inflammatory cytokines [24–26], growth
factors release [27–29], matrix metalloproteinase upregulation [25], tissue plasminogen activator
downregulation [26], apoptosis prevention [24], mediation in myelination process [30,31], decreased
gliosis [32], and increased angiogenesis [33].
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Several groups have been known to attempt UCB-MNCs transplantation in patients with SCI with
favorable outcomes. In the ChinaSCINet Phase I and II clinical trials [23], the patients were treated in
Hong Kong (HK) and Kunming (KM) to assess the safety and efficacy of transplanting escalating doses
of human leukocyte antigen (HLA)-matched UCB-MNCs into the spinal cords of people with chronic
(1–19 years after) complete SCI. Wise Young explained in his presentation on the preliminary findings
of the clinical trials that although none of the chronic ASIA A participants had improved motor scores,
15 out of the 20 patients were able to take steps with the aid of a walker whilst in rehabilitation.

Even though the motor scores of the chronic ASIA A patients did not improve, “functional
recovery” was noted, which has raised some concerns. The main limitation is the absence of
appropriate controls to assess the real effect of the UCB-MNCs transplantation. The fact that the
intensive physiotherapy program was followed in combination with the stem cell transplant made it
difficult to assess the real source of the improvements noted and would require further assessment.
There is a possibility for the conduction of a phase IIb similar clinical trial in United States, aiming at
proving the efficacy of the treatment. The structure of that new study is meant to be as follows: three
groups of nine ASIA A, C5-T10 patients. The first group will get UCB-MNCs injections plus six weeks
of oral lithium plus intensive rehabilitation. The second group will get UCB-MNCs plus intensive
rehabilitation. Group three will get intensive rehabilitation only. This new study’s structure would
certainly overcome the limitations of the previous study conducted in HK and KM.

2.7. The Puerta de Hierro Phase I/II Clinical Trial

In the Puerta de Hierro Phase I/II clinical trials [34], autologous bone marrow adult mesenchymal
stem cells (MSCs) were used for the studies, establishing the safety of the technique. MSCs have
already been correlated with beneficial outcomes when being transplanted in CNS lesions in small and
big preclinical animal models, paving the way towards clinical translation. Even though MSCs were
traditionally known to be able to selfrenew and differentiate into cells of mesodermal origin, they have
also been found to differentiate into tissue of nonmesoderm origin (i.e., nerve tissue) and they have the
potential to modulate the inflammatory response [35,36]. In that trial, the MSCs were administered by
intrathecal injection (subarachnoid and intramedullary). Improvement was noted even in the patients
with the longest chronicity, while the team studied both complete and incomplete chronic SCI.

In the complete chronic SCI study, the recovery noted was considered to be a result of cytokine
release by the transplanted MSCs, activating preserved but nonfunctional circuits, rather than inducing
nerve regeneration. This is because the recovery of infralesional sensitivity and vegetative functions
(e.g., bladder, bowel, and sexual functions) occurred soon after surgery. In addition, a dose-dependent
beneficial effect of the MSCs transplantation was suggested because the improvement noted in the
scaled used (e.g., ASIA, International Association of Neurorestoratology Spinal Cord Injury Functional
Rating Scale (IANR-SCIFRS) and neurogenic bowel dysfunction (NBD)) was more significant for
higher numbers of transplanted cells.

In the incomplete chronic SCI study, the repeated subarachnoid administrations of autologous
MSCs supported in autologous plasma at months 1, 4, 7, and 10 of the study improved the patients’
quality of life. Nevertheless, objective neuroimaging findings that would suggest morphological
changes in the lesion site after the repeated subarachnoid administration of MSCs were absent.
Therefore, the improvements were considered to be a result of the release of neurotrophic factors. It is
in fact thought that the potential of MSCs transplantation for CNS regeneration relies on the ability of
the MSCs to modulate the environment through their secretome. Classic growth factors and cytokines
packed and secreted by the MSCs [37] are now thought to play a significant role for SCI repair, possibly
by decreasing the levels of proinflammatory cytokines like Interleukine-2 (IL-2), Interleukine-6 (IL-6),
and Tumor Necrosis Factor α (TNFα), among other mechanisms. This is demonstrated in a recent paper
of Cizkova et al., where the molecular cocktail found in the MSCs after the MSCs transplantation in the
rat SCI model was thought to be responsible for the observed motor function recovery, the attenuated
inflammatory response and for the spared spinal cord tissue [38].
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The Puerta de Hierro clinical trial phase II has been completed but an announcement on future
trials is still pending.

