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Abstract
Lesion-induced scarring is a major impediment for regeneration of injured axons in the cen-

tral nervous system (CNS). The collagen-rich glial-fibrous scar contains numerous axon

growth inhibitory factors forming a regeneration-barrier for axons. We demonstrated previ-

ously that the combination of the iron chelator 2,2’-bipyridine-5,5’-decarboxylic acid (BPY-

DCA) and 8-Br-cyclic AMP (cAMP) inhibits scar formation and collagen deposition, leading

to enhanced axon regeneration and partial functional recovery after spinal cord injury.

While BPY-DCA is not a clinical drug, the clinically approved iron chelator deferoxamine

mesylate (DFO) may be a suitable alternative for anti-scarring treatment (AST). In order to

prove the scar-suppressing efficacy of DFO we modified a recently published in vitromodel

for CNS scarring. The model comprises a co-culture system of cerebral astrocytes and

meningeal fibroblasts, which form scar-like clusters when stimulated with transforming

growth factor-β (TGF-β). We studied the mechanisms of TGF-β-induced CNS scarring and

compared the efficiency of different putative pharmacological scar-reducing treatments,

including BPY-DCA, DFO and cAMP as well as combinations thereof. We observed modu-

lation of TGF-β-induced scarring at the level of fibroblast proliferation and contraction as

well as specific changes in the expression of extracellular matrix molecules and axon

growth inhibitory proteins. The individual and combinatorial pharmacological treatments

had distinct effects on the cellular and molecular aspects of in vitro scarring. DFO could be

identified as a putative anti-scarring treatment for CNS trauma. We subsequently validated

this by local application of DFO to a dorsal hemisection in the rat thoracic spinal cord.

DFO treatment led to significant reduction of scarring, slightly increased regeneration of
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corticospinal tract as well as ascending CGRP-positive axons and moderately improved

locomotion. We conclude that the in vitromodel for CNS scarring is suitable for efficient pre-

screening and identification of putative scar-suppressing agents prior to in vivo application

and validation, thus saving costs, time and laboratory animals.

Introduction
After traumatic spinal cord injuries meningeal fibroblasts invade the lesion site, where they
form a fibrous scar. Subsequently, activated astrocytes start surrounding the fibrous lesion core
and create a glia limitans to protect the nervous tissue from the external environment and
restore the blood-brain-barrier. The glial and fibrous compartments of the scar each contain
different types of extracellular matrix (ECM) and axon growth inhibitory molecules that are
differentially regulated over time [1–4]. The astroglial outer region of the scar is marked by the
astrocytic glial fibrillary acidic protein (GFAP) and contains numerous chondroitin sulphate
proteoglycans (CSPGs) among which are NG-2, neurocan, and phosphacan. The central
fibrous region is marked by fibronectin, due to invading meningeal fibroblasts, and contains
Tenascin C (Tnc) and NG-2 [1–3], Semaphorin 3A (Sema3A) [5], Ephs and Ephrins [6]. Most
of these inhibitory molecules peak at 1–2 weeks after injury. Over longer periods of time (3 to
12 months), the fibrous region decreases in size due to a contraction of the connective tissue
matrix [7].

We and others showed that after spinal cord injury (SCI) transected axons that try to regen-
erate are able to penetrate the reactive glial compartments but stop at the fibrous core [1, 8].
We postulated that soluble inhibitory factors might bind a scaffold of extracellular matrix mol-
ecules in the fibrous scar [4]. In previous in vivo experiments in rats we found that reducing
the formation of the fibrotic scar by preventing the deposition of collagen IV during 1–2 weeks
decreased the levels of NG-2 and led to enhanced axon regeneration of various types of axon
tracts through the scar [8–10]. This so called anti-scarring treatment (AST) consisted of the
iron chelator 2,2’-bipyridine-5,5’-decarboxylic acid (BPY-DCA) and the signaling molecule
cyclic AMP (cAMP). Iron chelators interfere with the synthesis of collagen by depriving the
enzyme prolyl-4-hydroxylase of its cofactor iron [11]. Cyclic AMP on the other hand is known
to inhibit fibroblast proliferation and collagen biosynthesis [12]. AST treatment resulted in
enhanced functional recovery of rats that received a dorsal hemisection of the spinal cord at
level T8 [8]. Although we observed a reduction in collagen IV and NG-2 immunofluorescence
after AST, the mechanism of lesion scarring, scar suppression and axon growth inhibition of
the scar remained unclear. Therefore, in the present study we aimed to use an in vitromodel to
study the mechanisms of scar formation and reduction as well as to provide an assay system to
investigate new scar-reducing treatments.

Most in vitromodels for scar formation are axon crossing border assays. Often, stripes or
gradients of permissive and inhibitory molecules, e.g. laminin and CSPG [13, 14] or membrane
preparations of inhibitory cells [15] are used. In other studies, cell types that are permissive or
inhibitory for axon growth are mixed, like Schwann cells and astrocytes [16] or meningeal
fibroblasts and astrocytes [17]. These models, however, lack the 3-dimensional characteristics
of a dense fibrous scar. In a recent model astrocytes and fibroblasts were plated on culture
inserts and lesioned by applying pressure [18]. In 2010, Kimura-Kuroda et al introduced a
three-dimensional model, in which scar-like cell clusters are formed [19]. In this model,
astrocyte and fibroblast monolayers are cultured in close proximity and stimulated with
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transforming growth factor-beta 1 (TGF-β1). In response to TGF-β1, the fibroblasts form clus-
ters, which, at the astrocyte-fibroblast border, are surrounded by astrocytes, thus resembling
the in vivo scar compartments in traumatic spinal cord lesions. Indeed, TGF-β1 is well-known
for its role in wound healing and fibrosis in many body tissues [20–22]. It is also firmly estab-
lished that TGF-β1 is upregulated after spinal cord injury [23–26]. TGF-β receptors are present
on meningeal fibroblasts invading the lesion site [27]. TGF-β also induces the expression of
CSPGs and Tnc in astrocytes [28–30]. In fact, several in vivo studies have already confirmed
that the inhibition of TGF-β1 by neutralizing antibodies promotes axon regrowth and func-
tional recovery after spinal cord contusion injury [31, 32]. However, there are also reports
about positive effects of TGF-β1 on neuroprotection and neuropathic pain [33, 34]. One study
using TGF-β1 neutralizing antibodies suggested enhanced cavitation, due to the inhibition of
its anti-inflammatory properties [35] and another showed a reduction of lesion volume after
treatment with TGF, probably due to reduced inflammation [36]. Finally, a study in the lab of
James Fawcett clearly showed that TGF-β antibodies can indeed reduce the scar without
increasing axon regeneration [37].

The above studies suggest that TGF-β1 has positive effects via its anti-inflammatory proper-
ties and negative effects via fibrous scarring. Treatments for spinal cord injury should, there-
fore, reduce the effects of TGF-β1 on invading meningeal fibroblasts. Interestingly, a recent
study suggests that TGF-β1 influences the iron-homeostasis of astrocytes and microglia [38],
causing iron efflux from the astrocytes and iron retention in the microglia.

Here, we adapted the meningeal fibroblast/astroglial co-culture model of TGF-β-induced
fibrous scarring of Kimura-Kuroda et al (2010) [19] to investigate both the mechanisms of scar
formation and the scar-reducing properties of iron chelators and cAMP. In particular, we stud-
ied the influence of the individual and combinatorial treatments on the number of scar-like cell
clusters and their composition as well as on neurite outgrowth of neonatal cortical neurons
seeded onto the clusters. The iron chelator deferoxamine (DFO) proved to be the most effective
treatment to suppress scar-like cluster formation resulting in the reduction of both the scar
area and its inhibitory properties as well as to increase the neurite length of the cortical neurons
on the remaining clusters. In parallel, we investigated and compared the scar-reducing proper-
ties of DFO, BPY-DCA and cAMP in the in vivo dorsal hemisection SCI model in rats and
observed that all three individual treatments were able to reduce collagenous scarring when
applied by local intrathecal infusion over 7 days. DFO was further tested on axonal and func-
tional regeneration over a long-term period of 19 weeks. Infusion of DFO during the first 14
days post lesion led to a reduction of the scar size and preservation of spinal cord tissue. A
slight increase in corticospinal tract and ascending CGRP tract regeneration was observed, as
well as a moderate improvement of locomotor behavior, indicating partial functional recovery.

Materials and Methods

Animal experiments
All experiments on laboratory rats were in compliance with the German Animal Protection Law
(State Office, Environmental and Consumer Protection of North-Rhine-Westphalia, LANUV
NRW, Recklinghausen, Germany). The experiments were approved by LANUV NRW under Az:
8.87–50.10.34.09.081 and 8751.04.2011.A023 LANUVNRW is the Institutional Animal Care
and Use Committee in the State of Northrhine-Westphalia. The experiments were performed
according to the "Guidelines for good scientific practice at the Heinrich-Heine-University Düs-
seldorf" decreed by the Senate of the Heinrich-Heine-University Düsseldorf and approved by Dr.
M. Sager, animal welfare officer of the Heinrich-Heine-University Düsseldorf. Experimental
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animals were housed in groups under standard conditions. Water and food were available ad
libitum.

Isolation of cortical astrocytes, meningeal fibroblasts and cortical
neurons
All cell types were derived from P0-2 neonatal Wistar rats. The pups were killed using isoflur-
ane and decapitation. The brain was dissected and primary cortical astrocytes were isolated as
described previously [39]. Primary meningeal fibroblasts were isolated from the meninges by
incubation with 0.05% trypsin/EDTA (Invitrogen) for 45 min at 37°C. After stopping the
reaction with DMEM/FBS 10% the cells were triturated, resuspended in medium and filtered
through 60 μm nylon mesh. The fibroblasts were then propagated in DMEM glutaMAX (Invi-
trogen) containing 10% FBS and 50 Units penicillin/streptomycin (P/S, Invitrogen). Primary
cortical neurons were isolated from neonatal cortex using the methods previously described for
embryonic cortical neurons [40].

