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Abstract

Bone marrow-derived cells have been used in different animal models of neurological diseases. We investigated the
therapeutic potential of mesenchymal stem cells (MSC) injected into the vitreous body in a model of optic nerve injury.
Adult (3–5 months old) Lister Hooded rats underwent unilateral optic nerve crush followed by injection of MSC or the
vehicle into the vitreous body. Before they were injected, MSC were labeled with a fluorescent dye or with
superparamagnetic iron oxide nanoparticles, which allowed us to track the cells in vivo by magnetic resonance imaging.
Sixteen and 28 days after injury, the survival of retinal ganglion cells was evaluated by assessing the number of Tuj1- or
Brn3a-positive cells in flat-mounted retinas, and optic nerve regeneration was investigated after anterograde labeling of the
optic axons with cholera toxin B conjugated to Alexa 488. Transplanted MSC remained in the vitreous body and were found
in the eye for several weeks. Cell therapy significantly increased the number of Tuj1- and Brn3a-positive cells in the retina
and the number of axons distal to the crush site at 16 and 28 days after optic nerve crush, although the RGC number
decreased over time. MSC therapy was associated with an increase in the FGF-2 expression in the retinal ganglion cells layer,
suggesting a beneficial outcome mediated by trophic factors. Interleukin-1b expression was also increased by MSC
transplantation. In summary, MSC protected RGC and stimulated axon regeneration after optic nerve crush. The long period
when the transplanted cells remained in the eye may account for the effect observed. However, further studies are needed
to overcome eventually undesirable consequences of MSC transplantation and to potentiate the beneficial ones in order to
sustain the neuroprotective effect overtime.
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Introduction

Diseases that affect the optic nerve, such as glaucoma and

diabetic retinopathy, are common causes of blindness worldwide

[1]. In addition, traumatic optic neuropathy leads to visual

impairment and frequently to irreversible blindness [2]. Visual loss

occurs because, in mammals, injury to the optic nerve, e.g., crush

or transection, results in the progressive retrograde degeneration of

axons and the death of retinal ganglion cells (RGC), mainly by

apoptosis [3–5].

Strategies developed to enhance survival and regeneration of

RGC include the inhibition of myelin-derived proteins and

blockage of rho kinase [6–9], deletion of PTEN [10] and/or

SOCS-3 [11,12], macrophage activation and delivery of oncomo-

dulin [13–18], delivery and stimulation of ciliary neurotrophic

factor [8,19,20], regulation of KLF family members [21], cell

therapy [22–24] and a combination of multiple approaches

[14,25]. Despite the remarkable progress in the understanding of

the mechanisms and pathways involved in neuronal survival and

regeneration, at present there are no clinically and currently

applicable therapies to sustain RGC survival and/or to promote

long-distance axon regeneration. Injection of trophic factors into

the vitreous body prevents neuronal loss, but the effect is transitory

[26], and even after peripheral-nerve grafting, which provides a

permissive environment for regeneration of central neurons, RGC

survival decreases overtime [27].
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Cell therapy with bone marrow-derived cells is a potentially

useful approach since these cells can be used as a source of trophic

factors [28], have immunomodulatory properties [29], and can be

transfected to enhance the production of specific factors [30]. The

bone marrow is the best-characterized source of adult stem cells

[31], which have been widely used in models of neurological

diseases [32], such as brain ischemia [33–36], spinal cord injury

[37], peripheral nerve injury [38], and in the visual system, in

models of glaucoma [22] and optic nerve injury [23,24,39].

Of importance, homing of bone marrow cells after transplan-

tation might be crucial, since they are attracted to damaged areas

of the nervous system [40]. Several studies have analyzed short-

term engrafting of mesenchymal stem cells (MSC) after transplan-

tation into the eye, using in vitro and ex vivo approaches [41–44];

but, to our knowledge, there are no reports of long-term in vivo
tracking of MSC injected into the eye after optic nerve injury.

In this study, we investigated whether MSC can protect RGC

from death and increase axonal regeneration in a model of optic

nerve crush. In addition, for the first time, we followed

transplanted MSC labeled with superparamagnetic iron oxide

nanoparticles (SPION) in vivo during several weeks, using

magnetic resonance imaging (MRI).

Materials and Methods

Animals and ethics statement
A total of 61 adult (3-5-month-old) Lister Hooded rats were

used in this study. Animals were used in accordance with the

ARVO Statement for the Use of Animals in Ophthalmic and

Vision Research, and the protocols were approved by the

Committee for the Use of Experimental Animals of the Centro

de Ciências da Saúde from the Universidade Federal do Rio de

Janeiro (reference number: DAHEICB 052). Seven rats were used

for extraction of bone marrow cells, and 54 for optic nerve crush.

All procedures were performed under anesthesia with ketamine

and xylazine or isofluorane, and every effort was made to

minimize suffering.

Bone marrow extraction and cell culture
Adult Lister Hooded rats were deeply anesthetized by inhalation

of isofluorane and euthanized by cervical dislocation. Bone

marrow was extruded from femurs and tibias and seeded into

plastic culture flasks at a density of 16106 cells/cm2 in DMEM-

F12 containing 10% fetal bovine serum (FBS), penicillin (100U/

mL) and streptomycin (100 mg/mL, all from Invitrogen Inc.,

Carlsbad, CA, USA) and kept in an incubator at 37uC and 5%/

95% CO2/air. After 48 h, non-adherent cells were removed by

washing with phosphate-buffered saline (PBS) and the medium

was completely changed every 2–3 days. Cells were grown until

approximately 90% confluent and then passaged (0.25% trypsin

1 mM EDTA, Invitrogen Inc.) and plated at a density of 76103

cells/cm2. For cryopreservation, cells were frozen at the first or

second passages in FBS with 10% dimethyl sulfoxide (DMSO;

Merck KGaA, Darmstadt, Germany), using a Bio-Cool Controlled

Rate Freezer (SP Scientific, Warminster, PA, USA), and then

stored in liquid nitrogen. For all the experiments, thawed cells

were cultured and used from the third to fifth passages.

Multipotent mesenchymal stem cell characterization
MSC identity was analyzed by the induction of adipogenesis,

osteogenesis and chondrogenesis, and also by immunophenotyp-

ing.

MSC differentiation assays were performed as described

previously [45]. Briefly, to evaluate the adipogenic differentiation,

,50% confluent cells were cultivated for 16 days in DMEM F-12

supplemented with 1 mM dexamethasone, 10 mg/mL insulin,

0.5 mM isobutylmethylxanthine and 200 mM indomethacin. Cells

were stained with 0.2% Oil Red O for 30 min to reveal the

intracellular accumulation of lipid-rich vacuoles. Osteogenic

differentiation was performed with medium supplemented with

1 mM dexamethasone, 10 mM b-gly-cerolphosphate, and 0.5 mM

ascorbic phosphate. Calcium deposits were revealed by 1%

Alizarin Red staining for 30 min in water. All reagents used for

both assays were from Sigma (Sigma-Aldrich Co., St Louis, MO,

USA). To investigate the chondrogenic differentiation potential,

labeled MSCs were trypsinized and resuspended in culture

medium at 1.66107 cells/mL. To form micromass cultures, cells

were seeded in 7-mL droplets in the center of 24-well plates and

cultured under high-humidity conditions. After 2 h chondrogenic

medium (Invitrogen Inc.) was added to the culture plates and the

cells were cultured for 2 weeks. The micromass formed was

embedded in paraffin, sectioned, and the presence of proteogly-

cans was evaluated by staining with 1% Alcian Blue (Sigma-

Aldrich Co.) in 3% acetic acid (Sigma-Aldrich Co.) solution for

30 min.

MSC immunophenotyping was determined by the presence or

absence of characteristic surface markers [31,46]. For flow

cytometry analysis, 56106 cells were suspended in 500 mL saline

and incubated with rat immunoglobulins and 5% FBS for 20 min

at room temperature, to block unspecific binding. Aliquots of

16106 cells were incubated for 20 min in the dark, at 4uC, with

the following antibodies: anti-CD34-PE (1:100, Santa Cruz

Biotechnology, Santa Cruz, CA, USA), anti-CD45-FITC, anti-

CD11b-FITC (1:100, both from Invitrogen Inc.), anti-CD90-PE

and anti-CD29-FITC (1:100, both from BD Biosciences, San José,

CA, USA). Aliquots of 56105 cells were incubated without

antibodies as a control, or with propidium iodide to evaluate cell

viability. Cells were washed twice in PBS and analyzed in a BD

FACS Aria II flow cytometer (BD Biosciences). Acquired data

were analyzed by FlowJo v.7.6.4 software (FlowJo, USA).

Preparation of MSC for transplantation
On the day of the transplantation, MSC were detached from

the plates using trypsin-EDTA and centrifuged at 3006g for

5 min, with medium containing 10% FBS. Precipitated cells were

suspended in PBS containing DNAse (625 ng/mL, dornase alpha-

rhDNase, Pulmozyme, Roche), to avoid aggregation of DNA

released by disrupted cells, and centrifuged again. Cells were

counted in an Automated Cell Counter (Countess Automated Cell

Counter, Invitrogen Inc.) and suspended at a concentration of

16105 cells/mL in saline containing DNAse prior to administra-

tion.

MSC labeling
Cells were labeled before transplantation to allow tracking by

confocal microscopy or by MRI. For the short period of evaluation

of the transplant, cells were incubated in suspension with

CellTrace FarRed DDAO-SE (2.5 mg/mL) for 40 min at 37uC
and 5%/95% CO2/air. CellTrace strongly binds to primary

amines inside and outside the cell, according to the manufacturer.

Cells were washed three times in PBS and prepared for

administration as described previously. For long-term and in vivo
tracking of the transplanted cells, they were incubated with

superparamagnetic iron oxide (SPION) particles (FeraTrack

Contrast Particles, Milteny Biotec, Bergisch Gladbach, Germany),

as previously described [45]. Briefly, particles were prepared as

described by the manufacturer and incubated with the cells in

culture for 4 h, at 37uC and 5%/95% CO2/air. The medium was
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removed, and the cells were washed with PBS, detached with

trypsin-EDTA and prepared for administration as described

above.