2.8. “Neurocell” Pre-Clinical Study of Neuroplast (Phase I Clinical Trial in Preparation)

A preclinical study of Neuroplast, a company based in the Netherlands, showed that
NEUROCELL (Neuroplast proprietary cells that are autologous bone-marrow-derived stem cells)
significantly improved both locomotor functions and survival in those spinal cord-lesioned rats as
compared to rats treated with a placebo. It is thought that autologous bone-marrow-derived stem cells
can lead to functional improvement after CNS injuries by contributing towards the neuroplasticity
and/or by exerting a paracrine effect. Neuroplast is currently preparing a Phase I clinical trial for
chronic SCI patients. The trial will involve the transplantation of Neurocells and is expected to take
place in Europe. The Neurocells are meant to have a positive effect, both in terms of neuroprotection
and neuroplasticity, and thus contribute to a level of functional return in the case of both chronic and
acute SCI. The first chronic SCI patients are expected to be recruited during 2018.

2.9. Less Strictly Regulated Clinical Trials

It should be noted that further trials in SCI patients are being conducted all over the world, but
they are not performed under strict regulatory environments so caution is advised when assessing
the results of such studies until further work is done in order to confirm findings in a better regulated
setting [39–45].

3. Molecular Therapies

A summary of the various molecular therapies in the nanoscale projects is included in Table 1.

Table 1. Summary of the various molecular therapies in the nanoscale projects that show promise for the
treatment of SCI. Keys: CNS: Central Nervous System; SCI: spinal cord injury; Ch’ase: Chondroitinase.

Project Name Mechanism Current Progress Future Outlook Ref.

Nogo Trap of
ReNetX Bio

A decoy receptor that binds
growth inhibitors, allowing
for the nerve fibers to grow
naturally and directly.

Nogo Trap has demonstrated
improved neurologic function
following CNS damage in
several animal models.

Planning phase Ib–IIa
clinical trials to test safety
and efficacy for patients
with a chronic cervical
incomplete SCI.

[46]

CHASE-IT
Preclinical
Initiative of the
International
Spinal Research
Trust (ISRT)

The application of the
biological enzyme Ch’ase in
animal models is reported to
have degraded scar tissue,
promoted growth and
improved activity.

Ch’ase has proven to be
effective in rats, delivered to
both thoracic and cervical
contusion injury sites. Latest
animal studies took place in
2016 and proved that
longer-term application of the
enzyme led to more significant
motor control improvement.

Promising outcome, but
one should bear in mind
that data is based on
rodent in vivo models; will
this translate to humans?

[47]

Intracellular sigma
peptide (ISP),
Ch’ase and
combinations
preclinical projects

Using the biological enzyme
Ch’ase in combinations with
intracellular sigma peptide
in order to restore breathing
after long chronic C2
hemisection injury.

These projects are at a single
center led by Jerry Silver.
Currently these applications are
at a pre-clinical stage.

Development of the
product and preparation
for clinical trials.

[48]

3.1. Nogo Trap of ReNetX Bio (Formerly Known as Axerion Therapeutics)

Nogo Trap is a decoy receptor developed by the ReNetX Bio company. The decoy receptor is meant
to modify the hostile CNS environment by binding to the growth inhibitors within the CNS. This allows
new nerve fiber growth, targeting restoration across all facets of growth: axonal regeneration (long
distance), axonal sprouting (medium distance), and synaptic plasticity. The main difference to the
widely-known “Anti-NoGo” technology, as per the ReNetX representatives, is that the Nogo Trap is
able to bind and neutralize three types of inhibitors and is not limited to the NoGo-inhibitor alone.
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Nogo Trap has demonstrated improved neurologic function following CNS damage in several
animal models. Based on these promising results, the company thought that Nogo Trap should be
evaluated in chronic SCI patients. ReNetX Bio is planning a phase Ib–IIa clinical trial in order to test
the safety and efficacy of the treatment for patients with chronic cervical incomplete SCI.

3.2. CHASE-IT Preclinical Initiative of the International Spinal Research Trust (ISRT)

Chondroitinase, or Ch’ase [49], is a bacterial enzyme that has attracted the attention of
neuroscientists because of its ability to degrade the glial scar tissue that develops in chronic SCI.
Apart from that, it has also repeatedly been proven to promote growth and to improve recovery in
preclinical animal experiments. Therefore, Ch’ase is able to modify the scar tissue that develops after
SCI and promote rewiring of the nervous system. This was only made possible by the molecular
re-engineering of Ch’ase, developed by Muir and colleagues [50] at the University of Cambridge,
who created a version of Ch’ase that could be expressed by human cells.