In vitro scarring model
After propagation of the cortical astrocytes and meningeal fibroblasts (maximally 1 and 5 pas-
sages respectively) the cells were deposited as droplets containing 15,000 cells each (Fig 1) onto
coverslips coated with 0.1 mg/ml poly-D lysine (Sigma). These were allowed to settle for max.
5 h after which they received GlutaMAX medium containing 10% FBS, 2 mM L-glutamine and
50 Units P/S. The co-cultures were incubated for 10–16 d in a 37°C incubator under 10% CO2

until the layers were confluent and contacted each other. Subsequently, 10 ng/ml of recombi-
nant human TGF-β1 (R&D Systems) was added to the medium and incubated for 7 d, inducing
scar-like cluster formation. At 7 d after the treatment of the co-cultures with TGF-β1 50,000
cortical neurons per well were added to the culture medium and incubated for 3 more days.
Medium was refreshed 1 d prior to plating of the neurons, so that the astrocytes had sufficient
time to condition the medium for axon growth.

Scar-reducing treatments
Treatments were applied simultaneously with TGF stimulation. The iron chelators deferoxa-
mine mesylate (DFO, Novartis) and 2,2’-bipyridine-5,5’-decarboxylic acid (BPY-DCA, Sigma)
were used at 10 and 50 μM respectively. A 100x stock solution of 5 mM BPY-DCA was dis-
solved in 20 mM Tris, therefore, a 200 μMTris concentration was used as vehicle control. In
addition, 8-Br-cyclic AMP (cAMP, Sigma) was used at a final concentration of 0.5 mM either
alone or in combination with each of the iron chelators. DFO and cAMP were dissolved in
H2O, therefore, similar volumes of H2O were used as controls. The treated co-cultures were
fixed at 7 d after treatment (including a refreshment of medium, TGF and treatments at day 4)
or co-cultured for 3 more days with neonatal cortical neurons as described above. A total of 6
coverslips was analyzed for the scar-reducing capacities of the treatments. The number of clus-
ters per coverslip was counted and their size was measured using Image J.

Proliferation and live cell imaging
For proliferation assays, bromodeoxyuridine (BrdU) was added at the time of TGF-β stimula-
tion and cultures were fixed after 6 and 24 h, respectively. For live cell imaging, the cultures
were incubated with TGF-β1 in the above described medium for 10–24 hours, then the
medium was changed to CO2-independent medium (Invitrogen) with 10% FBS, 2 mM L-gluta-
mine, 50 Units P/S and 10 ng/ml TGF-β1. Imaging was performed at 37°C under normal air

CNS Scar-Reduction by Deferoxamine

PLOS ONE | DOI:10.1371/journal.pone.0134371 July 29, 2015 4 / 33



conditions using the Nikon TE2000 microscope, and NIS-Elements AR 3.0 software (Nikon)
taking images every 10 minutes for 8–10 h.

Neurite outgrowth on the in vitro scar
For the assessment of neurite outgrowth, the scar cultures treated with scar-reducing com-
pounds were co-cultured with cortical neurons and stained with antibodies directed to βIII-Tu-
bulin (Millipore, 1:1000). Using a peroxidase-labelled goat anti-mouse secondary antibody, the
signal was detected following incubation with DAB and counterstaining was performed with
Haematoxilin. Three to five coverslips per treatment were analyzed. Depending on the thick-
ness of the cluster and the presence of neurites all clusters were photographed at 1–3 different

Fig 1. Schematic overview of the in vitro scarringmodel. Droplets of cortical astrocytes (A) and meningeal fibroblasts (F) were plated and allowed to grow
in monolayers that contacted each other between 7 and 14 days. Then, TGF-β1 was added and incubated for 7 d. During this period, clusters were formed by
the fibroblasts and those that appeared at the fibroblast to astrocyte border were surrounded by astrocytes. At 7 d after TGF-β-stimulation, dissociated
neonatal cortical neurons (in red) were plated and allowed to grow for another 3 d. Potential scar-reducing treatments were applied starting from the time
point of TGF stimulation. (a-d) Immunocytochemical staining for fibronectin (red), GFAP (green) and DAPI (blue) showing no cluster formation in astrocyte–
fibroblast co-cultures without TGF-β. (e-h) TGF-β induced cluster formation. Clusters formed at the border of the two cell types consisted of meningeal
fibroblasts surrounded by astrocytes (arrows). (i-l) Cluster formation was abolished by the TGF-β inhibitor LY364947. Scale bar = 100 μm.

doi:10.1371/journal.pone.0134371.g001
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planes either with the Keyence BZ-8000 microscope and corresponding software, or the Olym-
pus BX51 microscope and Stereo Investigator software. For each cell layer, three random pic-
tures were taken per coverslip. Quantification of neurite length was performed using the
Neuron J Plugin of Image J. Statistics (one-way Anova with Dunnett’s multiple comparison
test) were calculated using the GraphPad Prism 5 software.

Immunocytochemistry (ICC)
Cell markers, ECMmolecules and axon growth-inhibitory proteins were investigated using
antibodies directed to GFAP (mouse and rabbit, Millipore and Dako, respectively), fibronectin
(mouse and rabbit, Millipore), βIII-Tubulin (Millipore), collagen IV (M3F7, Developmental
Studies Hybridoma Bank), BrdU (Cehmicon, for the proliferation assays), collagen I/III/V
(F1C3) [41, 42], chondroitin sulphate-56 (CS-56, Sigma), NG-2 (Millipore), neurocan (1F6, a
gift from Dr. B. Grimpe), phosphacan (3H1, a gift from Dr. B. Grimpe), semaphorin 3A
(sema3A, Abcam), Tenascin C (polyclonal rabbit antibody, batch KAF14) [43]. For permeabili-
zation, 0.2% Triton X-100 (Sigma-Aldrich) was included in the blocking and antibody incuba-
tion steps, except for the immune staining of CSPG which tend to be washed off by Triton due
to their large sugar chains. Blocking was performed using 1% BSA and 5% of the serum corre-
sponding to the species of origin of the secondary antibody (horse, goat or donkey). Incubation
with the primary antibody was performed overnight at 4°C; the secondary Alexa fluorophore-
coupled antibodies (Molecular Probes) were incubated for 1 h at room temperature, including
DAPI (1:10,000, Roche). Cell markers GFAP, Fibronectin and Tubulin were visualized using
Alexa 488- or 594-coupled secondary antibodies. The other antigens were visualized at a wave-
length in the infrared spectrum using Alexa 647-coupled secondary antibodies, because the
clusters were autofluorescent in the visible light spectrum. Since the CS-56 antibody is an IgM
antibody subtype, a biotinylated anti-IgM antibody (Vector Laboratories) and Alexa 647-cou-
pled streptavidin (molecular Probes) were used. Pictures of the stainings were taken using the
Keyence BZ-8000 microscope with corresponding software, or the Olympus BX51 microscope
with the programMetaMorph.

Real-time quantitative reverse transcription PCR (qRT-PCR)
RNA was isolated from the co-cultures at 7 days post treatment using the Qiagen RNeasy Mini
Kit. After washing the co-cultures with medium the cells were resuspended in 150 μl RLT
buffer with β-mercaptoethanol (1:100, Sigma-Aldrich) per well and 3 wells were pooled. Per
treatment 7–8 samples were thus produced. Samples were homogenized using 1.4 mm-sized
zirconium oxide beads and the Precellys 24 homogenizer (Peqlab). RNA isolation using spin
columns was performed according to the manufacturer’s protocol. In-solution DNase treat-
ment was applied immediately after elution for 15 min at 37°C using 20 U of DNase I RNase-
free (Roche). The RNA was cleaned using the Qiagen RNeasy MinElute RNA Cleanup kit and
750 ng of RNA was used as template for Superscript III first strand cDNA synthesis (Invitro-
gen) using a mixture of random hexamer primers (250 ng) and oligo(dT) primers (50 pmol).

Primers were designed using the Beacon Designer software (Premier Biosoft), except for
ornithine decarboxylase 1 (ODC1) which was published before [44]. Quantitative PCR reac-
tions were run using the iCycler iQ Thermal Cycler (Bio-Rad) and the corresponding iQ
SYBR-Green Supermix as previously described [45]. Briefly, primer concentration, tempera-
ture and PCR efficiencies were optimized using a mix of cDNA from all cultures by running
temperature gradients and standard curves (Table 1). cDNAs were diluted 4x so that 5 μl of
cDNA was added to the reaction mix in a total volume of 25 μl. Reactions were performed in
triplicate for each cDNA. The relative levels of the target genes as compared to the reference
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gene, corrected for the individual efficiencies of the PCRs were calculated using the following

equation X0; target=X0; reference ¼ E�Cq;target�
E�Cq;reference in which X0 = mRNA levels at cycle 0,

E = efficiency, Cq = quantification cycle value [46]. Statistics were calculated using the Graph-
Pad Prism 5 software: one-way Anova with Bonferroni post-hoc test for the treated co-cultures
(all treatments compared to the control) and unpaired T-Test for the single cell cultures (TGF
compared to no TGF).

Western blotting
Protein isolation was performed by scraping the co-cultured cells into 50 μl of lysis buffer (10
mM Tris-HCl, 10 mMHepes, 150 mM NaCl, 5 mM EDTA, Complete EDTA-free protease
inhibitor cocktail (Roche), 1 μg/ml pepstatin (Sigma), 0.5% NP40 and 1% Triton) per well,
pooling 12 wells. Samples were homogenized using 1.4 mm-sized zirconium oxide beads and
the Precellys 24 homogenizer (Peqlab), and protein concentrations were measured using Brad-
ford Ultra (Expedeon) and the Infinite M200 Pro plate reader (Tecan). 20 μg of proteins were
loaded on the SDS-PAGE gels. We used 4–15% gradient Mini-PROTEAN_TGX precast gels
(Bio-Rad) for the detection of α-Tubulin (Neomarkers, Thermo Scientific, 1:2000), collagen
(F1C3, 1:1000) and Tnc (KAF14, 1:1000). Semi-dry blotting was performed at 200 mA for 1h
and subsequently at 120 mA for 1 h using the Trans-Blot SD Blotter (Bio-Rad). Blocking was
performed using 1x Roti-Block (Roth) and primary antibodies were incubated overnight at
4°C. After washing with TBS-T, anti-mouse DyLight-800 and anti-rabbit DyLight-680 second-
ary antibodies (Cell Signaling) were used at 1:15000 and after washing, the signals were mea-
sured using the Odyssey CLx infrared imaging system (LI-COR). Quantification of 3 technical
replicates was performed using the Image Studio Lite Western blot analysis software. Statistics:
one-way Anova with Bonferroni post-hoc test.