Incorporation of FeraTrack nanoparticles by the MSC was

analyzed by immunocytochemistry to identify the dextran-coating

of the particles, and/or by Prussian blue reaction to detect iron

within the cells, as described previously [45]. For these analyses the

labeled cells were plated on glass coverslips coated with 0.1%

gelatin, rinsed in PBS and fixed in 4% paraformaldehyde.

For immunocytochemistry, coverslips were rinsed in 0.1%

Triton X-100 in PBS (PBST) and incubated in 5% normal goat

serum (Sigma-Aldrich Co) for 30 min at room temperature. The

cells were incubated in primary antibody (anti-dextran, 1:500,

StemCell Technologies, Vancouver, BC, Canada) overnight at

4uC. Cells were then washed in 0.1% PBST and incubated with

the secondary antibody (Alexa Fluor 488 goat anti-mouse IgG,

1:1000, Invitrogen Inc.) and TO-PRO-3 stain to label nuclei

(1:1000, Invitrogen Inc.) for 2 h at room temperature. Coverslips

were rinsed in PBS and mounted with Vectashield (Vector

Laboratories, Burlingame, CA). Fluorescent samples were ana-

lyzed under a confocal microscope (Zeiss LSM 510 Meta). For the

Prussian blue reaction, cells were washed twice with PBS and

incubated with Perls’ reagent (20% potassium ferrocyanide and

20% hydrochloric acid in water) for 20 min at room temperature.

Cultures were then washed once in PBS, dehydrated through a

graded ethanol series and mounted with Entellan (Merck KGaA).

The samples were observed by light microscopy.

Optic-nerve crush and intraocular injections
A total of 54 animals were submitted to optic nerve crush,

performed as previously described [39]. Briefly, adult Lister-

hooded rats were anesthetized by intraperitoneal injection of

ketamine (50 mg/Kg) and xylazine (15 mg/Kg). Under a

stereoscopic microscope, the left optic nerve was accessed by

making an incision in the skin covering the orbital bone. The

nerve was exposed and the dura mater surrounding it was cut

longitudinally. Nerve crush was performed by compression with

tweezers for 15 s, at 1 mm behind the eye, with care to avoid

damage to the blood vessels. Immediately after the crush, a 5 mL

suspension of 56105 MSC or vehicle (0.9% saline with DNAse)

was injected into the vitreous, in the intersection between the

sclera and the cornea at the upper temporal side of the eye, with

care to avoid lens injury. The same volume of vitreous was

aspirated before injection of cells or vehicle, in order to avoid

increasing the pressure inside the eye. Before and after the

procedure, the back of the eye was observed through the operating

dissecting microscope as previously described [23,39] to assess the

integrity of the retinal blood flow. Animals with damage to the lens

or to the retinal blood vessels were excluded from the experiment.

After the procedure, the incision in the skin was sutured and

topical anesthetic was applied. Animals were kept under supervi-

sion and warmed by a lamp until they recovered from the

anesthesia.

In vivo magnetic resonance imaging (MRI)
Cells were tracked in vivo by MRI measurements at 2, 14 and

18 weeks after optic nerve crush and cell transplantation. MRI

experiments were performed in the National Center of Structural

Biology and Bioimaging (CENABIO/UFRJ). The right eye was

used as a control and was injected intravitreously with the vehicle

of the cells. For MRI, animals were anesthetized by intraperitoneal

injection of ketamine (50 mg/Kg) and xylazine (15 mg/Kg) and

positioned in the MRI coil. Images were acquired in a 7-T

magnetic resonance scanner (7T/210 horizontal Varian scanner,

Agilent Technologies, Palo Alto, CA, USA), using fast spin echo

(FSE) proton density (PD) sequences (matrix: 1926192, slice

thickness: 0.5 mm; 15 continuous slices) in the axial (TR/TE:

1500/11 ms; field of view: 30630 cm), coronal (TR/TE: 2100/11

ms; field of view: 30630.5 cm) and sagittal (TR/TE: 1500/11 ms;

field of view: 30630.5 cm) planes. Data were processed with the

use of VnmrJ Software (Agilent Technologies).

RGC survival analysis
Animals were euthanized with an overdose of anesthetics and

perfused through the heart with ice-cold saline, followed by 4%

paraformaldehyde in 0.1 M phosphate buffer. Eyes were removed

and retinas were dissected in PBS. Free-floating retinas were

frozen in 0.5% PBST for 15 min at 280uC. Retinas were thawed

and washed twice in the same solution for 10 min at room

temperature. Primary antibodies anti-Brn3a produced in goat

(1:250, Santa Cruz Biotechnology) and anti-Tuj1 produced in

mouse (1:250, Covance, Berkeley, CA, USA) were diluted in 0.2%

PBST and 5% normal donkey serum and incubated overnight at

4uC. Retinas were washed three times in PBS and incubated with

the secondary antibodies Cy3 donkey anti-goat IgG (1:1000,

Jackson Immunoresearch Laboratories, West Grove, PA) and

Alexa Fluor 488 donkey anti-mouse IgG (1:500, Invitrogen Inc.) in

the same solution of the primaries for 2 h at room temperature.

Retinas were washed three times in PBS, flat-mounted, and

covered with Vectashield (Vector Laboratories). All steps were

performed under gentle shaking, except the freezing procedure.

Retinas were imaged under a Zeiss Axiovert 200 M microscope

equipped with epi-fluorescence optics and a Zeiss MRM digital

camera, at 1.0 and 3.5 mm from the optic disc, in all quadrants of

the retina. For Brn3a, 5 images of 0.135 mm2 were taken at each

distance, and for Tuj1, 10 images of 0.032 mm2 were taken at

each distance. Tuj1 images were manually counted by a blinded

observer. Brn3a images were automatically counted using the

Analyze Particles function of Image J software (NIH); before

opting for the automatic cell count, we compared manual and

automatic counts and found no statistically significant difference

(data not shown). The mean number of cells was divided by the

area of the image to estimate the number of RGC per square

millimeter of retina. The number of cells in each experimental

group was normalized to the control group (contralateral eyes) and

expressed as a percentage of the control. To estimate the total

number of cells per retina, the mean number of cells at 1.0 and

3.5 mm from the optic disc was multiplied by the mean area of the

retina. Five flat-mounted retinas with well-preserved borders were

imaged under an EVOS Microscope (AMG); the area was

measured using Image J software and averaged to obtain a mean

value of retinal area.

RGC axon labeling and counting
Cholera Toxin B subunit conjugated to Alexa488 (CTB-488,

Invitrogen Inc.) was used as an anterograde tracer of RGC axons.

Briefly, 4 ml of CTB-488 (0.2% diluted in PBS with 1% DMSO)

was injected into the vitreous body two days before euthanasia.

Animals were euthanized and perfused as described above, and

the nerve segments were dissected to the level of the optic chiasm,

and transferred to increasing sucrose solutions until 30%. Tissue

was embedded in optimal cutting temperature (OCT, Tissue-Tek)

and sectioned longitudinally on a cryostat (Leica Microsystems,

Wetzlar, Germany) at 14 mm thickness. Optic nerve sections were

rinsed with PBS, nuclei were counterstained with DAPI (49,6-

diamidino-2-phenylindole, 2.7 mg/ml, Sigma) and slides were

mounted with Vectashield (Vector Laboratories). Nerve sections

were observed under a Zeiss Axiovert 200 M microscope, and
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axon growth was analyzed by counting the number of axons

labeled with CTB-488 extending from 0.25 to 2.0 mm from the

crush site. Values were normalized by the formula described by

Leon and colleagues [15] and expressed as the total number of

axons per nerve at each distance from the lesion site.

Histochemistry
Animals were perfused, and the eyes with attached nerves were

dissected and transferred to sucrose solutions as in the previous

item. Tissue was embedded in OCT and sectioned at 20 mm

thickness. Tissue sections were rinsed with 0.1% PBST and

incubated in 5% normal goat serum (Sigma-Aldrich Co) for 1 h at

room temperature, followed by incubation with primary antibod-

ies overnight at 4uC. Sections were then washed in 0.1% PBST

and then incubated with secondary antibodies and TO-PRO-3

(1:1000, Invitrogen Inc.) for 2 h at room temperature. Slides were

rinsed in PBS and mounted with VectaShield (Vector Laborato-

ries). Primary antibodies used were anti-dextran (mouse, 1:500,

StemCell Technologies), anti-IBA1 (rabbit, 1:400, Wako Pure

Chemical Industries, Osaka, Japan), anti-IL-1b (rabbit, 1:100,

Peprotech, London, UK) and anti-FGF-2 (mouse, 1:200, Milli-

pore). Secondary antibodies used were Alexa Fluor 488 goat anti-

mouse IgG and Alexa Fluor 555 goat anti-rabbit IgG. Fluorescent

samples were analyzed under a confocal microscope (Zeiss LSM

510 Meta). For the Prussian blue reaction and documentation, the

procedure was similar to that described for cells on coverslips.

Fluorescence intensity quantification
Fluorescence intensity quantification was performed two weeks

after optic nerve crush. Briefly, retinal sections were immuno-

stained with FGF-2 and IL-1b specific antibodies, and TO-PRO

was used to stain nuclei, as described above. Three retinas from

the untreated group and 3 retinas from the treated group were

analyzed. For each retina, 9 Z stack images (1.3 mm thickness)

from at least 3 different sections were randomly acquired with a

confocal microscope (Zeiss LSM 510 Meta, ZEN 2009 software)

under identical parameters for all the slides (microscope objective

lens 4061.3 NA, 16 bits images with a resolution of 5126512

pixels). Individual slices of each stack were analyzed using ZEN

2009 software. The area of the ganglion cell layer was outlined in

each image, in the FGF-2 or IL-1b channel; the TO-PRO signal

was used only for localization of the retinal layers. The average

mean gray value per stack normalized by the vehicle injected

group was used for statistical analysis.

