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 1 List of abbreviations   

AT-MSCs                     adipose tissue-derived MSCs 

BDNF                           brain derived neurotrophic factor  

BHA                             butylated hydroxyanisole  

BME                             b-mercaptoethanol 

BM-MSCs                    bone marrow-derived MSCs 

BMP                             bone morphogenetic protein    

CD                                cluster of differentiation 

CK                                cytokeratin 

CNS                              central nervous system   

ConA                            concanavalin A 

COX-2                          cyclooxygenase-2 

DC                                dendritic cells 

DMSO                          dimethyl sulfoxide 

EGF                              epidermal growth factor 

ELISA                          enzyme-linked immunosorbent assay 

ESCs                             embryonic stem cells 

bFGF                             basic fibroblast growth factor  

GAD                             glutamic acid decarboxylase 

HGF                              hepatocyte growth factor 

IDO                               indoleamine 2,3-dioxygenase 

IFN-gamma                  interferon gamma 

IGF-1                            inzulin-like growth factor 1 

IL                                  interleukin 

iPSCs                            induced pluripotent stem cells 

LSCs                             limbal stem cells 

LSCD                            limbal stem cell deficiency 

MHC                             major histocompatibility complex 

MSCs                            mesenchymal stem cells 
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Nf-L                              neurofilament light polypeptide 

NGF                              nerve growth factor 

NK                                natural killer cells 

Nf-M                             neurofilament medium polypeptide 

NSCs                             neural stem cells 

PGE2                            prostaglandin E2 

qPCR                            quantitative polymerase chain reaction 

RA                                retinoic acid   

SDF-1                       stromal cell-derived factor-1  

SH                                sonic hedgehog 

SYP                              synaptophysin 

TACs                            transient amplifying cells 

T-cell                            T lymphocyte 

TGF-beta                      transforming growth factor beta 

Th                                 helper T lymphocyte 

TNF-alpha                    tumor necrosis factor alpha 

T-reg                             regulatory T lymphocyte 

TUBB3                         beta-III tubulin 

UC-MSCs                     umbilical cord-derived MSCs 

VEGF                           vascular endothelial growth factor 
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2 Introduction 

2.1 Stem cells  

Stem cells are undifferentiated cells, described as self-renewing and capable of differentiation 

into other types of cells. These properties are termed “stemness” (Ebrahimi et al., 2009, Zomer et 

al., 2015). Stem cells normally function in the quiescent or slow cycling state, dividing only to 

maintain the stem cell pool. When tissue regeneration is needed, they undergo the process of 

asymmetrical cell division. This asymmetrical cell division results in two cell types: self-

renewing stem cells, which maintain the reservoir of stem cells, and cells beginning the 

differentiation, transient amplifying cells (TACs) (Ebrahimi et al., 2009). TACs, unlike stem 

cells, divide frequently and continue to differentiate up to terminally differentiated, mature cells 

(Ghosh et al., 2011.) The more matured the cell is, the lower is its differentiation potential. The 

first embryonic cells which evolve after fertilization - totipotent stem cells - are capable of 

creating any kind of cells of the embryo and extra-embryonic tissue. One of the early embryonal 

stages, blastocyst, is a source of pluripotent embryonic stem cells (ESCs), i.e. they are capable of 

forming any kind of cells in three embryonic germ layers, but not extra-embryonic tissue. During 

a lifetime, many types of adult multipotent stem cells persist in the body; these cells are able to 

self-renew or to differentiate into several types of mature cells, forming tissues or organs of 

specific developmental lineage, for example neural stem cells (NSCs), mesenchymal stem cells 

(MSCs), limbal stem cells (LSCs). As the differentiation process continues, this multipotency is 

reduced into unipotency and former stem cells become the direct progenitor of one cellular type. 