In vivo dorsal spinal cord hemisection and treatment
Dorsal spinal cord hemisections at thoracic level T8 were performed with a Scouten wire knife
(Bilaney, Germany) on adult female Wistar rats (200–250 g) as previously described [8, 10]
with slight modifications. In brief, under isoflurane anaesthesia (Forene, Abbott, Germany;
2–3% in O2 and NO2 at a ratio of 1:2) a complete laminectomy of T8, T9 and T11 was per-
formed and the dura mater was opened at T8. The dorsal corticospinal tract and dorsal

Table 1. Sequences and optimization data of quantitative PCR primers.

Primer Sequences Temp (°C) Conc (nM) Efficiency (%)

Collagen IV CCTCCTGTTGTATTGTTA and GTGTTAGTTACGCAAATC 53 200 95,7

CTGF GTTACCAATGACAATACCT and TTTGCCCTTCTTAATGTT 58 200 87,1

Cyclophilin ACGCCGCTGTCTCTTTTC and TGCTGTCTTTGGAACTTTGTC 53 100 86,5

Eph B2 ACCTTCAACCTCTACTACTATG and CTTCACCCACGGATTCTC 58 200 92,9

Ephrin B2 TTCACCATCAAGTTCCAAGA and CCCTCCAAAGACCCATTT 58 200 94,2

GAPDH GACATCAAGAAGGTGGTGAAG and AGCATCAAAGGTGGAAGAATG 54 200 98,7

Neurocan CAGACTCCATAGAAATCG and ATTCACTGTCACATTACT 57 100 87,4

NG2 CCAATAGTTCCAGTCTTG and TCATTCCCACTTCGTATA 56 200 90,9

ODC1 GGTTCCAGAGGCCAAACATC and GTTGCCACATTGACCGTGAC 58 200 100,2

Phosphacan TAATCAAGGAGGAAGACT and TAGTGAGTTGTGGTAGAA 55 400 100,2

Sema3A AGAGCCTTGGTATATTGG and TTCTGTCCTGATGATATGAT 57 400 93,0

α-SMA TTATTGCTCCTCCAGAAC and CTTCGTCATACTCCTGTT 57 100 94,0

Tenascin-C GCAGACATTGATAGTTATAGA and ACTCCATATTCAGTTCCT 57 200 89,6

doi:10.1371/journal.pone.0134371.t001
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columns were completely cut to the depth of the central canal. Due to slight asymmetry of the
Scouten wire knife, the left rubrospinal tract (RST) is more severely lesioned than the right RST
[8, 10]. After suture of the dura mater, an intrathecal catheter was guided in the epidural space
from T11, underneath T10, up to the lesion site at T8. 28G polyurethane Alzet rat intrathecal
catheters (Charles River Laboratory) were used in studies of collagen IV quantification. In the
long-term behavioral study the rats received self-made 32 G polyurethane (ReCathCo) intra-
thecal catheters. Following catheter fixation and filling with treatments (Table 2), the catheter
was inserted into the subarachnoid space in close proximity to the dura suture and connected
to a prefilled (Table 2) osmotic minipump (Alzet pump model 1007D, 2001 or 2002) that was
placed subcutaneously. Finally, the lesion area was covered with a piece of stretched Nescofilm
(Carl Roth) and the overlaying muscle and skin were sutured in layers. Immediately after sur-
gery animals received 5 ml of physiological saline and 5 mg/kg Rimadyl (Pfizer) subcutane-
ously. Individual caging was provided until the animal had fully recovered from anaesthesia.
Post-operative care included manual bladder emptying until normal function returned, pro-
phylactic treatment with antibioticis (Baytril; Bayer Healthcare) for 1 week and pain relief
(Rimadyl; Pfizer) for 2 days post-lesion.

Anterograde CST axon tracing
At the end of behavioral testings (16 weeks post-lesion), corticospinal tract (CST) labeling was
performed by multiple microinjections (0.2 μl each for 2 min) of biotinylated dextran amine
(BDA; 10 000 MW; 10%; Molecular Probes) into the sensorimotor cortex layer V. Eight injec-
tions were made stereotactically (Small Animal Stereotaxic Frame, Kopf Instruments) into
each hemisphere using the coordinates previously described [8]. After three weeks (19 weeks
post-lesion) the traced animals were sacrificed.

Immunohistochemistry (IHC)
Deeply anaesthetized rats were transcardially perfused with ice-cold 0.1 M PBS for 2 min fol-
lowed by 4% paraformaldehyde (PFA, Merck) for 12 min. Spinal cord pieces of ~ 2 cm length
including the lesion area were collected and post-fixed for 24 h at 4°C. Afterwards, the spinal
cord tissue was either embedded in paraffin (Merck) for histological investigation of the lesion

Table 2. In vivo experimental groups.

Analysis Groups Alzet osmotic minipump model Survival time n

20 mM TRIS 6

1.1 μg/d BPY-DCA 2001 (1 μl/h, 7d) 7d 6

7.8 μg/d BPY-DCA 6

PBS 6

Coll IV reduction 50 μg/d cAMP 2001 (1 μl/h, 7d) 7d 6

100 μg/d cAMP 5

PBS 7

10 μg/d DFO 2001 (1 μl/h, 7d) 7d 5

50 μg/d DFO 6

Functional recovery & PBS 2002 (0.5 μl/h, 14d) 19 w 8*

histological analysis 10 μg/d DFO 2x 1007D (0.5 μl/h, 7d) 19 8*

* Animals showing autotomy are not listed

doi:10.1371/journal.pone.0134371.t002
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scar 7 days post-lesion or in 10% gelatin (BD) in 0.1 M PB with 0.1% sodium azide (Merck) for
evaluation of axon regeneration and tissue sparing 19 weeks post-lesion.

Spinal cord tissue 7 days post-lesion. Paraffin-embedded spinal cord tissue was cut into
serial 10 μm parasagittal sections with a paraffin-microtome and subsequently double-stained
for collagen IV (M3F7, Developmental Studies Hybridoma Bank, 1:500) and von Willebrand
factor (vWF, Dako, 1:500). The immunohistochemical staining of paraffin sections was started
by deparaffinization procedures followed by a standard immunohistological staining protocol.
Briefly, after washing with PBS and antigen retrieval with 0.05% protease XXIV for 8 min at
37°C, sections were blocked with 5% donkey serum for 1 h at room temperature. Primary anti-
bodies were incubated overnight at 4°C and after washing with PBS, incubation with Alexa 488
and 594-conjugated secondary antibodies (Molecular Probes, 1:500, respectively) was per-
formed for 1 h at room temperature. For reduction of autofluorescent background, sections
were additionally stained with 0.3% Sudan Black dye (Fluka).

Spinal cord tissue 19 weeks post-lesion. Gelatin-embedded spinal cord tissue was parasa-
gittally cut into serial 50 μm thick free-floating sections using a vibratome. After blocking with
5% donkey serum for 1 h at room temperature, BDA-traced axons were visualized by Oregon
Green 488 dye incubation (Molecular Probes, 1:1000), ascending axons were stained by anti-
CGRP (calcitonin gene related peptide) (AbD Serotec, 1:1500) and every section was addition-
ally stained for GFAP (Chemicon, 1:500) overnight at 4°C to identify the GFAP-negative lesion
area. For infrared visualization of GFAP, an Alexa 647-conjugated secondary antibody (Molec-
ular Probes, 1:500) was used and incubated for 2 h at room temperature. All antibodies were
diluted in PBS containing 0.3% Triton X-100 and 5% donkey serum.

Collagen IV quantification in the scar
For histological quantification of lesion-induced collagen IV (Coll IV) deposition in the scar, the
complete scar area of parasagittal spinal cord sections, double-stained for Coll IV and vWF, was
photographed at 10x magnification using the mosaic scan function of the BZ-8000 Keyence
microscope. All images were taken with the same exposure times and were converted into 16-bit
greyscale pictures. In order to quantify the amount of Coll IV in the extracellular matrix, exclud-
ing Coll IV in the blood vessel endothelium, we subtracted the vWF positive blood vessels from
the Coll IV-stained area, using Image J Software. The vWF pixels, highlighted by an individually
adapted threshold, were subtracted from the corresponding greyscale Coll IV image. After fram-
ing the scar area, the Coll IV area fraction was measured at a constant threshold value, which was
determined by averaging individually identified threshold values in sections of control animals
(no treatment). A total of six spinal cord sections per animal were analyzed. Statistics were calcu-
lated using the GraphPad Prism 5 software: one-way Anova with Dunnett’s post-hoc test

Quantification of regenerating axons
Every 6th parasagittal spinal cord section (4–6 sections per animal) of BDA-traced animals as
well as sections stained for CGRP by IHC was used to quantify axon growth within the GFAP-
negative lesion area. Axon profiles were manually counted throughout all focal planes using
the BZ-8000 Keyence microscope. Only positively stained structures which could clearly be
identified as axons due to specific regenerative characteristics [47] were considered for evalua-
tion. The efficiency of the BDA tracing of the CST was checked by quantification of the number
of stained CST axon profiles in 20 μm coronal sections of the rostral spinal cords of 3 randomly
chosen animals per treatment group (5 coronal sections per animal). For this purpose, we
images of BDA-traced axons, visualized by Oregon Green 488 dye incubation (Molecular
Probes, 1:1000), were photographed using the same exposure time and post-processed in
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ImageJ using the “image of interest background correction” tool. The number of BDA-stained
axon particles (cross-sections) in the dorsal CST area was counted by automatic particle count-
ing tool of Image J software and divided through the analyzed area (mm2). Similar to the colla-
gen IV quantification described above, a threshold was set using ImageJ software, and the
number of positively stained pixels per mm2 was measured. Statistics were calculated using the
GraphPad Prism 5 software: unpaired T-test