Statistical Analysis
For RGC survival analysis, the results for the crushed groups

were expressed as a percentage of the mean of contralateral eyes

and compared using an unpaired t-test. For analysis of axon

regeneration, the number of axons in crushed groups was

compared using an unpaired t-test at each distance from the

crush site analyzed. For FGF-2 and IL-1b expression, the average

mean gray value was normalized by vehicle injected group and an

unpaired t-test was performed to compare vehicle and MSC

injected groups. Results are displayed as the mean 6 SEM.

GraphPad Prism software was used for all statistical analyses.

Results

Characterization and distribution of MSC
The MSC phenotype was confirmed by the analysis of its

differentiation potential in adipocytes, osteocytes and chondro-

cytes (Figure 1), as well as by the expression of CD90 and CD29

(Figure 2B), and the lack of expression of CD45, CD11b/c and

CD34 (Figure 2C-D). For distribution analysis, MSC were labeled

with CellTrace (Figure 3) and transplanted intravitreously after

optic nerve crush. One day after the procedure, numerous labeled

cells were found mainly in the vitreous body (Figure 3), in close

proximity to the retina. Because fluorescent dyes can lose intensity

with time, we used an additional method to track the transplanted

cells in vivo and ex vivo for extended times, which is important

information before the translation to a clinical therapy.

MSC were labeled with SPION (FeraTrack), which can be

visualized in vivo by MRI and also ex vivo by histochemical

methods in the ocular tissues. In order to localize the MSC graft in

the eye, we analyzed the presence of FeraTrack-labeled cells ex
vivo at 2 and 18 weeks after nerve crush and cell transplantation.

Figure 4A-D shows the presence of SPION in the MSC before

transplantation. Since the particles are coated with dextran, it is

possible to reveal them with a specific antibody (Figure 4A). In

addition, the iron is easily seen as pigmented dots by transmitted

light (Figure 4B) and is perfectly spatially correlated with dextran

staining (Figure 4C). The iron in the SPION can also be revealed

in FeraTrack-labeled MSC by the Prussian blue reaction

(Figure 4D). Furthermore, we made cryostat sections of crushed

nerves attached to MSC-injected eyes for dextran or Prussian blue

staining. Pigmented cells positive for dextran were found in the

vitreous body 2 weeks after cell transplantation (Figure 4E-G). A

large amount of iron was also detected in the vitreous by the

Prussian blue reaction (Figure 4H). After 18 weeks, iron-positive

cells were still found in the vitreous (Figure 4I-K) and most of

them were in the proximity of the optic disc, as revealed by

Prussian blue staining (Figure 4L-M). To exclude the possibility of

phagocytosis of iron-labeled MSC by inflammatory cells, we

immunostained neighboring eye sections from the animals shown

in Figure 4 with anti-IBA1 antibody, that identifies macrophages

and microglia. IBA1 was expressed in the inner retinal layers,

probably by resident microglia, but the vast majority of the cells

Figure 1. MSC differentiation in adipocytes, osteocytes and
chondrocytes. (A) Cultured MSC have fibroblastoid morphology
under phase contrast; inset shows adherent MSC in higher magnifica-
tion. (B) Cells were cultivated in adipogenic medium, fixed and
incubated with Oil Red O to identify lipid vacuoles (red staining). (C)
Cells were cultured in osteogenic medium and calcium deposits were
revealed with alizarin red (yellowish-brown staining). (D) Cells were
cultivated in chondrogenic medium, forming a micromass; proteogly-
cans were stained with alcian blue and nuclei counterstained with
Nuclear Fast Red. Scale bar: 50 mm (A), 12.5 mm (B,C), 50 mm (D).
doi:10.1371/journal.pone.0110722.g001
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found in the vitreous body were negative to IBA1 (Figure S2 in

File S1). A small amount of iron was also found in the optic nerve

in the vicinity of the crush site (Figure 4N).

Figure 5 A-D shows MRI images two weeks after unilateral

optic nerve crush (left) and injection of FeraTrack-labeled MSC.

The right eye was injected with the washing solution of the last cell

centrifugation/washing. No signal of the washing solution injected

in the right eye was detected. In contrast, the signal of the labeled

cells was visible as a dark stain next to the lens in the left eye (arrow

in Figure 5A-C). Furthermore, the signal of labeled cells remained

in the left eye over time, up to 18 weeks after nerve crush and cell

transplantation (Figures 5E-G and 5I-K). There was no evident

reduction of the signal over the weeks analyzed, suggesting that the

cells remained inside the eye for at least 18 weeks (compare

Figures 5C, 5G and 5K).

Taken together, these results imply a long-term permanence of

the MSC graft in the eye, mainly in the vitreous body. To assess

the potential therapeutic effect of the transplanted cells, we

analyzed RGC survival and axonal regeneration over time.

MSC were neuroprotective after optic nerve crush
RGC survival was analyzed 16 and 28 days after optic nerve

crush, quantifying the number of RGC immunostained with Tuj1

and Brn3a, at both 1.0 and 3.5 mm from the optic disc.

Tuj1 recognizes neuronal bIII tubulin (Figure 6A) and is widely

used as a RGC marker [10,11,17,19,27]. Indeed, one study

demonstrated a correlation higher than 95% between Tuj1-

positive cells in the ganglion cell layer and RGC retrogradely

labeled with Fluorogold, after different experimental procedures

[47].

Sixteen days after optic nerve crush, we observed a reduction in

the number of cell bodies immunostained with Tuj1 (inset in

Figure 6B) and also degeneration of the nerve fibers inside the

retina (arrows in Figure 6B), compared to the control retina

(Figure 6A). The reduction in the number of RGC after optic

nerve crush was less evident after MSC transplantation (6C). In

addition, the optic fibers in the retina were more preserved (arrows

in Figure 6C) and qualitatively similar to those observed in the

control retinas (Fig 6A). Quantitative analyses showed that the

number of Tuj1-positive cells in the vehicle-injected group was

reduced to 10.34% and 16.16% of the number in the control

group, at 1.0 and 3.5 mm from the optic disc, respectively.

Figure 2. MSC immunophenotyping by flow cytometry. MSC were analyzed from passages 3 to 5, after being frozen and thawed. (A) Forward
Scatter (FSC) and Side Scatter (SC) profiles of MSC. The gate in (A) was drawn to exclude doublets of cells. Ninety-five percent of the analyzed cells
were positive for CD90 and CD29 (B), 99.8% were negative for CD45 and CD11b-c (C), 99.8% were negative for CD34, and 99.6% were negative for
CD45 (D). These results are consistent with the phenotype of multipotent mesenchymal stem cells.
doi:10.1371/journal.pone.0110722.g002
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Treatment with MSC increased these percentages to 23.61%

(Figure 6G) and 51.09% (Figure 6H), respectively, which repre-

sent 1.3- and 2.2-fold increases of the MSC-treated group over the

group treated with the vehicle alone.

We also studied the survival of RGC using immunostaining for

Brn3a, a transcription factor that is a member of the class Brn3 of

POU-homeodomain factors [48]. Brn3a has been reported as a

reliable marker of adult rat RGC in both naı̈ve and injured retinas

[49–51]. Sixteen days after lesion, there was a very large decrease

in the number of Brn3a-positive cells in the retina (Figure 6E),

compared to control retinas (Figure 6D). In the MSC-treated

group, the decrease in RGC number was less dramatic than in the

untreated group (Figure 6F). The quantitative analyses revealed

that in the vehicle-injected group, the number of Brn3a-positive

cells was reduced to 5.78% and 9.31% of the control, at 1.0 and

3.5 mm from the optic disc, respectively. MSC injection increased

these percentages to 26.5% (Figure 6I) and 26.4% (Figure 6J),

respectively, which represents 3.5- and 1.8-fold increases of the

MSC-treated group over the group treated with the vehicle alone.

Twenty-eight days after optic nerve crush, we observed a very

large reduction in the number of Tuj1-positive cells and thinning

of nerve fibers in the retina in the vehicle-injected group (arrows in

Figure 7B), compared to the control (Figure 7A). In the MSC-

injected group the number of Tuj1-positive cells (Figure 7C) was

also reduced compared with the control but was larger than in the

vehicle-injected group. Axon bundles are also more preserved in

the MSC treated than in the vehicle injected group (arrows in

Figure 7B-C). The quantitative analyses revealed that the

percentage of Tuj1-positive cells in the vehicle-injected group

was 6.28% and 11.0% of control, at 1.0 and 3.5 mm from the

optic disc, respectively. MSC injection increased these percentages

to 18.4% (Figure 7G) and 24.3% (Figure 7H), respectively, which

represent 1.9- and 1.2-fold increases of the MSC-treated group

over the group treated with the vehicle alone.

The number of Brn3a-positive cells was dramatically reduced

28 days after nerve crush in the vehicle-injected group (Figure 7E),

compared to the control (Figure 7D). This reduction was

attenuated when the animals were treated with MSC (Figure 7F).

The quantitative analysis showed that the percentage of Brn3a-

positive cells in the vehicle-injected group was only 2.03% and

2.73% of the number in the control, at 1.0 and 3.5 mm from the

optic disc, respectively. MSC injection increased these percentages

to 4.24% (Figure 7I) and 6.61% (Figure 7J), respectively, which

represent 1.1- and 1.4-fold increases of the MSC-treated group

over the group treated with the vehicle alone. The quantification

of Tuj1- and Brn3a-positive cells and the estimated number of

RGC per retina are summarized in Table S1 in File S1. These

results clearly indicate that intravitreous MSC transplantation

significantly promoted long-term neuroprotection of RGC after a

severe optic nerve crush.