Gene therapy using a modified Chondroitinase ABC (ChABC) gene compatible with expression
and secretion by mammalian host cells confers sustained and long-term delivery of ChABC to the
injured spinal cord. It has been shown to be effective in rats to promote functional recovery in both
thoracic and cervical contusion injury paradigms [51].

Several milestones have been reached since the CHASE-IT Initiative started in 2014. In particular:
(1) The gene for Ch’ase can now be expressed in an active form in human cells; (2) expression of Ch’ase
in the spinal cord can now be controlled, switching it on and off using an inducible switch responsive
to the antibiotic doxycycline; and (3) treatment gives rise to improved walking and unprecedented
upper limb function in clinically-relevant SCI models.

4. Selected Biomaterials That Hold Promise for Future Clinical Trials on Chronic Sci

The application of biomaterials in SCI is divided into two strategies. The first strategy involves
the application of biomaterials as a scaffold for the neuronal cells or the encapsulation of certain
cells for delivery. The second strategy is using biomaterials that mimic the soft tissue mechanical
properties and the high conductivity required for electrical transmission in the native spinal cord for
nerve tissue regeneration.

The use of biomaterials is of great importance for CNS regeneration and repair. It was soon
observed that the use of potent stem cells alone could be dangerous, given the possibility of tumor
formation. It has been demonstrated that the use of certain injectable hydrogels loaded with pluripotent
stem cells can promote cell survival, integration, and differentiation, thereby reducing the risk of
tumorigenicity that has been linked with the use of such cell lines [52,53].

The careful choice of the appropriate biomaterial for that specific application could not only
guide the process with different topographical cues, but it could also provide the necessary structural
support to build a temporary bridge within the cavity that is formed in chronic SCI lesions until nerve
sprouting occurs.

The use of biomaterials for CNS regeneration purposes can also use nanotechnology in order to
encapsulate the cells within nanoparticle-based hydrogels and develop a sustained release system that
would allow a prolonged, tuned effect to accomplish the desired outcome. Trophic factors (e.g., growth
factors) can also be incorporated in a scaffold made from the appropriate biomaterial in order to
support the transplanted cells to live longer or even trigger endogenous regeneration through stem
cell niches.

Several biomaterials have been used for supportive scaffold formation in order to accomplish CNS
regeneration after chronic SCI lesions, but so far, only limited biomaterials have made it towards clinical
trials as mentioned above (e.g., PLGA). There is an overwhelming amount of different combinations of
biomaterials used in chronic SCI in terms of basic science experimentation, but this would be beyond
the focus of the current review. Below, we will only mention a couple of selected biomaterials that we
consider to be very promising in terms of future clinical applications.
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Graphene Oxide (GO) 3D nano-structured scaffolds, considered “wonder biomaterials” with
extraordinary potentials in the next few years based on preclinical results:

Studies have shown graphene to have great potential as a bioscaffold at the site of the lesion
in chronic SCI allowing for neuronal regeneration [4,54–60]. GO nanocomposite is considered to be
a favorable material for use in treatment because of its unique electro-physico-chemical properties
and it is conductivity. GO has the ability to stimulate neuronal differentiation and axonal alignment
at sites of SCI by providing a space for the growth, attachment, and survival of neural tissue at the
lesion. Toxicity and biocompatibility of reduced graphene oxide is a debatable obstacle facing use
of the material, with intravenous studies in mice showing dose-dependent toxicity and pathological
damage present at lower doses [61,62]. Other routes of administration, however, such as oral [63],
intravitreal [64], intraperitoneal [63], and subcutaneous [65], have proven the material to be nontoxic.
The conductive properties of GO make it a viable product to use in the healing of SCI. The benefit
of using GO is that the inflammatory response seen with other biomaterials is reduced and not as
damaging at the site of the SCI.

GO combined with hydrogel has been used to fill the hemispinal cord transection lesion that
was made in twenty rats [66]. After three months, histologic evaluation of the lesion in the spinal
cords of the rats showed graphene nanoscaffolds adhering to the spinal cord tissue and an ingrowth of
connective tissue elements, blood vessels, neurofilaments, and Schwann cells around the area of the
graphene nanoscaffolds. A control study was carried out whereby similar rats with hemispinal cord
transections had a hydrogel-only matrix injected into the lesion at site of injury. Three months later,
histological evaluation showed pseudocyst cavities where the hydrogel matrix had been injected and
the site of the lesion devoid of any tissue or substantial regrowth of neural cells. Even though this was
a study on acute SCI, this in vivo preclinical study brings promise that the graphene nanoscaffolds
material has potential to be used for stimulation of axonal regeneration into the lesion.