Assessment of lesion area and spared tissue
For evaluation of lesion and spared tissue areas, GFAP-stained parasagittal spinal cord sections
(50 μm) were used, as the fibrous scar is characterized by a lack of GFAP expressing astrocytes
[8]. The lesion and spared tissue areas were determined according to methods described before
[48] and [40] with slight modifications. From each spinal cord, the section containing the tran-
sected central canal and two additional sections in 0.2 mm distance left and right to the central
canal were taken for quantification. The complete lesion area of the spinal cord was captured at
5x magnification using the mosaic scan function of the BZ-8000 Keyence microscope. In all
merged images, the total area of spinal cord, which was limited to a total length of 2.5 mm in
rostral-caudal direction, was measured with ImageJ software and used as reference area. To
determine the percent lesion area, lesion area (mm2) was divided by the reference spinal cord
area (mm2) from the same section. Spared tissue area (mm2) was calculated by subtracting the
area covered by the lesion from the reference spinal cord area. Statistics were calculated using
the GraphPad Prism 5 software: unpaired T-test

Behavioral testing
Four weeks prior to surgery adult female Wistar rats (n = 24) were familiarized and pre-trained
in three different behavioral tests: (1) the Basso-Beattie-Bresnahan (BBB) open field test, (2)
the horizontal ladder (gridwalk), and (3) the CatWalk gait analysis. Three animals developed
severe autotomy during functional testings and were killed prematurely. Three animals had to
be excluded due to unstable catheter fixation and two animals died during/after surgery.
Because of the Scouten wire knife-induced lesion asymmetry [10], where the right RST is less
injured than the left RST, the hindlimbs were evaluated separately. All behavioral tests have
been performed and analyzed blinded to the treatment groups. Statistics were calculated using
the GraphPad Prism 5 software: Mann-Whitney Test after D’Agostino and Pearson omnibus
normality test (not passed, therefore a non-parametric test was required)

BBB open field test. The overall hindlimb function was assessed in an open field using the
Basso-Beattie-Bresnahan (BBB) score [49]. Freely exploring rats were observed by two examiners
blinded to the treatment at 1, 2, 12 and 16 weeks post-lesion. Due to the difficulty of the correct
assessment of coordination during BBB observation, forelimb-hindlimb coordination was deter-
mined separately using the regularity index (RI) measured in the CatWalk test. According to
[50], the RI-based coordination was defined as occasional, when the animal had performed at
least one out of four CatWalk runs with 100% RI; as frequent, when an average of 95% RI or
above was reached and two out of four runs being at 100% RI; and for consistent coordination
the animal had to have an average RI of 95% or more and at least 3 runs being at 100% RI. As we
expected deficits in normal over ground locomotion primarily in fine motor control aspects due
to our lesion type, we also assessed the 7-point BBB subscore [51]. Normal over ground locomo-
tion is mainly controlled by the ventrolateral localized central pattern generator and its reticu-
lospinal input [52, 53], which are not or only insignificantly affected by our lesion model.

Horizontal ladder walking test. The horizontal ladder walking test was performed
according to established methods [54, 55]. To prevent animals from learning a movement
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pattern, the irregular bar distances were changed in every testing week. The walking perfor-
mance of each animal was recorded with a conventional video camera and subsequently ana-
lyzed in slow motion by counting the number of missteps (errors) of each hindlimb in relation
to the total number of steps. A misstep was counted when the paw slipped or fell off the bar. If
an animal was not able to cross the ladder, a maximum error rate of 100% was given. Both hin-
dlimbs were evaluated separately in four uninterrupted crossings per animal and per time
point. Baseline data were collected in the last week prior to surgery and the postoperative test-
ing period started two weeks post-lesion with a two-week testing rhythm.

CatWalk gait analysis. Differences in walking patterns were studied according to Hamers
et al. (2001) by using the CatWalk device and software from Noldus Information Technology
[56]. Animals were trained to cross without interruption a horizontal glass walkway, which is
equipped with the Illuminated Footprints technology. Illuminated paw prints were captured by
a high speed color camera underneath the walkway. Recordings of the animals`gait were taken
in the last week prior to surgery (baseline) and every second week post-lesion as described for
the horizontal ladder test. In four uninterrupted runs per animal and per time point differences
in walking patterns were assessed with the regularity index (expressed in percentages). The reg-
ularity index (RI) is a measurement of interlimb coordination, as it is calculated from the num-
ber of normal step sequence patterns in relation to the total number of paw placements. An RI
of 100% represents perfect coordination [56].

Results

Characteristics of the in vitro scarring model
For the present investigation, we modified the meningeal fibroblast-cortical astrocyte co-culture
model of Kimuro-Kuroda et al. (2010) [19]. We changed the cell culture substrate from the plas-
tic Lab-Tek chamber slides to less autofluorescent glass coverslips, which provided improved
attachment of the fibroblasts. Additionally, we reduced the number of plated cells (15,000 instead
of 50,000 each) to avoid detachment of the cell droplets after addition of medium. As in the origi-
nal paper, the cells needed 7–14 days (10 d on average) to form monolayers that contacted each
other. Clusters started to form within 24 h after stimulation with 10 ng/ml TGF-1 and gradually
increased in number during 7 days (Fig 1), whereas without the addition of TGF no clusters were
formed (Fig 1A–1D). The clusters that formed at the border of the two cell layers consisted of
fibroblasts that were surrounded by astrocytes (Fig 1E–1H). Notably, clusters also appeared in
the fibroblast layer, away from the astrocytes, where they exclusively consisted of meningeal
fibroblasts. The TGF-β inhibitor LY364947 completely abolished cluster formation (Fig 1I–1L),
indicating that consistent with the original model the cluster formation is TGF-β-dependent. We
studied the number of clusters and their composition at 7 days after stimulation with TGF. In
addition, earlier time points (6–24 h) were performed for live imaging and proliferation assays.
The effects of anti-scarring treatments were investigated 7 days after simultaneous application of
TGF and respective treatments. To study neurite outgrowth on the scar-like clusters, dissociated
neonatal cortical neurons were plated onto the co-cultures at 7 days after TGF stimulation and
scar-reducing treatments and were then allowed to grow for another 3 days.

Scar-like clusters are formed by proliferation and reorganization of the
fibroblast layer
Since we observed that large cell-free gaps appeared around the clusters during their formation,
we investigated fibroblast migration behavior using live cell imaging. For this purpose we cul-
tured the cell layers for 10–14 days under CO2-conditions, but then changed to CO2-independent
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medium at the point of TGF-β addition, since the imaging was performed in a chamber with nor-
mal air. From 6 hours after TGF addition onward, microscopic images were automatically taken
every 10 minutes during the following 8 hours. Interestingly, we did not observe clear-cut migra-
tion of fibroblasts into the cluster. Rather, a striking reorganization of the fibroblast layer was
observed. While in some cases sheaths of fibroblasts seemed to partially detach and form
3-dimentional structures, in other cases fibroblasts grew on top of each other. The clusters thus
formed often contracted to about half their size (Fig 2A–2C, S1 movie). This contraction
occurred in waves, as illustrated in Fig 2A–2F where specific frames from 10 h + 20 min to 10h
+ 40 min and from 10h + 80 min to 10 h + 140 min are shown. During these contraction phases
attached neighboring fibroblasts were pulled into the clusters (Fig 2A’–2F’). The contraction led
to clearly demarcated condensed clusters. There was no obvious active movement of cells from
the surrounding cell layer towards the clusters, suggesting that reorganization and contraction
were the main mechanisms of scar-like cluster formation.

At 24 h after stimulation with TGF-β the 8-hour imaging period showed the further reorga-
nization of pre-formed clusters. The latter were still contracting and compacting and those
clusters that were situated near the astrocyte-fibroblast border were being pulled towards the
astrocytes (right field in S2 movie), suggesting an active participation of the astrocytes near the
border in cluster formation. Again, it was observed that fibroblasts that were attached to the
cluster first held on to the cell monolayer prior to elongating and finally being pulled into the
cluster (S2 movie).

In order to further investigate the mechanisms of scar formation, we incubated the co-cul-
tures with BrdU for 6 hours. Without the addition of TGF-β fibroblasts proliferated much
more actively than astrocytes (Fig 2G). After simultaneous incubation with TGF-β and BrdU,
we found that cluster precursors (defined as a non-condensed accumulations of fibroblasts, Fig
2H) as well as mature clusters (condensed accumulations of fibroblasts, Fig 2I) contained
numerous BrdU–positive cells, indicating that the clusters are comprised of proliferating
fibroblasts.

Scar-like clusters contain ECMmolecules and axon growth inhibitors
To confirm that the composition of the clusters resembled the lesion scar in SCI, we performed
immunocytochemistry (ICC) for several ECMmolecules and axon growth inhibitors known to
accumulate in the fibrous scar in vivo. Due to high autofluorescence in the green wavelength
and some autofluorescence in visible red, all scar components were visualized with infrared
dyes (Alexa 647). We observed immunoreactivity for Coll IV, Tnc, and Sem3A as well as for
the CSPGs NG-2, neurocan and phosphacan (Fig 3A and 3B). Ephrin B2 and EphB2 were
expressed at very low levels (data not shown) and controls lacking primary antibodies were
negative (Fig 3A last panels). For most molecules, higher levels of immunoreactivity were
observed at the border and surface of the clusters compared to the center (Fig 3A). Dissociated
neonatal cortical neurons grew βIII-Tubulin-positive neurites on both fibroblast and astroglial
cell layers. Neurite growth was less pronounced on top of the clusters and often confined to
areas where astrocytes were present (Fig 3B). Neurites mostly did not cross the border between
the monolayer and the cluster, where often high concentrations of growth inhibitors were
found (Fig 3A and 3B).