MSC promoted axonal regeneration after optic nerve
crush

To assess the number of axons that are able to regenerate after

the crush site, we labeled them with CTB-488 injected into the

vitreous body. The toxin is anterogradely transported from the

retinal ganglion cells to the superior colliculus, through undam-

aged nerves (Figure 8A). In the crushed nerves, we counted the

positive fibers at 0.25, 0.50, 0.75, 1.00, 1.50 and 2.00 mm distal

from the crush site (Figure 9). In our model, optic nerve crush

damages all axons; four days after the lesion, virtually all axons

had CTB-488 transport interrupted at the injury site (Figure 8B).

Sixteen days after injury, a few axons were able to regenerate

farther from the crush site in the vehicle-injected animals

Figure 3. MSC are located in the vitreous body 1 day after optic nerve crush and cell transplantation. Photomontage of confocal images
of a cryostat section through the eye. MSC (blue) were labeled with CellTrace prior to injection in the vitreous body, and were located mainly in this
region 1 day after transplantation. Nuclei (green) in the retina and in the vitreous body were stained with Sytox Green. The lens is outlined with a
dashed line. Scale bar: 100 mm.
doi:10.1371/journal.pone.0110722.g003
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(Figure 9A), and MSC treatment significantly increased (by 3.2

fold) the number of axons extending up to 0.75 mm from the

injury site (Figure 9B, E; P,0.001; 94.82621.54 axons/nerve in

the vehicle-injected group and 401.96109.1 axons/nerve in the

MSC-injected group). After 28 days, the axons had grown further

in both groups (Figure 9C-D), but the MSC-injected group

showed a 2.0-fold increase in the number of axons extending up

to 1.00 mm from the crush site (Figure 9F; P,0.05; 59.37617.00

axons/nerve in the vehicle-injected group and 176.8638.95

axons/nerve in the MSC-injected group). The mean of axons

per nerve at each distance is given in Table S2 in File S1. These

results suggest that MSC therapy increased the number of axons

Figure 4. Detection of FeraTrack-labeled MSCs in vitro and after transplantation. A: Cells were labeled with FeraTrack for 4 h, fixed, and
immunostained with anti-dextran antibody (green) to identify dextran-coated particles and nuclei stained with TOPRO (red) (A and C). Iron from
SPION is visible as dark spots inside the cell (B-C) or after Prussian blue reaction (D). E-G: Sixteen days after nerve injury and MSC injection, these cells
are found in the vitreous body as dextran-positive cells (green) with dark spots (arrowheads in G). Nuclei were stained with TOPRO (red, in E and F). H:
Photomontage of transmitted light images of a cryostat section through the eye reacted with Prussian blue. Labeled cells are found mostly in the
vitreous body (arrow). I-N: Eighteen weeks after nerve injury and cell transplantation, SPION are visible as dark spots by transmitted light (arrow in J)
and also after Prussian blue reaction (L-N). I-K: Photomontage of confocal images from the eye; nuclei stained with TOPRO (red, in I and K). L:
Photomontage of transmitted light images of the eye and proximal optic nerve after Prussian blue reaction. Iron was detected mainly in the vitreous
body (blue in M), but a small amount was found also in the optic nerve (blue in N), close to the crush site (asterisk). (M,N) Higher magnification of
upper (M) and lower (N) boxes in L. RPE, retinal pigmented epithelium. Scale bar: 50 mm.
doi:10.1371/journal.pone.0110722.g004
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that cross the injury site and stimulated them to regenerate over

longer distances compared with vehicle-treated eyes. In addition,

this regenerative effect of the cell therapy was sustained overtime,

as seen at 16 and 28 days after injury.

MSC injection upregulated FGF-2 and IL-1b in the
ganglion cell layer

We analyzed the expression of FGF-2 (Figure 10A-D) and IL-

1b (Figure 10E-H) in the retinal ganglion cell layer of the saline

injected (n = 3) and MSC treated (n = 4) groups, using specific

antibodies. FGF-2 expression increased significantly (P,0.05,

Figure 10I) in the MSC treated group (1.82760.2767, ratio to

vehicle injected group). IL-1b was also significantly more

expressed (P,0.05, Figure 10J) in the MSC treated group

(1.85460,2278, ratio to vehicle injected group).

Discussion

Optic nerve crush induced drastic RGC degeneration, which

has been widely associated to programmed cell death [52,53].

Several apoptotic effectors such as caspase-3 and -9, Bax, Bcl-2

and p38 MAP kinase are modulated in the retina after optic nerve

injury [54–58] and active caspase-3 is expressed by terminal

transferase-mediated dUTP nick-end labelling (TUNEL)-positive

rat RGC after axotomy [55]. We observed a more than 90%

reduction in the number of Tuj1 and Brn3a positive cells in the

retina after optic nerve crush, corroborating the results of several

other studies on RGC degeneration after axonal damage

[51,59,60].

In previous studies we have shown that treatment with bone

marrow mononuclear cells (BMMC) reduces RGC death and

increases nerve regeneration 2 weeks after optic nerve crush [23].

BMMC are a mixed population containing different types of

myeloid and lymphoid cells and also stem/progenitor cells such as

MSC [31,61]. One could argue that cell therapies with mixed

populations of cells have the advantage of affecting several

potential targets at the same time. On the other hand, identifying

the possible therapeutic effects of each transplanted cell type is an

intricate task. Here we investigated the long-term effects of MSC

therapy, a purified population of bone marrow-derived cells, in the

same model of optic nerve injury that we have studied previously.

All cells used in this study were once frozen and thawed, which

facilitates their translation into a putative clinical therapy. Another

advantage of the MSC is that it is possible to increase their

numbers in order to obtain uniform populations of well-

characterized cells, and therefore, any therapy-derived effect can

be narrowed to a single cell type.

Furthermore, during the last 10 years, preclinical studies have

shown that MSC transplantation is a promising approach to treat

several neurological diseases [62], such as amyotrophic lateral

sclerosis [63,64], Alzheimer’s disease [65,66], Parkinson’s [67],

spinal cord injury [68], stroke [69,70] and multiple sclerosis

[71,72]. In experimental models of these diseases, the administra-

tion of MSC through different routes was able to increase the

survival of motor neurons [73,74], reduce the accumulation of

amyloid-b (Ab) in the brain [65], reduce the loss of dopaminergic

neurons [75], improve functional outcome [76,77] and reduce

demyelination [78,79]. Some studies have associated the beneficial

Figure 5. Detection of FeraTrack-labeled MSCs by in vivo MRI. MSC were labeled with Fera Track for 4 h and injected in the vitreous body of
the left eye after optic nerve crush. (A-L) Representative images of in vivo MRI at coronal (A,E,I), horizontal (B,F,J), and sagittal planes (C,G,K; at left eye
level and D,H,L; at right eye level) at different survival times. Arrows indicate hypointense (black) spots corresponding to FeraTrack-labeled cells in the
vitreous body of the left eye. Labeled cells were found at 2 (A-C), 14 (E-G) and 18 weeks (I-K) after optic nerve crush and cell transplantation. The right
eye was injected with the washing solution of the cells; no signal was detected (D,H,L and right hemisphere of coronal and horizontal images). The
lenses are circled with dashed lines; right (R) and left (L) hemispheres.
doi:10.1371/journal.pone.0110722.g005
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effects with the increase of neurotrophins in the injured tissue

[80,81], and, importantly, many of them have suggested that MSC

can control the inflammatory activity associated with tissue

degeneration [62], e.g., by promoting an alternative microglial

activation [82,83] or controlling the infiltration of inflammatory

cells into the central nervous system [71].

In general, intraocular transplanted cells do not migrate inside

the neural retina [42–44] and we found that several weeks after

Feratrack-labeled MSC transplantation, the iron from Feratrack

was localized in the vitreous body, which is free of resident cells.

The MRI signal intensity was not decreased overtime and several

nuclei were identified in the regions with iron up to 18 weeks after

crush and cell transplantation (the longest period of time that we

Figure 6. MSC transplantation increased RGC survival 16 days after optic nerve crush. A-F: Confocal images of flat-mounted retinas
labeled with Tuj1 (A-C) or anti-Brn3a (D-F) antibodies. Insets in A-C are higher magnifications of the images to illustrate the morphology of the Tuj1-
positive cells. In the control retina (contralateral eye) numerous cells are labeled with Tuj1 (A) and Brn3a (D), and axon bundles are intact (arrows in A).
Sixteen days after optic nerve crush, there was a large reduction in the number of RGCs (B and E) and axon bundles were notably compromised, as
revealed by Tuj1 staining (arrows in B). In the MSC-injected animals (C and F) the number of surviving RGCs was increased compared to the vehicle-
injected ones, and Tuj1 staining in axon bundles was similar to the control (arrows in C). G-J: Quantification of RGC survival 16 days after nerve crush
using Tuj1 (G, H) or Brn3a labeling (I, J). Results are displayed as mean 6 SEM of the percentage of Tuj1+ or Brn3a+ cells relative to the control retina
(contralateral eye). *P,0.05; **P,0.01; ***P,0.001. Scale bar in A-F: 50 mm.
doi:10.1371/journal.pone.0110722.g006
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have analyzed). Although we cannot exclude the possibility that

monocytes/macrophages invade the vitreous, these cells have a

very short life span and for that reason it is very unlikely that the

iron signal and nuclei could be associated to inflammatory cells

and not to the transplanted MSC. Indeed, the vast majority of the

cells found in the vitreous did not express IBA1, supporting the

permanence of the MSC graft. This suggests that MSC may exert

a more continuous and long-term effect than canonical transitory

approaches, e.g., a single injection of a drug or trophic factor.

Furthermore, we also expected to have a sustained effect

compared to BMMC transplantation, since these cells are no

longer found in the eye two weeks after they were injected [39].

The presence of MSC in the eye for several days could be

directly responsible for the therapeutic effect observed in our

study. We have found that in the treated group, the number of

RGC revealed with either Tuj1 or Brn3a was at least twice as large

as in the vehicle group, at both 16 and 28 days after injury.