Another aspect stressing the significance and potential of Graphene, in terms of future clinical SCI
repair-related applications, is the fact that Graphene has been chosen as the key biomaterial to be used
as part of the project “Neurofibers” (Biofunctionalised Electroconducting Microfibers for the Treatment
of Spinal Cord Injury). The project has recently started and it was selected by the European Commission
in the framework of the Horizon 2020 (H2020) program in the area of emerging technologies (FET
Proactive—Boosting emerging technologies) (for more information from the European Commission’s
website: https://cordis.europa.eu/project/rcn/206185_en.html).

4.1. Fibrin-Based Scaffolds and Hydrogels Have Shown Impressive Results in Terms of Supporting CNS
Regeneration in SCI Lesions in the Right Settings

The Fibrin glue has been approved by FDA and it is used successfully in clinically repairing cranial
nerves and other tissues [67,68]. The Fibrin sealant (like the commercially available TISSEEL® (Baxter)
product) has been used for years by neurosurgeons as a hemostatic agent and in order to control
cerebrospinal fluid (CSF) leaks. This is of particular importance for spinal surgeries given the CSF
leakage that can occur after the durotomy. In human patients, Fibrin has also been combined with FGF
and the mixture was applied to the injured spinal segment of patients in order to prevent postoperative
CSF leakage. The application of the FGF-containing Fibrin matrices resulted in significant motor and
sensory improvements in the patients [69]. In terms of CNS repair and regenerative medicine, Fibrin
could act as a carrier for therapeutic agents, such as neurotrophic factors and stem cells [70–72].

Fibrin matrices have been tested for supporting stem cells, specially embedded NSCs in fibrin
matrices in order to increase the cells’ viability, when transplanted after SCI [73]. Even though the
increase in NSCs viability was significant compared to the initial poor survival of the cells without
the fibrin matrices, the results were even more remarkable when growth factor cocktails were added
in the NSCs-containing fibrin matrices. This way the combination of NSCs with fibrin matrices and
growth factors accomplished enhanced cells survival with the cells filling large lesion cavities and
being differentiated into neurons and glia after spinal cord transection [2,73,74]. In a very recent
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paper, Rosenzweig et al. [10] used a similar methodology in nonhuman primate models, proving for
one more time that testing a promising treatment in nonhuman primates is crucial for the successful
translation to humans. After several modifications to the rodent grafting technique (e.g., grafting
matrix modifications, CSF drainage, more extensive immunosuppression), successful engraftment was
achieved, paving the path towards clinical translation of the proposed therapy. The same group of
researchers had accomplished before that the longest axonal sprouting, to the best of our knowledge,
using a cocktail of growth factors and fibrin matrices. Ten growth factors were embedded in a fibrin
gel to support rat or human neural stem cells grafted to the completely transected spinal cord of adult
rats, accomplishing axons extending at least 25 mm in each direction in all subjects [75].

Further combinatorial approaches have been attempted using Fibrin with certain growth factors
and grafts to enhance the restorative results with very promising results.

The FGF/Fibrin mixture along with human Schwann-cell grafts has been engrafted to transected
rat spinal cords, stimulating fiber regeneration throughout the implant [76]. This also has been coupled
with an autologous peripheral intercostal nerve segment to bridge a 5 mm gap within the transected
rat spinal cords [77]. Even though this is only a small part of the literature supporting the use of
Fibrin for CNS repair, it is evident that this biomaterial is also a very good candidate for future clinical
applications in terms of regenerative therapeutic strategies in chronic SCI.

4.2. Collagen/Heparin Sulfate Scaffolds Fabricated by a 3D Bioprinter

One promising, new approach is the use of a 3D bioprinter in producing collagen and heparin
sulfate based bioscaffolds for the treatment of SCI [78]. The use of a 3D bioprinter, in order to produce
the bioscaffold, is thought to have significantly amplified the mechanical properties of the mixture
when compared to methods of production without the use of a 3D printer therefore methods using
a 3D bioprinter will be discussed here. The current priorities when producing a bioscaffold for
SCI is the biocompatibility of the scaffold, that it is made of a porous material in order to allow
for neural regeneration and for it to have great strength. The team working on the 3D bioprinted
collagen/heparin sulfate scaffolds believes it will be the answer to treating and stimulating neural
regeneration in patients with SCI.