TGF-β induces mRNA expression of scar components
We studied the mRNA expression of various ECMmolecules and axon growth inhibitors by
real time quantitative PCR (Fig 4, Panel A). We extracted RNA from the astrocyte-fibroblast
co-cultures as well as from the individual cell mono-cultures, treated with and without TGF-β,
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Fig 2. Mechanisms of cluster formation. Selected frames from live imaging of the co-cultures from 8 h to 14 h after TGF-β stimulation (S1 movie). (A-C)
Accumulations of meningeal fibroblasts developed into clusters that contracted over time. White arrows indicate the distance between two clusters,
illustrating their contraction. Dashed line: cluster contracting to about half the size. Waves of cluster contractions are observed, for example from 10 h (a) to
10 h + 20 min and 10 h (b) + 40 min (c) and from 10 h + 80 min (d) to 10h + 120 min (e) and 10 h + 140 min (f). During a contraction phase adjacent fibroblasts
(asterisks) first elongated and then integrated into the cluster (a’-f’, corresponding to boxed areas in a-f). (G-I) Proliferation was visualized by labeling with
BrdU for 6 h (dark nuclei). Cultures were counterstained with haematoxilin (faint nuclei). (G) No TGF: meningeal fibroblasts (Fibr.) proliferate more than
cortical astrocytes (Astr.). (H) TGF: BrdU-labeled nuclei (arrows) in an accumulation of fibroblasts (cluster precursor) and (I) TGF-induced cluster showing
many BrdU-labeled fibroblasts (black arrows). Scale bar = 100 μm.

doi:10.1371/journal.pone.0134371.g002
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in order to investigate the relative contribution of the two cell types. We normalized to cyclo-
philin, a housekeeping gene that stayed constant after TGF treatment as opposed to GAPDH
and ODC which were both regulated by TGF (data not shown). The relative expression levels
of the molecules of interest allowed us to estimate their relative contribution to the scar matrix.

We first looked at coll IV expression (Fig 4, panel A). Fibroblasts expressed about 18-fold
more coll IVmRNA than astrocytes, which was slightly upregulated after addition of TGF. In
the co-cultures, there was no significant upregulation of coll IVmRNA upon TGF addition.
TncmRNA expression was higher than that of coll IV. Tnc was expressed in both cell types
(3-fold higher in fibroblasts) and about 10-fold upregulated upon TGF-β stimulation in the

Fig 3. Cluster composition, correlation with neurite growth. (A) ICC for selected ECM and axon growth inhibitory molecules stained with infrared-labelled
secondary antibodies in the 7-days-old clusters. Scale bar = 100 μm. (B) Co-culture with neonatal cortical neurons. ICC staining with GFAP, CS-56 (a
general marker for CSPGs), NG-2 and Tnc in infrared, β-III-Tubulin in cyan, DAPI in blue. Neurites tended to co-localize with CSPG-positive astrocytes
(arrow). Neurites were short and avoided the cluster center. Tnc was expressed by the neurons (arrowheads) as well as by the fibroblasts. Scale
bar = 50 μm.

doi:10.1371/journal.pone.0134371.g003
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Fig 4. Effects of TGF-β and scar-reducing treatments on gene expression. (A) Effects of TGF-β on the
mRNA expression of ECMmolecules and axon growth inhibitors in cortical astrocytes and meningeal
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single cell types as well as in the co-cultures. The CSPG NG-2, was expressed at intermediate
levels by both cell types and significantly upregulated in both cell types after addition of TGF-β
(Fig 4, panel A). NG-2 was upregulated 4.4-fold in the co-cultures after TGF stimulation.
Neurocan was expressed in astrocytes at similar levels as coll IV, but could not be detected in
fibroblasts. TGF-β induced a 2.3-fold increase of neurocan (NC)mRNA in the co-cultures.
Although the TGF-β-induced increase in the astrocyte monolayer was not significantly differ-
ent, the induction in the co-cultures is most likely attributable to the astrocytes. The third
CSPG of interest, phosphacan (PC), was expressed in astrocytes at levels about 10-fold lower
than those of neurocan. Fibroblasts also expressed phosphacan, but at 100-fold lower levels
than astrocytes. TGF-β addition seemed to slightly decrease the levels of phosphacan in astro-
cytes, but not in the co-cultures.

Eph B2 and Ephrin B2, as well semaphorin 3A (sema3A) were expressed at the lowest levels,
consistent with the ICC results. Eph B2 and Sema3A were slightly downregulated (60 and 77%
respectively), whereas Ephrin B2 was upregulated 2-fold in the co-cultures only but not in the
single cell types, where TGF did not induce any change (S1 Fig). This suggests an interaction of
the two co-cultured cell types regulating the expression of some of the studied genes.

Altogether, TGF-β upregulated most of the ECMmolecules and axon growth inhibitors
investigated, but also downregulated some. Both astrocytes and fibroblasts contributed to the
expression of most molecules, except for neurocan and phosphacan, which were almost exclu-
sively expressed in astrocytes. In some cases (sema3A, Eph B2), the presence of both cell types
in the co-cultures clearly led to differential regulation of ECMmRNAs in comparison to the
single cell types, suggesting a decisive role of astroglial-fibroblast interactions underlying the
significant TGF-β induced gene regulation.

DFO and cAMP lead to differential expression of axon growth-inhibitory
molecules
We tested various putative scar-reducing treatments that were added to the fibroblast-astrocyte
co-cultures simultaneously with TGF-β and incubated for 7 days. Treatments consisted of the
iron chelators DFO and BPY-DCA alone, cyclic AMP (cAMP) alone, or combinations of these
iron chelators with cAMP. The scar-reducing treatments were compared to TGF + H2O, the
vehicle for most treatments. The effects of the treatments on the modulation of mRNA expres-
sion of ECM components and axon growth inhibitors were studied at 7 d post treatment (Fig 4,
panel B) by qRT-PCR. DFO significantly reduced coll IVmRNA by 46%. The other treatments
only showed a non-significant downward trend of Coll IV expression. Tnc was significantly
reduced by 43–60% after cAMP treatment. No additional effects of iron chelators on Tnc
expression could be observed. In contrast, the mRNA levels of NG-2 were reduced by DFO and
combinations thereof (43–50%), whereas cAMP had no effect on NG-2 expression. Ephrin B2,
Eph B2 and sema3A expression levels were not changed by any of the treatments (S1 Fig).
Finally, both neurocan and phosphacan were significantly upregulated by the combination of
DFO + cAMP.

fibroblasts cultured separately and in the co-cultures. Levels of each target mRNAwere normalized to the
housekeeping gene cyclophilin. Statistics: unpaired T-test * p < 0.05, ** p < 0.01. (B) Effects of scar-
reducing treatments. Plotted are the levels of target mRNAs normalized to cyclophilin relative to the H2O
control treatment. DFO reduced the levels of collagen IV andNG-2. Treatment with cAMP led to a reduction
in Tnc. Neurocan and phosphacanwere upregulated in DFO + cAMP, whereasNG-2was significantly
reduced after DFO treatment and in DFO + cAMP co-treatments compared to cAMP alone. Statistics: one
way Anova with Bonferroni * p < 0.05, ** p < 0.01, *** p< 0.001.

doi:10.1371/journal.pone.0134371.g004
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Using this in vitromodel for fibrotic scarring it could be demonstrated that the various indi-
vidual or combinatorial treatments had differential effects on the mRNA expression of ECM
and axon growth inhibitory molecules. Among the iron chelators only DFO showed significant
effects on mRNA expression of both the ECMmolecules and axon growth inhibitors.

DFO and cAMP reduce cluster formation
The above-mentioned putative scar-reducing treatments were then analyzed with respect to
scar reduction. Initially, treatments with TGF alone and TGF + Tris buffer were also included,
since the vehicle for BPY-DCA was Tris buffer. TGF alone or in combination with Tris buffer
or with H2O all led to an average of 40 clusters. Therefore, all following experiments were con-
ducted with TGF + H2O controls. A pilot study (data not shown) using 10, 20, 50 and 100 μM
of DFO revealed that this iron chelator reduced cluster formation already at 10 μM. Concentra-
tions higher than 50 μM led to detachment of the cells from the plate. BPY-DCA did not reduce
cluster formation at all concentrations, but since 100 μM BPY-DCA caused the cells to detach,
50 μMwas used in the following experiments. cAMP reduced the number of clusters at 1 and
0.5 mM, but not at 0.25 and 0.1 mM. Since 1 mM induced strong differentiation of the astro-
cytes, forming extremely elongated parallel fibers (data not shown) we continued the study
with 0.5 mM of cAMP. For the experiments presented here, we used 10 μMDFO, 50 μM
BPY-DCA and 0.5 mM cAMP as well as combinations thereof. Since all treated co-cultures
contained TGF-β1, we refer from this point onward to the treatments only (H2O, DFO,
BPY-DCA, cAMP and combinations).

Co- cultures treated with the H2O vehicle control contained on average 38 clusters of about
0.03 mm2 in size (Fig 5). Treatment of the co-cultures with DFO led to a reduction in the num-
ber of clusters by 50% (Fig 5A). The effects of the DFO treatment were quite variable, since in
some cases there were around 10 regular-sized clusters and in other cases there were 40 very
small clusters. Therefore, we also measured the total area the clusters occupied and the average
cluster size using Image J software. Both the cluster size and area were significantly reduced for
DFO (71% and 83% respectively, Fig 5B and 5C). BPY-DCA alone affected neither cluster
number nor size. cAMP led to a 59% reduction in cluster area which was further reduced
(79%) in co-cultures treated with DFO + cAMP. This combination was also significantly differ-
ent from the single treatments, indicating that DFO and cAMP had additional effects. The
combination of BPY-DCA + cAMP showed a significant reduction in cluster number and clus-
ter area compared to the H2O control but had no additional effect compared to cAMP alone.