Notably, the percentage of Brn3a-positive cells was smaller than

that of Tuj1-positive cells in the crushed groups. This difference

can be explained by the rapid loss of Brn3a in injured RGC [51]

and the presence of displaced amacrine cells [84] labeled with

Tuj1 in the ganglion cell layer. In addition, in both experimental

groups there was a decrease in RGC survival from 16 to 28 days

after injury (Figure S1 in File S1), which was expected, since the

degeneration is progressive; but suggests that not all of the cells

that were protected by cell therapy at 16 days were effectively

rescued. However, both Tuj1 and Brn3a markers had significantly

different percentages between the MSC- and vehicle-injected

groups, indicating a higher RGC survival due to cell therapy.

Together with the increase in the number of regenerating axons

beyond the crush site, our data also suggests that in the MSC-

treated group there is a large number of RGC and/or that the

protected RGC were capable of extending longer axons than in

the vehicle-injected group. A longer follow-up period after injury

would reveal whether these beneficial MSC effects are sustained.

The mechanisms of action of MSC after transplantation are still

elusive but it is important to consider that intravitreally delivered

MSC are confined to the site of injection and their effect is rather

local than systemic, which would be the case if the cells were

injected intravenously. In the vitreous body, MSC are in close

proximity to the damaged retina, favoring paracrine activity and

the modulation of host cells. Indeed, we have seen that MSC in
vitro express trophic factors such as fibroblast growth factor 2

(FGF-2), vascular endothelial growth factor (VEGF) and ciliary

neurotrophic factor (CNTF) (data not shown), and it was shown

that MSC produce VEGF, brain-derived neurotrophic factor

Figure 7. MSC transplantation increased RGC survival 28 days after optic nerve crush. A-C: Confocal images of flat-mounted retinas
labeled with Tuj1 antibody (A-C). D-F: Photomontage of confocal images of flat-mounted retinas labeled with Brn3a antibody. A, D: Control retina
(contralateral eye). B, E: Twenty-eight days after optic nerve injury, there was a large reduction in the number of RGCs, and axon bundles were thinner
(arrows in B) in the vehicle-treated group compared to control. C, F: In MSC-injected animals, the number of surviving RGCs increased compared to
vehicle-injected animals, and axon bundles were similar to control (arrows in C). G-J: Quantification of RGC survival 28 days after nerve crush at
1.0 mm or 3.5 mm from the optic disc, using Tuj1 (G, H) or Brn3a labeling (I, J). Results are displayed as mean 6 SEM of the percentage of Tuj1+ or
Brn3a+ cells relative to the control retina (contralateral ye). *P,0.05; **P,0.01; ***P,0.001. Scale bar: 50 mm (A-C); 500 mm (D-F).
doi:10.1371/journal.pone.0110722.g007

Figure 8. Anterograde labeling with CTB-488. (A) Photomontage of images of the superior colliculus of a rat 2 days after intravitreous injection
of CTB-488 (green). In the absence of optic nerve injury, the tracer is transported from the left eye through the optic nerve until it reaches the right
superior colliculus. (B) Photomontage of images of a nerve 4 days after injury. CTB-488 positive axons (green) do not extend farther into the crush
site; B9 shows higher magnification. Nuclei (blue) were stained with DAPI. Scale bars: 250 (A), 1000 (B) and 100 (B9) mm.
doi:10.1371/journal.pone.0110722.g008
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(BDNF), nerve growth factor (NGF) and hepatocyte growth factor

(HGF) when cultured with injured brain extracts [85,86]. In a

glaucoma model and after ischemia/reperfusion of the retina,

MSC increase RGC survival and the expression of CNTF and

FGF-2 in the retina [42,43]. FGF-2 is one of the most studied

growth factors from the point of view of its neuroprotective

effects[87] and our results showed that MSC upregulated FGF-2

in the retinal ganglion cell layer, similar to what we observed after

therapy with bone marrow mononuclear cells[23].

Figure 9. MSC transplantation increased RGC axon regeneration 16 and 28 days after optic nerve crush. A-D: Photomontage of
confocal images of optic nerve sections to illustrate axonal outgrowth. CTB-488 was injected into the vitreous body 2 days prior to euthanasia to label
the axons. Sixteen days after nerve crush (A,B,E) only a few axons had crossed the lesion site (asterisk) in the vehicle-injected animals (A) and this
number was larger in the MSC-injected animals (B). Twenty-eight days after optic nerve injury (C,D,F), the MSC-injected group had an even larger
number of axons regenerating beyond the crush site, compared to the vehicle-injected group. E, F: Quantification of CTB-488+ axons per nerve at
different distances from the crush site (from 0.25 to 2.0 mm). Results are displayed as mean 6 SEM. *P,0.05; **P,0.01. Scale bar: 200 mm.
doi:10.1371/journal.pone.0110722.g009
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In addition to the modulation of trophic factors, MSC have

immunomodulatory properties that were identified with reports

that MSC could arrest T cell proliferation [88,89] and this

characteristic has been increasingly explored as a potential

approach to treat neuroinflammatory disorders [90]. Indeed,

intravenous or intracerebral injection of MSC ameliorated the

clinical course of experimental autoimmune encephalomyelitis

(EAE) in mice by inducing T cell anergy and reducing lymphocytic

infiltration [71,91]. MSC have been suggested to inhibit not only

T lymphocytes but also other immune cells such as B cells,

dendritic cells and natural killer cells [92]. There are also

evidences that MSC induce an alternative activation of microglia

into an anti-inflammatory phenotype, decreasing neuronal death

after ischemia and favoring the clearance of Ab in a transgenic

model of Alzheimer’s disease [36,66]. Importantly, when cultivat-

ed with T cell blasts or T cell hybridomas that do not produce

inflammatory cytokines in the absence of antigen stimulation,

MSC were not immunosuppressive [93]. Indeed, there are

cumulative evidences that MSC must be activated or "licensed"

by inflammatory pro-cytokines, in particular IL-1b, interferon

(IFN)-c and TNF-a, in order to exert their immunosuppressive

effects [92–94]. In this study, we observed that animals treated

with MSC had an increased expression of IL-1b in the retina,

specifically in the RGC layer, suggesting that MSC created a pro-

inflammatory environment. It is possible that phagocytosis of

eventually dead MSC had resulted in the release of chemokines

and cytokines, including IL-1. Because MSC are primed by

inflammatory cytokines, it is likely that the retinal microenviron-

ment produced by optic nerve crush and MSC themselves would

be responsible for "licensing" the remaining alive MSC in order to

secrete trophic factors that could protect the neurons and/or

modulate the local microglia and other retinal glial cells. Recently

it was shown that IL-1 and other pro-inflammatory cytokines may

support neuronal survival [95–97] and that inflammatory stimu-

lation induced either by lens injury [13,15,98], intravitreal

injections of Zymozan [17,99], crystallins [100] or toll-like

receptors 2 agonists [101] transforms RGC into a regenerative

state, enabling these neurons to survive and grow axons over the

inhibitory environment of the injured optic nerve. The inflam-

matory beneficial effects were associated with the release of

oncomodulin by recruited macrophages [16,18] and neutrophils

[102], as well as with the modulation of astrocyte-derived CNTF

[103], leukemia inhibitory factor (LIF) [19], interleukin-6 (Il-6)

[104] and consequent activation of several signaling pathways in

the retinal cells. These include Janus kinase/signal transducers and

activation of transcription-3 (JAK/STAT3) and phosphatidylino-

Figure 10. MSC transplantation increases FGF-2 and IL-1b expression in the retinal ganglion cell layer. (A-H) Confocal images of FGF-2
and IL-1b expression in retinas from vehicle injected (A-D) and MSC treated (E-H) groups. TOPRO (C, G) was used for nuclei staining. Images are
representative of 3 animals per experimental condition. Scale Bar: 20 mm. (I, J) Graphs show the average mean gray value of Z stack images
normalized by the vehicle injected group. *p,0.05, unpaired t-test. RGCL: retinal ganglion cell layer. Scale bar: 50 mm.
doi:10.1371/journal.pone.0110722.g010
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sitide 3-kinase/protein kinase B/mammalian target of rapamycin

(PI3K/AKT/mTOR) signaling cascades [105,106]. Recent stud-

ies targeted these pathways and obtained impressive results on

RGC survival and axon regeneration through the optic nerve [10–

12]. IL-1b induces phosphorilation of Akt and activation of PI3K/

AKT [107–109] and intravitreal injections of this cytokine rescued

axotomized RGC from retrograde cell death [110]. These studies

introduce a possible neuroprotective role of IL-1b and link ocular

inflammation to neuronal survival and regeneration. We speculate

that MSC ability to interact with immune cells might direct the

complex milieu created by optic nerve damage into a protective

environment for RGC, and our results suggest that FGF-2 and IL-

1b participate in the trophic and immunomodulatory effect that

could promote the activation of signaling cascades such as PI3K/

AKT that favor cell survival and regeneration.

Conclusions

We have demonstrated that MSC promote long-term neuro-

protection and axon regeneration after optic nerve crush. The

prolonged effect, compared to our previous results with BMMC

therapy, may be due to a longer permanence of the graft. MSC

mechanisms of action may include the upregulation of trophic

factors, such as FGF-2, and modulation of neuroinflammation by

increasing the expression of cytokines such as IL-1b in the

damaged tissue. Further efforts in the understanding of MSC

mechanisms of action in the visual system must be made to avoid

their application as an empirical therapy, without full awareness of

their proper effects in each biological environment [111]. Our

results support the therapeutic potential of MSC in the central

nervous system, but further studies are necessary to identify

additional factors that may be released and the modulated cells,

once MSC are injected and persist for a long period of time in

damaged neuronal tissue.