Locomotor recovery is the most important outcome to assess during preclinical and clinical
studies and was seen in rats with SCI that had had the collagen/heparin sulfate bioscaffold implanted
at the site of the lesion, during preclinical in vivo studies. The improved locomotor function after
implantation and biodegradable and biocompatible properties of the collagen/heparin sulfate mixture
gives promise for the use of such a bioscaffold in clinical practice to help improve the outcome of
patients suffering with SCI.

4.3. Peripheral Nerve Grafts Combined with Chitosan-Laminin Scaffold

Chitosan is a suitable biomaterial for use in neuronal repair due to its biocompatible and
biodegradable properties [79]. It has been considered as a suitable material for many biomedical
and industrial applications, such as drug delivery, due to its nontoxicity and biodegradability. Laminin
is a glycoprotein that acts as a neurite outgrowth-promoting factor and so is suitable for combination
in the bioscaffold. The combination of chitosan and laminin provide a promising biomaterial for use as
a scaffold in promoting axonal growth and preventing neural degeneration.

Studies have shown that the use of chitosan channels containing nerve grafts promote axonal
regeneration when applied to chronic SCI lesions [80]. Preclinical studies have shown that the use of
chitosan-laminin scaffolds combined with peripheral nerve grafts supported axonal regeneration and
positive outcomes include motor function improvement, as well as functional sensory improvement
when the bioscaffolds were implanted in chronic nerve lesions [40]. Further investigation of this
biomaterial would be recommended as it proves to be a promising option in the field of treatment of
chronic SCI.

219



Int. J. Mol. Sci. 2018, 19, 1776

5. Conclusions and Future Perspectives

In conclusion, it is evident that more promising therapies will come up in the future regarding
chronic SCI. We anticipate that the management of chronic SCI will change during the next few decades
due to the fast pace of advances in the field of nanotechnology/smart materials and regenerative
medicine. A combinatorial approach using cells and/or growth factors or other molecules along with
biocompatible nanostructured scaffolds, that would allow fine-tuning of the release of the incorporated
factors and would guide nerve growth in the CNS environment, would most probably be the key for
success in such a complex tissue.

One significant component seems to be the ability to catalyze the translation of all the promising
new therapies into clinical practice. This refers to imaging technology, and more specifically, Magnetic
Resonance Imaging (MRI) sequences that can help assess and objectively quantify the biological
response of the CNS to the tested intervention, solving a known issue of reproducibility and
quantification in the application of all the new therapies. MRI could assess the biological significance,
detecting tissue-related changes, while techniques like surface electromyography could assess the
functional outcomes in a more objective way, leading together to the development of the much
needed objective clinical scales that would take into consideration the statistical, biological and
clinical significance associated with the tested therapeutic strategy or management plan. In addition,
the combination of imaging technology along with the implementation of new, clinically relevant
models, like the nonhuman primate model of SCI developed for evaluating pharmacologic treatments,
and could open the pathway to safer and more efficient clinical application to patients in the
future [81]. Nevertheless, we do anticipate that the use of bioengineered models on-a-chip and further
advancements in nanomedicine might revolutionize the field and change the translational pathway
in the future, accelerating the drug approval process and the implementation of new treatments in
the clinic.

From the practical standpoint, there are several obstacles that need to be tackled, like the lack
of published data from companies that have done significant work on SCI regeneration and repair
through clinical trials. The inclusion of controls is crucial for obtaining reliable outcomes and yet
certain clinical trials either fail to implement controls in their study plan or they avoid reporting the
outcomes in a timely manner, hindering the progress in the field. In addition to that, researchers mainly
use less clinically relevant SCI models like hemisections/transection models. There is a significant
need for inclusion of contusion SCI models that are more similar to the lesions usually managed in
the clinic. Last but not least, it should be stressed that acute SCI models are mainly used for research
purposes aiming to address the problem soon after the injury in the clinic and to avoid complications
(e.g., formation of glial scar that would hinder neuroregeneration). The inclusion of more chronic
SCI models in research might seem to be a challenging task, but it is very important for the reliable
assessment of the therapeutic interventions in order to solve significant questions on CNS regeneration,
ensuring the safe application of future treatments to any SCI patient.
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