As one of the possible mechanisms of this observed reduction in scar-like clusters, we stud-
ied the effects of the treatments on astroglial and fibroblast proliferation in the co-cultures
(Fig 5D). For that purpose, we incubated the co-cultures for the first 6 hours after TGF-β addi-
tion with BrdU, counterstained with haematoxilin and calculated the proportion of BrdU-
labelled nuclei in 3 different areas of each cell layer on 3 coverslips. We found no change in
BrdU-labelling in astrocytes (data not shown), whereas a significant reduction of fibroblast
proliferation was observed with cAMP, but not with DFO (Fig 5D).

DFO and cAMP change protein levels of ECMmolecules
The influence of the scar-suppressing treatments on the protein expression of the ECMmole-
cules collagen and Tnc was studied in more detail using the F1C3 and KAF14 antibodies,
respectively. The F1C3 antibody detected five bands in total of estimated 180, 210, 230 and
>250 kDa in size, representing the various collagen polypeptide chains that are present in col-
lagen I, III, and V [42]. DFO, alone or combined with cAMP, significantly reduced the levels of
the upper two collagen bands (Fig 6A and 6D). Two Tnc protein bands were detected by
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KAF14, of estimated 230 and>250 kDa in size. The upper band was significantly reduced by
DFO, cAMP and combinations thereof. (Fig 6B and 6E).

Enhanced neurite outgrowth on the clusters following DFO treatment
In order to study putative axon growth-permitting properties of the scar-reducing treatments,
we quantified neurite outgrowth of neonatal cortical neurons plated onto the co-cultures (Fig
7). On the astrocyte layer, only the combination of iron chelators with cAMP significantly
increased the average neurite length per neuron. On the fibroblast layer, cAMP alone or in
combination with iron chelators increased neurite length significantly. Only a non-significant
trend towards longer neurites on fibroblasts was observed upon DFO-treatment.

We then measured the length of neurite segments growing on the scar-like clusters. The
overall length of the neurites had to be normalized to the cluster diameter, since axons crossing
smaller clusters would per definition be scored shorter. The co-cultures treated with DFO
alone displayed the longest neurites in relation to the cluster size (maximal length/diameter,

Fig 5. Quantification of scar-reduction.Quantification of (A) the number of clusters, (B) the cluster area
and (C) the cluster size after 7 days of TGF-β1 and potential scar-reducing treatments. DFO reduced cluster
size, number and area. cAMP reduced the number of clusters but not their size. DFO + cAMP reduced the
number of clusters significantly more than DFO or cAMP alone. (D) Effects of scar-reducing treatments on
fibroblast proliferation. cAMP reduced the proliferation of the fibroblasts. Statistics: one way Anova with
Bonferroni post-hoc test * p < 0.05, ** p < 0.01, *** p< 0.001.

doi:10.1371/journal.pone.0134371.g005
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Fig 7). Additionally, the total length of neurite segments on the clusters was significantly
increased upon DFO treatment (sum length/diameter, Fig 7). None of the other treatments
resulted in significant changes in neurite growth on the clusters, although a non-significant
trend was observed for DFO + cAMP.

Scar reduction in vivo
The in vitro results suggest that DFO treatment may be preferable over the existing AST strat-
egy with respect to reduction in number and size of scar-like clusters as well as neurite length
on clusters. The combination of iron chelators with cAMP reduced the number of clusters
slightly more, but also led to undesirable upregulation of phosphacan and neurocanmRNA. To
prove the efficacy of DFO in vivo we investigated the scar-reducing capabilities of DFO in com-
parison to BPY-DCA and cAMP in the dorsal hemisection spinal cord injury model in rats.
The treatments were applied by local intrathecal infusion for 1 week using osmotic minipumps.
We applied 10 and 50 μg DFO per day, which would correspond to roughly 30 and 150 μM
assuming a CSF volume of 500 μl in rat [57]. For BPY-DCA, the 1.1 or 7.8 μg/d would be about
9 or 70 μM. The amount of cAMP applied was 50 and 100 μg/d (0.2 and 0.4 mM). These calcu-
lations fall roughly within the range of the concentrations used in the in vitromodel. As a mea-
sure for scar density we then semi-quantitatively determined the amount of Coll IV in the
ECM of the scar by immunohistochemistry [8]. For this purpose, we double stained with an

Fig 6. Effects of scar-reducing treatments on protein expression. Effects of treatments on protein
levels of ECMmolecules. (A) Collagen I/III/V was detected by F1C3 antibody, which stained 5 bands
corresponding to collagen polypeptide chains that contribute to the three collagen subtypes. (B) Tnc was
detected with KAF14 antibody which stained two bands. (C) α-Tubulin served as a loading control. (D) The
upper two collagen bands were reduced by DFO. The reduction in DFO + cAMP was exclusively due to DFO,
since cAMP alone did not change collagen levels. (E) The upper band of Tnc was reduced by DFO, cAMP
and combinations thereof. Statistics: one way Anova with Bonferroni post-hoc test * p < 0.05, ** p < 0.01,
*** p< 0.001.

doi:10.1371/journal.pone.0134371.g006
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Fig 7. Effects of treatments on neurite outgrowth. Neurite outgrowth from neonatal cortical neurons on the fibroblast and astrocyte cell layers as well as
on the clusters in the co-cultures after treatment. cAMP and the combination treatments had a positive effect on outgrowth on the fibroblast layer, whereas
only the combination treatments resulted in increased growth on the astrocytes (A, B). DFO was the only treatment resulting in increased growth of neurites
on the clusters. Corrected for the cluster diameter, DFO showed an increase in the maximal length (C) and the sum length of the neurites (D). Representative
pictures of clusters with neurites (E-H) that were traced using the Neuron J plugin of Image J (e-h, clusters marked by dotted black lines). Statistics: one way
Anova with Dunnett’s post-hoc test * p < 0.05, ** p < 0.01, *** p< 0.001 Scale bar = 100 μm.

doi:10.1371/journal.pone.0134371.g007

CNS Scar-Reduction by Deferoxamine

PLOS ONE | DOI:10.1371/journal.pone.0134371 July 29, 2015 20 / 33



antibody directed to vWF to correct for the amount of blood vessels in the scar (Fig 8). Since
Coll IV is also expressed in endothelial cells [58, 59] and iron chelators, like DFO, are able to
promote angiogenesis ([60, 61]; and own observations), the Coll IV-stained blood vessels in
the scar will confuse the quantification of the ECM Coll IV. A significant decrease in ECM Coll
IV immunoreactivity was observed for BPY-DCA and DFO at all concentrations applied (Fig
8M and 8O). In relation to their respective controls, BPY-DCA led to an ECM collagen IV
reduction of about 36%, while DFO showed a reducing effect of approximately 30%. The appli-
cation of 100 μg/d cAMP also reduced Coll IV significantly in comparison to its control (Fig
8N). Application of 10 μg/d DFO for 2 weeks resulted in a similar extent of scar-reduction
(data not shown).

Effects of DFO on locomotor recovery
We applied 10 μg/d DFO for 2 weeks for a long-term effects behavioral study of 19 weeks.
Locomotor recovery was evaluated over 1, 2, 12 and 16 weeks post-lesion using the open field
locomotor BBB score and subscore. The horizontal ladder test (Gridwalk) and the Catwalk
automated gait analysis were performed every second week. We evaluated the hindlimbs sepa-
rately, because of a slight asymmetry in our Scouten wire knife lesion, where the right rubrosp-
inal tract is less impaired than the left rubrospinal tract [10]. The BBB subscore showed a
positive but non-significant trend for both paws in DFO-treated animals (Fig 9A). During the
Gridwalk analysis the DFO-treated animals showed significantly less foot slips with the right
hindlimb than the controls at 2, 6, 8 and 10 weeks. However, the later timepoints were not

Fig 8. Reduction of scar density measured by the quantification of ECMColl IV.Mosaic composite
pictures of the complete scar in spinal cord injured animals after treatment with (A, B) PBS corresponding to
(C, D) DFO treatment, (E, F) PBS corresponding to (G, H) cAMP treatment and (I, J) Tris corresponding to (K,
L) BPY-DCA treatment. The tissue was stained for Coll IV in green (A, C, E, G, I, K) and vWF in red (B, D, F,
H, J, L). Quantification of ECM Coll IV was performed by subtraction of vWF-positive blood vessels. The
remaining signals for ECM Coll IV for the respective treatments were plotted in M, N and O. A significant
reduction of Coll IV was observed in both treatment concentrations for BPY-DCA and DFO as well as in the
highest concentration of cAMP. High magnification pictures of the Coll IV staining in part of the lesion site are
provided in S2 Fig. Statistics: one way Anova with Dunnett’s post-hoc test * p < 0.05, ** p < 0.01, *** p<
0.001 Scale bar (in A) = 200 μm, applies for all pictures.

doi:10.1371/journal.pone.0134371.g008
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significantly different from the PBS control group (Fig 9B). A positive trend, but no significant
difference was observed at 4 and 6 weeks for the left hindlimb. The Catwalk analysis revealed a
positive but non-significant trend for DFO in the regularity index, a measure for limb coordi-
nation (Fig 9C). Similar to the Gridwalk, this trend disappeared at later timepoints.