Supporting Information

File S1 Figure S1, RGC survival over time. Graphs show the

percentage of Tuj1 (A,B) or Brn3a (C,D) positive cells compared to

the control (contralateral eyes), at 1.0 mm (A,C) and 3.5 mm (B,D)

from the optic disc. Although there is a clear and significant

neuroprotective effect of the MSC (asterisks), the percentage of

Tuj1- and Brn3a-positive cells decreased at both distances from

the optic disc from 16 to 28 days after optic nerve crush. Figure

S2, The majority of the cells found in the vitreous body do not

express IBA1. (A) Confocal image of an eye section immuno-

stained with a specific antibody to IBA1 (red), 18 weeks after MSC

transplantation. (B) Differential interference contrast microscopy

image; iron reflection is seen as a dark area in the image. (C)

Merged images. IBA1-positive cells were found in the inner retinal

layers (arrows). In the vitreous body, the vast majority of nuclei

(blue) was not associated with IBA1 expression. Rare IBA1-

positive cells were present in the vitreous body (arrowhead). Nuclei

were stained with TOPRO3. RPE: retinal pigmented epithelium.

Table S1, Number of Tuj1- and Brn3a-positive cells in the retina.

Table shows the number of cells per square millimeter of retina,

SEM, and the estimated number of cells per retina at 16 and 28

days after injury. Sixteen days after injury, the number of Tuj1-

positive cells is 2.7-fold increased in the treated group, whereas the

number of Brn3a-positive cells increased 3.8-fold. Twenty-eight

days after injury, the number of Tuj1-positive cells increased 2.5-

fold in the treated group, whereas the number of Brn3a- positive

cells increased 2.2-fold. The number of experiments (n) is

indicated at each point. Table S2, Number of axons extending

from 0.25 to 2.0 mm from the crush site. Table shows the mean

and SEM of axons per nerve at each distance from the crush site at

16 and 28 days after injury. Sixteen days after injury, the number

of axons at 1.0 mm from the crush site increased 4.7-fold in the

treated group; whereas at 28 days after injury, the number of

axons increased 3.0-fold in the treated group. The number of

experiments (n) is indicated at each point.

(PDF)

Acknowledgments

We thank Felipe Marins, Fernando Freitas and Suelen Serio for technical

assistance and Janet Reid for English language review of the manuscript.

Author Contributions

Conceived and designed the experiments: LAML CZdV FG RMO MFS.

Performed the experiments: LAML CZdV AJdSJ GNdS FG ABPdF ALT

BDP CT FTM MFS. Analyzed the data: LAML ALT BDP CT FTM

MFS. Contributed reagents/materials/analysis tools: RMO MFS. Wrote

the paper: LAML RMO MFS.

References

1. Furtado JM, Lansingh VC, Carter MJ, Milanese MF, Pena BN, et al. (2012)

Causes of blindness and visual impairment in Latin America. Surv Ophthalmol

57: 149–177.

2. Pirouzmand F (2012) Epidemiological trends of traumatic optic nerve injuries

in the largest Canadian adult trauma center. J Craniofac Surg 23: 516–520.

3. Levkovitch-Verbin H, Dardik R, Vander S, Nisgav Y, Kalev-Landoy M, et al.

(2006) Experimental glaucoma and optic nerve transection induce simultaneous

upregulation of proapoptotic and prosurvival genes. Invest Ophthalmol Vis Sci

47: 2491–2497.

4. Horner PJ, Gage FH (2000) Regenerating the damaged central nervous system.

Nature 407: 963–970.

5. Johnson EM Jr, Deckwerth TL (1993) Molecular mechanisms of developmental

neuronal death. Annu Rev Neurosci 16: 31–46.

6. Fischer D, He Z, Benowitz LI (2004) Counteracting the Nogo receptor

enhances optic nerve regeneration if retinal ganglion cells are in an active

growth state. J Neurosci 24: 1646–1651.

7. Lingor P, Teusch N, Schwarz K, Mueller R, Mack H, et al. (2007) Inhibition of

Rho kinase (ROCK) increases neurite outgrowth on chondroitin sulphate

proteoglycan in vitro and axonal regeneration in the adult optic nerve in vivo.

J Neurochem 103: 181–189.

8. Lingor P, Tonges L, Pieper N, Bermel C, Barski E, et al. (2008) ROCK

inhibition and CNTF interact on intrinsic signalling pathways and differentially

regulate survival and regeneration in retinal ganglion cells. Brain 131: 250–263.

9. Wong EV, David S, Jacob MH, Jay DG (2003) Inactivation of myelin-

associated glycoprotein enhances optic nerve regeneration. J Neurosci 23:

3112–3117.

10. Park KK, Liu K, Hu Y, Smith PD, Wang C, et al. (2008) Promoting axon

regeneration in the adult CNS by modulation of the PTEN/mTOR pathway.

Science 322: 963–966.

11. Smith PD, Sun F, Park KK, Cai B, Wang C, et al. (2009) SOCS3 deletion

promotes optic nerve regeneration in vivo. Neuron 64: 617–623.

12. Sun F, Park KK, Belin S, Wang D, Lu T, et al. (2011) Sustained axon

regeneration induced by co-deletion of PTEN and SOCS3. Nature 480: 372–

375.

13. Fischer D, Pavlidis M, Thanos S (2000) Cataractogenic lens injury prevents

traumatic ganglion cell death and promotes axonal regeneration both in vivo

and in culture. Invest Ophthalmol Vis Sci 41: 3943–3954.

14. Kurimoto T, Yin Y, Omura K, Gilbert HY, Kim D, et al. (2010) Long-distance

axon regeneration in the mature optic nerve: contributions of oncomodulin,

cAMP, and pten gene deletion. J Neurosci 30: 15654–15663.

15. Leon S, Yin Y, Nguyen J, Irwin N, Benowitz LI (2000) Lens injury stimulates

axon regeneration in the mature rat optic nerve. J Neurosci 20: 4615–4626.

16. Yin Y, Cui Q, Gilbert HY, Yang Y, Yang Z, et al. (2009) Oncomodulin links

inflammation to optic nerve regeneration. Proc Natl Acad Sci U S A 106:

19587–19592.

17. Yin Y, Cui Q, Li Y, Irwin N, Fischer D, et al. (2003) Macrophage-derived

factors stimulate optic nerve regeneration. J Neurosci 23: 2284–2293.

Mesenchymal Stem Cells on Optic Nerve Regeneration

PLOS ONE | www.plosone.org 14 October 2014 | Volume 9 | Issue 10 | e110722



18. Yin Y, Henzl MT, Lorber B, Nakazawa T, Thomas TT, et al. (2006)

Oncomodulin is a macrophage-derived signal for axon regeneration in retinal

ganglion cells. Nat Neurosci 9: 843–852.

19. Leibinger M, Muller A, Andreadaki A, Hauk TG, Kirsch M, et al. (2009)

Neuroprotective and axon growth-promoting effects following inflammatory

stimulation on mature retinal ganglion cells in mice depend on ciliary

neurotrophic factor and leukemia inhibitory factor. J Neurosci 29: 14334–

14341.

20. Muller A, Hauk TG, Leibinger M, Marienfeld R, Fischer D (2009) Exogenous

CNTF stimulates axon regeneration of retinal ganglion cells partially via

endogenous CNTF. Mol Cell Neurosci 41: 233–246.

21. Moore DL, Blackmore MG, Hu Y, Kaestner KH, Bixby JL, et al. (2009) KLF

family members regulate intrinsic axon regeneration ability. Science 326: 298–

301.

22. Johnson TV, Bull ND, Hunt DP, Marina N, Tomarev SI, et al. (2010)

Neuroprotective effects of intravitreal mesenchymal stem cell transplantation in

experimental glaucoma. Invest Ophthalmol Vis Sci 51: 2051–2059.

23. Zaverucha-do-Valle C, Gubert F, Bargas-Rega M, Coronel JL, Mesentier-

Louro LA, et al. (2011) Bone marrow mononuclear cells increase retinal

ganglion cell survival and axon regeneration in the adult rat. Cell Transplant

20: 391–406.

24. Levkovitch-Verbin H, Sadan O, Vander S, Rosner M, Barhum Y, et al. (2010)

Intravitreal injections of neurotrophic factors secreting mesenchymal stem cells

are neuroprotective in rat eyes following optic nerve transection. Invest

Ophthalmol Vis Sci 51: 6394–6400.

25. de Lima S, Habboub G, Benowitz LI (2012) Combinatorial therapy stimulates

long-distance regeneration, target reinnervation, and partial recovery of vision

after optic nerve injury in mice. Int Rev Neurobiol 106: 153–172.

26. Parrilla-Reverter G, Agudo M, Sobrado-Calvo P, Salinas-Navarro M, Villegas-

Perez MP, et al. (2009) Effects of different neurotrophic factors on the survival

of retinal ganglion cells after a complete intraorbital nerve crush injury: a

quantitative in vivo study. Exp Eye Res 89: 32–41.

27. Cen LP, Luo JM, Geng Y, Zhang M, Pang CP, et al. (2012) Long-term survival

and axonal regeneration of retinal ganglion cells after optic nerve transection

and a peripheral nerve graft. Neuroreport 23: 692–697.

28. Crigler L, Robey RC, Asawachaicharn A, Gaupp D, Phinney DG (2006)

Human mesenchymal stem cell subpopulations express a variety of neuro-

regulatory molecules and promote neuronal cell survival and neuritogenesis.

Exp Neurol 198: 54–64.

29. Uccelli A, Pistoia V, Moretta L (2007) Mesenchymal stem cells: a new strategy

for immunosuppression? Trends Immunol 28: 219–226.

30. Heile AM, Wallrapp C, Klinge PM, Samii A, Kassem M, et al. (2009) Cerebral

transplantation of encapsulated mesenchymal stem cells improves cellular

pathology after experimental traumatic brain injury. Neurosci Lett 463: 176–

181.

31. Salem HK, Thiemermann C (2010) Mesenchymal stromal cells: current

understanding and clinical status. Stem Cells 28: 585–596.

32. Parr AM, Tator CH, Keating A (2007) Bone marrow-derived mesenchymal

stromal cells for the repair of central nervous system injury. Bone Marrow

Transplant 40: 609–619.

33. Brenneman M, Sharma S, Harting M, Strong R, Cox CS Jr, et al. (2010)

Autologous bone marrow mononuclear cells enhance recovery after acute

ischemic stroke in young and middle-aged rats. J Cereb Blood Flow Metab 30:

140–149.

34. de Vasconcelos Dos Santos A, da Costa Reis J, Diaz Paredes B, Moraes L,

Jasmin, et al. (2010) Therapeutic window for treatment of cortical ischemia

with bone marrow-derived cells in rats. Brain Res 1306: 149–158.

35. Giraldi-Guimaraes A, Rezende-Lima M, Bruno FP, Mendez-Otero R (2009)

Treatment with bone marrow mononuclear cells induces functional recovery

and decreases neurodegeneration after sensorimotor cortical ischemia in rats.

Brain Res.

36. Ohtaki H, Ylostalo JH, Foraker JE, Robinson AP, Reger RL, et al. (2008)

Stem/progenitor cells from bone marrow decrease neuronal death in global

ischemia by modulation of inflammatory/immune responses. Proc Natl Acad

Sci U S A 105: 14638–14643.

37. Yoshihara T, Ohta M, Itokazu Y, Matsumoto N, Dezawa M, et al. (2007)

Neuroprotective effect of bone marrow-derived mononuclear cells promoting

functional recovery from spinal cord injury. J Neurotrauma 24: 1026–1036.

38. Ribeiro-Resende VT, Pimentel-Coelho PM, Mesentier-Louro LA, Mendez

RM, Mello-Silva JP, et al. (2009) Trophic activity derived from bone marrow

mononuclear cells increases peripheral nerve regeneration by acting on both

neuronal and glial cell populations. Neuroscience 159: 540–549.

39. Mesentier-Louro LA, Coronel J, Zaverucha-do-Valle C, Mencalha A, Paredes

BD, et al. (2012) Cell therapy modulates expression of Tax1-binding protein 1

and synaptotagmin IV in a model of optic nerve lesion. Invest Ophthalmol Vis

Sci 53: 4720–4729.

40. Barbosa da Fonseca LM, Gutfilen B, Rosado de Castro PH, Battistella V,

Goldenberg RC, et al. (2010) Migration and homing of bone-marrow

mononuclear cells in chronic ischemic stroke after intra-arterial injection.

Exp Neurol 221: 122–128.

41. Yanai A, Hafeli UO, Metcalfe AL, Soema P, Addo L, et al. (2012) Focused

magnetic stem cell targeting to the retina using superparamagnetic iron oxide

nanoparticles. Cell Transplant 21: 1137–1148.

42. Yu S, Tanabe T, Dezawa M, Ishikawa H, Yoshimura N (2006) Effects of bone

marrow stromal cell injection in an experimental glaucoma model. Biochem

Biophys Res Commun 344: 1071–1079.

43. Li N, Li XR, Yuan JQ (2009) Effects of bone-marrow mesenchymal stem cells

transplanted into vitreous cavity of rat injured by ischemia/reperfusion.

Graefes Arch Clin Exp Ophthalmol 247: 503–514.

44. Johnson TV, Bull ND, Martin KR (2010) Identification of barriers to retinal

engraftment of transplanted stem cells. Invest Ophthalmol Vis Sci 51: 960–970.

45. Jasmin, Torres AL, Nunes HM, Passipieri JA, Jelicks LA, et al. (2011)

Optimized labeling of bone marrow mesenchymal cells with superparamag-

netic iron oxide nanoparticles and in vivo visualization by magnetic resonance

imaging. J Nanobiotechnology 9: 4.

46. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, et al.

(2006) Minimal criteria for defining multipotent mesenchymal stromal cells.

The International Society for Cellular Therapy position statement. Cytother-

apy 8: 315–317.

47. Cui Q, Yip HK, Zhao RC, So KF, Harvey AR (2003) Intraocular elevation of

cyclic AMP potentiates ciliary neurotrophic factor-induced regeneration of

adult rat retinal ganglion cell axons. Mol Cell Neurosci 22: 49–61.

48. Xiang M, Zhou L, Macke JP, Yoshioka T, Hendry SH, et al. (1995) The Brn-3

family of POU-domain factors: primary structure, binding specificity, and

expression in subsets of retinal ganglion cells and somatosensory neurons.

J Neurosci 15: 4762–4785.

49. Nadal-Nicolas FM, Jimenez-Lopez M, Salinas-Navarro M, Sobrado-Calvo P,

Alburquerque-Bejar JJ, et al. (2012) Whole number, distribution and co-

expression of brn3 transcription factors in retinal ganglion cells of adult albino

and pigmented rats. PLoS One 7: e49830.

50. Sanchez-Migallon MC, Nadal-Nicolas FM, Jimenez-Lopez M, Sobrado-Calvo

P, Vidal-Sanz M, et al. (2011) Brain derived neurotrophic factor maintains

Brn3a expression in axotomized rat retinal ganglion cells. Exp Eye Res 92:

260–267.

51. Nadal-Nicolas FM, Jimenez-Lopez M, Sobrado-Calvo P, Nieto-Lopez L,

Canovas-Martinez I, et al. (2009) Brn3a as a marker of retinal ganglion cells:

qualitative and quantitative time course studies in naive and optic nerve-injured

retinas. Invest Ophthalmol Vis Sci 50: 3860–3868.

52. Berkelaar M, Clarke DB, Wang YC, Bray GM, Aguayo AJ (1994) Axotomy

results in delayed death and apoptosis of retinal ganglion cells in adult rats.

J Neurosci 14: 4368–4374.

53. Magharious M, D’Onofrio PM, Hollander A, Zhu P, Chen J, et al. (2011)

Quantitative iTRAQ analysis of retinal ganglion cell degeneration after optic

nerve crush. J Proteome Res 10: 3344–3362.

54. Isenmann S, Wahl C, Krajewski S, Reed JC, Bahr M (1997) Up-regulation of

Bax protein in degenerating retinal ganglion cells precedes apoptotic cell death

after optic nerve lesion in the rat. Eur J Neurosci 9: 1763–1772.

55. Kermer P, Klocker N, Labes M, Thomsen S, Srinivasan A, et al. (1999)

Activation of caspase-3 in axotomized rat retinal ganglion cells in vivo. FEBS

Lett 453: 361–364.

56. Kermer P, Ankerhold R, Klocker N, Krajewski S, Reed JC, et al. (2000)

Caspase-9: involvement in secondary death of axotomized rat retinal ganglion

cells in vivo. Brain Res Mol Brain Res 85: 144–150.

57. Bahr M (2000) Live or let die - retinal ganglion cell death and survival during

development and in the lesioned adult CNS. Trends Neurosci 23: 483–490.

58. Kikuchi M, Tenneti L, Lipton SA (2000) Role of p38 mitogen-activated protein

kinase in axotomy-induced apoptosis of rat retinal ganglion cells. J Neurosci 20:

5037–5044.

59. Benowitz L, Yin Y (2008) Rewiring the injured CNS: lessons from the optic

nerve. Exp Neurol 209: 389–398.

60. Levkovitch-Verbin H (2004) Animal models of optic nerve diseases. Eye (Lond)

18: 1066–1074.

61. Smith JN, Calvi LM (2013) Concise review: current concepts in bone marrow

microenvironmental regulation of hematopoietic stem and progenitor cells.

Stem Cells 31: 1044–1050.

62. Laroni A, Novi G, Kerlero de Rosbo N, Uccelli A (2013) Towards Clinical

Application of Mesenchymal Stem Cells for Treatment of Neurological

Diseases of the Central Nervous System. J Neuroimmune Pharmacol.

63. Zhao CP, Zhang C, Zhou SN, Xie YM, Wang YH, et al. (2007) Human

mesenchymal stromal cells ameliorate the phenotype of SOD1-G93A ALS

mice. Cytotherapy 9: 414–426.

64. Uccelli A, Milanese M, Principato MC, Morando S, Bonifacino T, et al. (2012)

Intravenous mesenchymal stem cells improve survival and motor function in

experimental amyotrophic lateral sclerosis. Mol Med 18: 794–804.

65. Lee JK, Jin HK, Bae JS (2009) Bone marrow-derived mesenchymal stem cells

reduce brain amyloid-beta deposition and accelerate the activation of microglia

in an acutely induced Alzheimer’s disease mouse model. Neurosci Lett 450:

136–141.

66. Lee JK, Jin HK, Endo S, Schuchman EH, Carter JE, et al. (2010) Intracerebral

transplantation of bone marrow-derived mesenchymal stem cells reduces

amyloid-beta deposition and rescues memory deficits in Alzheimer’s disease

mice by modulation of immune responses. Stem Cells 28: 329–343.

67. Lu L, Zhao C, Liu Y, Sun X, Duan C, et al. (2005) Therapeutic benefit of TH-

engineered mesenchymal stem cells for Parkinson’s disease. Brain Res Brain

Res Protoc 15: 46–51.

Mesenchymal Stem Cells on Optic Nerve Regeneration

PLOS ONE | www.plosone.org 15 October 2014 | Volume 9 | Issue 10 | e110722



68. Wright KT, El Masri W, Osman A, Chowdhury J, Johnson WE (2011) Concise

review: Bone marrow for the treatment of spinal cord injury: mechanisms and
clinical applications. Stem Cells 29: 169–178.

69. Li Y, Chen J, Chen XG, Wang L, Gautam SC, et al. (2002) Human marrow

stromal cell therapy for stroke in rat: neurotrophins and functional recovery.
Neurology 59: 514–523.

70. Rosado-de-Castro PH, Pimentel-Coelho PM, Barbosa da Fonseca LM, de
Freitas GR, Mendez-Otero R (2013) The Rise of Cell Therapy Trials for

Stroke: Review of Published and Registered Studies. Stem Cells Dev.