Fig 9. Effects of DFO on locomotor recovery. Long-term locomotor behavior in DFO-treated animals was
assessed using the (A) BBB score and subscore, (B) Gridwalk and (C) Catwalk analysis. Left and right
hindpaws were analyzed separately, because of asymmetry of the lesion, with the left rubrospinal tract being
more affected than the right. Both BBB subscore and the Catwalk showed a positive but non-significant trend
for DFO as compared to PBS controls. On the Gridwalk DFO-treated rats performed better than PBS
controls. The percentage of mistakes of the right hindlimb decreased significantly during 2–10 weeks after
injury, but was not significantly different from PBS controls during the last 4 weeks. Statistics: Mann-Whitney
test * p < 0.05, ** p < 0.01, *** p< 0.001.

doi:10.1371/journal.pone.0134371.g009
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Long-term in vivo effects of DFO on scar reduction and axon
regeneration
At 19 weeks post-lesion, the animals were perfused and the spinal cords analyzed. By quantifi-
cation of the GFAP-negative scar area, we found a significant reduction of the lesion size by
DFO as compared to the PBS control (Fig 10A and 10C). Moreover, we observed that DFO-
treated spinal cords in general were thicker around the lesion zone than PBS controls. Quantifi-
cation of a 2.5 mm stretch of tissue around the lesion site (1.25 mm in each direction measured
from the lesion centre), in sections where the central channel was included, revealed a DFO-
induced increase in spared tissue (Fig 10D). Axon regeneration was studied in the same ani-
mals by counting BDA-traced descending CST axons and CGRP-stained ascending axons. A

Fig 10. Effects of DFO on scarring and regeneration. Tissue preservation, lesion size and axon regeneration at 19 dpl. (A) Exemplary mosaic
compositions of PBS- (A) and DFO- (B) treated spinal cord stained with anti-GFAP to visualize the GFAP-negative scar area. Lesion area marked with dotted
lines, Asterisks indicate a cystic area in both treatment groups. S3 Fig provides pictures A and B with higher intensity to show that the lesion site is filled with
tissue. Straight lines outline the region of interest used for quantification of lesion site (2.5 mm). DFO animals had significantly smaller lesion areas (corrected
for the total area) than PBS controls (C) and significantly more tissue sparing (D) and. (E) Quantification of the number of CST axons per mm2 of lesion area
revealed a significant increase. (F) the CST tracing was equal in both groups. (G) The number of CGRP axons in the scar was significantly increased in DFO-
treated rats. (H, I) Representative pictures of CGRP axon profiles (arrows) in the lesion area in DFO- and PBS-treated animals. Note that the red spots in I
originate from aberrantly stained macrophages. Statistics: unpaired T-test * p < 0.05, ** p < 0.01. Scale bar (G, H) = 50 μm.

doi:10.1371/journal.pone.0134371.g010
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significant increase in the number of CGRP-positive axons profiles per mm2 of scar area was
observed in DFO-treated animals as compared to controls (Fig 10G–10I). A small number of
regenerating CST axons was found in the scar area, which was significantly increased in the
DFO-treated animals (Fig 10E). There was no difference in the efficiency of CST tracing
between the groups (Fig 10F).

Discussion

Clusters in the in vitro scarring model resemble the lesion scar in
traumatic CNS injury
In order to study mechanisms of CNS lesion scarring as well as to develop new scar-modulat-
ing treatments, we modified the in vitro scarring model from Kimuro-Kuroda et al. (2010)
[19]. The astroglial-meningeal fibroblast co-cultures result in a reproducible number of scar-
like clusters at 7 days after stimulation with TGF-β. We observed that clusters were formed not
only at the astrocyte-fibroblast border but also within the astrocyte-free fibroblast cell layer. At
the fibroblast-astrocyte border, the glial cells surrounded the clusters while the fibroblasts pop-
ulated the center, thus resembling the cellular arrangement seen in lesion scar in vivo [62]. We
conclude that the formation of the fibrous scar is, at least in part, independent of the presence
of astrocytes, although the latter seem to support the formation of clusters at the astrocyte-
fibroblast border, an observation we made during the live imaging experiments. Indeed, men-
ingeal fibroblasts and astrocytes cultured together resulted in differential gene expression as
compared to the respective monocultures. This is illustrated by the TGF-induced downregula-
tion of Sema3A and EphB2 in the co-cultures but not in monocultures and the downregulation
of phosphacan in astrocytes, which was not observed in the co-cultures. We conclude that the
astrocytes and fibroblasts interact and are likely to secrete factors influencing each other.

Consistent with previous work [19], the clusters in our modified model displayed positive
staining for the ECMmolecules collagen IV and fibronectin, as well as the axon growth inhibi-
tors NG-2, Sema3A, Tnc, Ephrin B2 and EphB2. In addition, we detected collagen I, III and V
(F1C3), as well as neurocan and phosphacan. Importantly, the clusters contained molecules
that were not (or only at very low levels) expressed by the fibroblasts, e.g. neurocan, phospha-
can or Eph B2. This corroborates the hypothesis that the fibrous scar contains an extracellular
matrix that could accumulate axon growth inhibitors secreted by surrounding astroglial cells.
For example, it has been shown that Tnc (at the time of publication called J1-220) binds to
collagen I-VI [63]. Although collagen is not inhibitory for axon outgrowth per se, reducing
collagen deposition may diminish the amount of inhibitory components that bind to the col-
lagenous scaffold of the ECM in fibrous scar [4, 64]. The here described TGF-β –induced upre-
gulation of Tnc, NG-2 and neurocanmRNA, as well as the lack of regulation of phosphacan,
closely resemble the published regulation of these molecules at 7–8 days after in vivo spinal
cord injury [2, 3]. This indicates that our in vitromodel parallels the in vivo scar formation in
view of timing of expression of ECM and growth inhibitory molecules.

Cluster formation is reduced by DFO and cAMP
We investigated the mechanisms of scar-formation and found that the clusters were formed by
proliferation as well as reorganization and contraction of the meningeal fibroblasts. The effects
of the treatments on cluster formation are summarized in Table 3. Incubation of the TGF-β-
stimulated co-cultures with DFO or cAMP led to a significant and consistent reduction of the
number of scar-like clusters. In some cases, DFO did not diminish the number of clusters, but
rather reduced the cluster size, resulting in a significant decline of the total cluster area.
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BPY-DCA, on the other hand, had no effect on cluster numbers or size and the effects of
BPY-DCA and cAMP together were not significantly different to those of cAMP alone. Inter-
estingly, DFO in combination with cAMP led to significantly less clusters than cAMP alone (or
DFO alone), indicating an additional effect of DFO and cAMP. We conclude that from the
iron chelators tested only DFO effectively reduced cluster formation. However, the treatment
of spinal cord injury with BPY-DCA + cAMP in vivo led to a reduction in scar formation and
an increase in axon regeneration, which was not observed with cAMP alone [8]. Due to the two
negatively charged carboxylic acid groups BPY-DCA is cell-impermeable, as previously shown
for related pyridine dicarboxylates and thus cannot perform its inhibitory actions on the intra-
cellular prolyl-4-hydroxylase enzyme necessary for collagen IV biosynthesis [65]. This may be
the reason why BPY-DCA has no effects on in vitro cluster formation. It has been shown before
that DFO, despite of its low lipid-solubility, can slowly enter cells via pinocytosis [66–69] and
thus gains access to intracellular iron [69, 70]. The differential cell-permeability could explain
why DFO, but not BPY-DCA, reduces the formation of scar-like clusters in vitro. The reduc-
tion of cluster formation by cAMP could be explained by the attenuation of fibroblast prolifera-
tion in the co-cultures, which is in line with previous studies [12]. DFO, however, did not
significantly reduce fibroblast proliferation. Instead, the reduction in cluster formation by DFO
treatment is likely to be due to the observed reduction in ECM components.

Cluster composition is altered by DFO and cAMP
A second mechanism to reduce inhibitory scarring may be based on changes in molecular
composition of the ECM. The effect of the iron chelator and cAMP treatments on ECM com-
position and expression of axon growth inhibitory molecules are summarized in Table 3. Treat-
ment with DFO resulted in a significant decrease in Coll IVmRNA. Since iron chelation is
expected to be mainly functional at the post-translational level through inhibition of prolyl-
hydroxylation [11] and assembly of thermo-stable collagen triple helices, a reduction of colla-
gen expression at the mRNA level was not necessarily expected. At the protein level DFO
reduced some of the polypeptide constituents of collagen I/III/V as detected by the F1C3 anti-
body. Although it is more relevant to address the coll IV protein levels, unfortunately, there are
no antibodies available for the detection of coll IV by Western blotting. The reduction of coll
IVmRNA and the reduction of other collagen types as detected by Western blot strongly sug-
gest that DFO affects the collagen scaffold in the scar tissue. Both DFO and cAMP partially
reduced Tnc on the protein level, although only cAMP reduced TncmRNA levels. The discrep-
ancy between RNA and protein levels in the DFO-treated cultures could be explained by bind-
ing of Tnc to the collagen scaffold [63]. Thus, accumulation of Tnc protein in the scar is likely

Table 3. Summary of the treatment effects.

Treatment Scar reduction Gene expression Protein expression Proliferation Neurite outgrowth

DFO yes collagen IV & NG-2 # Tnc & collagen # = "
BPY-DCA no no effects no effects n.d. no effects

cAMP yes Tnc# Tnc # # no effects

DFO + cAMP yes1 NG-21 #, NC & PC " Tnc & collagen3 # = no effects

BPY-DCA + cAMP yes2 no effects Tnc #2 n.d. no effects

1 significantly different from cAMP (additional effect of DFO)
2 effect due to cAMP alone
3 effect due to DFO alone

n.d. = not done

doi:10.1371/journal.pone.0134371.t003
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to be diminished when collagen biosynthesis is inhibited by the iron chelator DFO. In general,
the effects of the treatments on the ECM proteins seem at first sight quite weak. This may be
due to the fact that the cells have been in culture for 7–14 days before adding TGF-β and the
scar-reducing treatments. The ECMmolecules that these cells deposited before the treatment
could have partially masked the effects of the treatments on the clusters that are formed during
the following 7 days.

Regarding the CSPGs, NG-2mRNA levels were only reduced by DFO but not by cAMP.
Interestingly, the expression of neurocan and phosphacan was upregulated by of DFO + cAMP in
combination, but not by the individual components. This indicates that the combination of DFO
with cAMPmay cause adverse effects with respect to an increase of the inhibitory properties of
the scar. While cAMP-induced upregulation of proteoglycan synthesis by fibroblasts has been
described before [71], our data indicate that DFO, but not BPY-DCA, reduced mRNA and pro-
tein expression of some ECM and growth inhibitory molecules. Indeed, several studies suggest
that DFO is able to affect transcription. DFO was shown to be neuroprotective through activation
of hypoxia-inducible factor 1α (HIF-1α), a transcription factor responsible for the transcription
of, e.g., vascular endothelial growth factor (VEGF), glucose transporters and erythropoietin [72].
This indicates another benefit of DFO as a treatment option for SCI. Moreover, iron depletion by
DFO leads to upregulation of the growth arrest and DNA damage 45α (GADD 45α) gene in cell
lines [73]. GADD 45α is an epigenetic regulator that is expressed during successful peripheral
nerve regeneration [74]. This would be another potentially beneficial effect of DFO in SCI.

DFO increases neurite outgrowth on scar-like clusters
We observed enhanced neurite growth of neonatal cortical neurons particularly on those clus-
ters where astrocytes were present in the proximity of the neuron. Since astrocytes secrete both
permissive and inhibitory molecules, it is not surprising that axons grew also in regions where
astrocytes were present. Axons rarely crossed inhibitor-rich areas, but they did not avoid those
either. Due to the functional dichotomy of axon growth modulating factors the latter may dif-
ferentially act to inhibit or support axon growth, like, e.g., the alternatively spliced subtypes of
Tnc [28]. Tnc can act growth-promoting when present diffusely in the ECM but inhibitory
when deposited in a boundary [75]. Since the Tnc deposition at the border of the clusters is
more like a boundary, we assume that Tnc may act inhibitory on neurite growth on the clus-
ters. Similarly, CSPGs are well-known for their axon-growth inhibitory properties [76] but
they can also promote neurite growth and neuronal survival [77–80].

The effect of a treatment on axon growth on the scar-like cell clusters is likely to depend on
the balance between stimulation and inhibition and thus resembles the situation in vivo where
growth-promoting and growth-inhibiting molecules are produced by the same cells [81].

Stimulation of neurite outgrowth by cAMP was expected, because of the known condition-
ing effects of cAMP on injured neurons in vivo [82, 83]. However, in our co-cultures cAMP
only affected neurite outgrowth on the fibroblast layer, but had no effect on the length of neur-
ites growing on clusters. Although DFO had no significant effect on neurite outgrowth on the
cluster-free cell layers, indicating that DFO did not have direct effects on intrinsic neurite
growth, it was the only treatment that significantly enhanced neurite growth on the scar-like
clusters, probably by reducing the axon growth inhibitory properties of the latter.

DFO decreases the collagenous scar in vivo but only partially induces
regeneration
With the knowledge acquired in the in vitro study, we applied DFO, BPY-DCA or cAMP in
vivo in a spinal cord hemisection model of the rat using concentrations that were roughly
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similar to those applied in vitro. To our surprise, not only DFO but also BPY-DCA reduced the
amount of ECM Coll IV in the scar. While both concentrations of DFO and BPY-DCA signifi-
cantly reduced collagenous scarring, only the higher dose of cAMP (100 μg/d) led to significant
Coll IV reduction. BPY-DCA and cAMP have been shown before to be effective only when
applied in combination [8]. From the present study, however, we conclude that the combina-
tion of the two compounds is not necessary for scar reduction. Interestingly, a discrepancy
exists between the in vitro and in vivo data for BPY-DCA. Although BPY-DCA had no
effect on the scar numbers, size, and Coll IV expression in vitro it significantly reduced ECM
collagen IV deposition in vivo. As discussed above, this lack of effect in culture could be due to
decreased membrane permeability because of the carboxyl groups [65]. In vivo, however, extra-
cellular iron increases extensively after spinal cord injury, presumably as a result from iron-
leaking cells damaged by the injury and haemorrhage followed by degradation of haemoglobin
[84]. Free unbound iron is highly reactive and catalyzes harmful free radical reactions, assisting
secondary damage. Thus, independent of cell permeability, BPY-DCA might function as an
antioxidant by preventing the formation of free radicals by the Fenton reaction and the peroxi-
dation of proteins and lipids. Another possibility is that lipid peroxidation by oxidative stress
leads to permeabilization of the cell membrane, so that BPY-DCA possibly enters the cells in
the in vivo spinal cord injury model. Although DFO has a low lipid solubility, it has been
shown that this iron chelator can enter cells slowly via pinocytosis [66–69] and thus has access
to intracellular iron when incubated for� 24h [69, 70]. Since we infused DFO for 7 or even 14
days, DFO could have entered the cells and depleted the intracellular iron, leading to an inhibi-
tion of the collagen biosynthesis, which is in line with the observed reduction in ECM Coll IV.
We moved on with the DFO treatment, because this was the most effective treatment in vitro
at the level of scar-reduction, ECM reduction and neurite outgrowth stimulation. We infused
DFO for 2 weeks in the lesioned spinal cord and performed behavioral tests of locomotion
during 16 weeks and examined the spinal cord tissue immunohistologically at 19 weeks post-
lesion. DFO lead to tissue sparring and reduced lesion size, therefore, it seems to attenuate the
expansion of secondary tissue damage possibly due to antioxidant or neuroprotective actions.
With respect to functional recovery after SCI, we observed an improved performance of DFO-
treated rats on the Gridwalk during the first 10 weeks after treatment. Recently, it was reported
that between 3 and 6 weeks after spinal cord injury in mice large quantities of iron, which were
previously incorporated in macrophages by phagocytosis of red blood cells and tissue debris
(e.g. iron-rich myelin), are released due to ongoing pathophysiological processes [85]. Most
likely, this will cause a second wave of secondary spinal cord damage, leading to further
impairment of axon regeneration and a deteriorated locomotor performance. Moreover, we
found significantly more CGRP and CST axon profiles in the lesion site of DFO-treated ani-
mals than in the controls, but we could not find any fibers beyond the lesion site. Hence, a 2
week DFO infusion is probably not sufficient to promote long-term functional recovery in gen-
eral, since reportedly DFO has a short half-life [86].It might be necessary to extend the treat-
ment of spinal cord injured rats for at least 6 weeks to induce long-term functional recovery.

Conclusions
The primary culture model for scar formation described here is highly suitable for in vitro
screening of new potential therapeutic treatments to suppress scar formation in CNS trauma.
Effects of treatments on the number of scar-like clusters, their molecular and cellular composi-
tion and their permissiveness for neurite growth can be studied fast and quantitatively. The in
vitromodel is particularly suitable for treatments that act intracellularly or both intra- and
extracellularly. However, compounds that are unable to pass through the plasma membrane
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(like BPY-DCA) act only in the extracellular environment and may show false-negative results
in this in vitro assay. Nevertheless, treatments that significantly affect scarring and ECM in our
model system have a high chance to modulate scarring, ECM composition and axon growth in
vivo as well. This provides a great alternative to in vivo studies which involve many animals
and time consuming analyses. Using the in vitromodel, investigators obtain information
regarding the effective dosage and mechanisms of action of their drugs of interest. In this
study, we showed that the iron chelator DFO most effectively reduced the fibrotic scar and its
extracellular matrix, rendering it more permissive for axon growth. In this respect, DFO was
superior to any of the other single or combinatorial treatments we have tested here. The
application of DFO in the spinal cord dorsal hemisection model confirmed the scar-reducing
capacities of DFO both at short term (1 wpl reduction of Coll IV) and at long term (tissue pres-
ervation and smaller scar volumes at 19 wpl). In conclusion, the in vitromodel presented here
is a unique and efficient tool for fast pre-screening of scar-reducing reagents for application in
traumatic spinal cord injuries either in single or in combinatorial treatment paradigms.

Supporting Information
S1 Fig. Effects of TGF-β and treatments on low abundant mRNAs for axon growth inhibit-
ing proteins. Effects of TGF-β on the mRNA expression of Ephrin B2, EphB2 and Sema3A in
cortical astrocytes and meningeal fibroblasts cultured separately and in the co-cultures (A).
Levels of each target mRNA were normalized to the housekeeping gene cyclophilin. Statistics:
unpaired T-test � p< 0.05, �� p< 0.01. (B) Effects of scar-reducing treatments. Plotted are the
levels of target mRNAs normalized to cyclophilin. All targets were equally expressed in TGF-
treated and–untreated astrocyte and fibroblast monolayers. However, their expression changed
after TGF-β treatment of the co-cultures: Ephrin B2 was downregulated, whereas EphB2
increased. Sema3A, which was already very low-abundant, was even more downregulated in
the co-cultures after TGF stimulation. The treatments did not change the levels of all three tar-
get molecules.
(TIF)

S2 Fig. Collagen IV levels in the in vivo lesion. Representative high magnification pictures of
the Coll IV-positive scar area for (A) PBS corresponding to (B) DFO treatment, (C) PBS corre-
sponding to (D) cAMP treatment and (E) Tris corresponding to (F) BPY-DCA treatment. A
reduction of the Coll IV ECM signal outside of the blood vessels is visible for all treatments.
Scale bar = 100 μm
(TIF)

S3 Fig. Lesion area in vivo is not empty. Black and white version of Fig 10 picture A and B
with exaggerated correction of levels to show that the lesion area is really filled with tissue
except for the cystic areas marked with asterisks.
(TIF)

S1 Movie. Live imaging of the co-cultures early after TGF. Pictures were taken from onward
10 h after TGF-β stimulation every 10th min for 8 hours. Left side: fibroblasts. Right side: astro-
cytes. The fibroblast layer reorganizes to form clusters that contract over time.
(AVI)

S2 Movie. Live imaging of the co-cultures 1 day after TGF. Pictures were taken from onward
24 h after TGF-β stimulation every 10th min for 8 hours. Left side: fibroblasts. Right side: astro-
cytes. The clusters contract further and are pulled towards the fibroblast layer.
(MPG)
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