71. Zappia E, Casazza S, Pedemonte E, Benvenuto F, Bonanni I, et al. (2005)
Mesenchymal stem cells ameliorate experimental autoimmune encephalomy-

elitis inducing T-cell anergy. Blood 106: 1755–1761.
72. Karussis D, Kassis I, Kurkalli BG, Slavin S (2008) Immunomodulation and

neuroprotection with mesenchymal bone marrow stem cells (MSCs): a
proposed treatment for multiple sclerosis and other neuroimmunological/

neurodegenerative diseases. J Neurol Sci 265: 131–135.

73. Suzuki M, McHugh J, Tork C, Shelley B, Hayes A, et al. (2008) Direct muscle
delivery of GDNF with human mesenchymal stem cells improves motor neuron

survival and function in a rat model of familial ALS. Mol Ther 16: 2002–2010.
74. Kim H, Kim HY, Choi MR, Hwang S, Nam KH, et al. (2010) Dose-dependent

efficacy of ALS-human mesenchymal stem cells transplantation into cisterna

magna in SOD1-G93A ALS mice. Neurosci Lett 468: 190–194.
75. Kim YJ, Park HJ, Lee G, Bang OY, Ahn YH, et al. (2009) Neuroprotective

effects of human mesenchymal stem cells on dopaminergic neurons through
anti-inflammatory action. Glia 57: 13–23.

76. Osaka M, Honmou O, Murakami T, Nonaka T, Houkin K, et al. (2010)
Intravenous administration of mesenchymal stem cells derived from bone

marrow after contusive spinal cord injury improves functional outcome. Brain

Res 1343: 226–235.
77. Akiyama Y, Radtke C, Kocsis JD (2002) Remyelination of the rat spinal cord

by transplantation of identified bone marrow stromal cells. J Neurosci 22:
6623–6630.

78. Bai L, Lennon DP, Caplan AI, DeChant A, Hecker J, et al. (2012) Hepatocyte

growth factor mediates mesenchymal stem cell-induced recovery in multiple
sclerosis models. Nat Neurosci 15: 862–870.

79. Liu R, Zhang Z, Lu Z, Borlongan C, Pan J, et al. (2013) Human umbilical cord
stem cells ameliorate experimental autoimmune encephalomyelitis by regulat-

ing immunoinflammation and remyelination. Stem Cells Dev 22: 1053–1062.
80. Quertainmont R, Cantinieaux D, Botman O, Sid S, Schoenen J, et al. (2012)

Mesenchymal stem cell graft improves recovery after spinal cord injury in adult

rats through neurotrophic and pro-angiogenic actions. PLoS One 7: e39500.
81. Hawryluk GW, Mothe A, Wang J, Wang S, Tator C, et al. (2012) An in vivo

characterization of trophic factor production following neural precursor cell or
bone marrow stromal cell transplantation for spinal cord injury. Stem Cells

Dev 21: 2222–2238.

82. Giunti D, Parodi B, Usai C, Vergani L, Casazza S, et al. (2012) Mesenchymal
stem cells shape microglia effector functions through the release of CX3CL1.

Stem Cells 30: 2044–2053.
83. Lee JK, Schuchman EH, Jin HK, Bae JS (2012) Soluble CCL5 derived from

bone marrow-derived mesenchymal stem cells and activated by amyloid beta
ameliorates Alzheimer’s disease in mice by recruiting bone marrow-induced

microglia immune responses. Stem Cells 30: 1544–1555.

84. Perry VH, Walker M (1980) Amacrine cells, displaced amacrine cells and
interplexiform cells in the retina of the rat. Proc R Soc Lond B Biol Sci 208:

415–431.
85. Chen X, Katakowski M, Li Y, Lu D, Wang L, et al. (2002) Human bone

marrow stromal cell cultures conditioned by traumatic brain tissue extracts:

growth factor production. J Neurosci Res 69: 687–691.
86. Chen Q, Long Y, Yuan X, Zou L, Sun J, et al. (2005) Protective effects of bone

marrow stromal cell transplantation in injured rodent brain: synthesis of
neurotrophic factors. J Neurosci Res 80: 611–619.

87. Dreyfus H, Sahel J, Heidinger V, Mohand-Said S, Guerold B, et al. (1998)

Gangliosides and neurotrophic growth factors in the retina. Molecular
interactions and applications as neuroprotective agents. Ann N Y Acad Sci

845: 240–252.
88. Di Nicola M, Carlo-Stella C, Magni M, Milanesi M, Longoni PD, et al. (2002)

Human bone marrow stromal cells suppress T-lymphocyte proliferation
induced by cellular or nonspecific mitogenic stimuli. Blood 99: 3838–3843.

89. Bartholomew A, Sturgeon C, Siatskas M, Ferrer K, McIntosh K, et al. (2002)

Mesenchymal stem cells suppress lymphocyte proliferation in vitro and prolong
skin graft survival in vivo. Exp Hematol 30: 42–48.

90. Kassis I, Vaknin-Dembinsky A, Karussis D (2011) Bone marrow mesenchymal

stem cells: agents of immunomodulation and neuroprotection. Curr Stem Cell

Res Ther 6: 63–68.

91. Kassis I, Grigoriadis N, Gowda-Kurkalli B, Mizrachi-Kol R, Ben-Hur T, et al.

(2008) Neuroprotection and immunomodulation with mesenchymal stem cells

in chronic experimental autoimmune encephalomyelitis. Arch Neurol 65: 753–

761.

92. Shi Y, Su J, Roberts AI, Shou P, Rabson AB, et al. (2012) How mesenchymal

stem cells interact with tissue immune responses. Trends Immunol 33: 136–

143.

93. Ren G, Zhang L, Zhao X, Xu G, Zhang Y, et al. (2008) Mesenchymal stem

cell-mediated immunosuppression occurs via concerted action of chemokines

and nitric oxide. Cell Stem Cell 2: 141–150.

94. English K (2013) Mechanisms of mesenchymal stromal cell immunomodula-

tion. Immunol Cell Biol 91: 19–26.

95. Tuttolomondo A, Di Raimondo D, di Sciacca R, Pinto A, Licata G (2008)

Inflammatory cytokines in acute ischemic stroke. Curr Pharm Des 14: 3574–

3589.

96. Petcu EB, Kocher T, Kuhr A, Buga AM, Kloting I, et al. (2008) Mild systemic

inflammation has a neuroprotective effect after stroke in rats. Curr Neurovasc

Res 5: 214–223.

97. Pickering M, O’Connor JJ (2007) Pro-inflammatory cytokines and their effects

in the dentate gyrus. Prog Brain Res 163: 339–354.

98. Lorber B, Berry M, Logan A (2005) Lens injury stimulates adult mouse retinal

ganglion cell axon regeneration via both macrophage- and lens-derived factors.

Eur J Neurosci 21: 2029–2034.

99. Ahmed Z, Aslam M, Lorber B, Suggate EL, Berry M, et al. (2010) Optic nerve

and vitreal inflammation are both RGC neuroprotective but only the latter is

RGC axogenic. Neurobiol Dis 37: 441–454.

100. Fischer D, Hauk TG, Muller A, Thanos S (2008) Crystallins of the beta/

gamma-superfamily mimic the effects of lens injury and promote axon

regeneration. Mol Cell Neurosci 37: 471–479.

101. Hauk TG, Leibinger M, Muller A, Andreadaki A, Knippschild U, et al. (2010)

Stimulation of axon regeneration in the mature optic nerve by intravitreal

application of the toll-like receptor 2 agonist Pam3Cys. Invest Ophthalmol Vis

Sci 51: 459–464.

102. Kurimoto T, Yin Y, Habboub G, Gilbert HY, Li Y, et al. (2013) Neutrophils

express oncomodulin and promote optic nerve regeneration. J Neurosci 33:

14816–14824.

103. Muller A, Hauk TG, Fischer D (2007) Astrocyte-derived CNTF switches

mature RGCs to a regenerative state following inflammatory stimulation. Brain

130: 3308–3320.

104. Leibinger M, Muller A, Gobrecht P, Diekmann H, Andreadaki A, et al. (2013)

Interleukin-6 contributes to CNS axon regeneration upon inflammatory

stimulation. Cell Death Dis 4: e609.

105. Leibinger M, Andreadaki A, Diekmann H, Fischer D (2013) Neuronal STAT3

activation is essential for CNTF- and inflammatory stimulation-induced CNS

axon regeneration. Cell Death Dis 4: e805.

106. Leibinger M, Andreadaki A, Fischer D (2012) Role of mTOR in

neuroprotection and axon regeneration after inflammatory stimulation.

Neurobiol Dis 46: 314–324.

107. Kaushik DK, Thounaojam MC, Kumawat KL, Gupta M, Basu A (2013)

Interleukin-1beta orchestrates underlying inflammatory responses in microglia

via Kruppel-like factor 4. J Neurochem 127: 233–244.

108. Pousset F, Dantzer R, Kelley KW, Parnet P (2000) Interleukin-1 signaling in

mouse astrocytes involves Akt: a study with interleukin-4 and IL-10. Eur

Cytokine Netw 11: 427–434.

109. Reddy SA, Huang JH, Liao WS (1997) Phosphatidylinositol 3-kinase in

interleukin 1 signaling. Physical interaction with the interleukin 1 receptor and

requirement in NFkappaB and AP-1 activation. J Biol Chem 272: 29167–

29173.

110. Diem R, Hobom M, Grotsch P, Kramer B, Bahr M (2003) Interleukin-1 beta

protects neurons via the interleukin-1 (IL-1) receptor-mediated Akt pathway

and by IL-1 receptor-independent decrease of transmembrane currents in vivo.

Mol Cell Neurosci 22: 487–500.

111. Bianco P, Cao X, Frenette PS, Mao JJ, Robey PG, et al. (2013) The meaning,

the sense and the significance: translating the science of mesenchymal stem cells

into medicine. Nat Med 19: 35–42.

Mesenchymal Stem Cells on Optic Nerve Regeneration

PLOS ONE | www.plosone.org 16 October 2014 | Volume 9 | Issue 10 | e110722