An alternative to ESCs is represented by induced pluripotent stem cells (iPSCs). iPSCs are 

artificially redirected from mature, fully differentiated cells, back to pluripotent stem cells, and 

then differentiated into the required cell type. Redirection can be performed by genetic 

reprogramming, inserting pluripotency-associated transcription factors into the nucleus, where 
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they restart signaling pathways which lead to broadened differentiation potential. Their 

disadvantage, similarly to ESCs, is the risk of mutagenicity and teratoma formation (Liu et al., 

2013, Gong et al., 2014). Recently, protocols using chemical induction by small molecules in 

epigenetic reprogramming of somatic cells have been published (Higuchi et al., 2015, Cao et al., 

2016, Zhang et al., 2016).  

2.1.1 Tissue-specific stem cells  

Adult, somatic, tissue-specific stem cells are characterized by their multipotency, i.e. they can 

differentiate into several types of cells, regenerating specific organs and tissues.  For example, 

MSCs regenerate the mesodermal connective tissues, NSCs differentiate into neurons and glia 

and LSCs regenerate the corneal epithelium. Adult stem cells reside in their specific 

environment, reffered to as stem cell niche. Stem cell niche has a protective and regulative 

character; it participates in maintaining the stem cell pool through the self-renewal process as 

well as in stem cell differentiation into more matured cells (Ghosh et al., 2011). 

 Adult stem cells can be found all over the body, though they vary substantially in their 

accessibility. Hematopoietic stem cells and MSCs are easy to obtain and cultivate in vitro; on the 

contrary LSCs or NSCs are quite rare, difficult to obtain and cultivate.  

Transdifferentiation can be explained as the process of switching the developmental lineage of 

the adult stem cells from its natural course to another, resulting in a cell type of unrelated tissue 

(Krabbe et al., 2005). Basically, this result may be achieved through two ways: by direct nuclear 

reprogramming, or by indirect, external way, where the environmental stimuli provoke the stem 

cells to react by transcription changes which lead to transdifferentiation. For example, Dr. 

Meyer-Blazejewska transdifferentiated hair follicle-derived stem cells into cells of corneal 

epithelial phenotype, to substitute the absent LSCs in ocular injury (Meyer-Blazejewska et al., 

2011). 
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2.2 Mesenchymal stem cells  

MSCs are plastic-adherent cells, with fibroblast-like morphology and the ability of chondrogenic, 

osteogenic and adipogenic differentiation (Dominici et al., 2006). This type of stem cells was 

described by A. J. Friedenstein, as a subpopulation of bone marrow cells with osteogenic 

potential (Friedenstein, 1990).  

MSCs are adult, multipotent stem cells which are obtained mostly from bone marrow (BM-

MSCs), adipose tissue (AT-MSCs) and umbilical cord (UC-MSCs), however they can be found 

in all tissues and organs of the adult organism, mostly in the perivascular niche (da Silva et al., 

2006). It is estimated that the total number of MSCs in human body is cca one million of cells 

(Bae et al., 2011). 

MSCs naturally differentiate into connective tissues of mesodermal lineage: cartilage, bone, 

adipose and muscular tissue. By in vitro transdifferentiation, they can be switched into cells of 

ectodermal (Tropel et al., 2006) or endodermal lineage (Uccelli et al., 2008), e.g. hepatic cells, 

photoreceptor cells, epidermal cells, endothelial cells, corneal epithelial-like and neuron-like 

cells (Krabbe et al., 2005, Catacchio et al., 2013, Kyurkchiev et al., 2014). Although the 

possibility of in vivo transdifferentiation of MSCs is considered to be controversial (Uccelli et 

al., 2008), an increasing number of authors suggest that it is possible (Parr et al., 2007, Khoo et 

al., 2011).  

Since MSCs lack unique specific markers, they are characterized by their ability of plastic 

adherence, a set of positive (CD73, CD90, CD105) and negative (hematopoietic lineage markers 

CD34, CD45, CD11b, CD14 and co-stimulatory molecules CD80, CD86 and CD40) 

immunophenotypic markers, and by their ability of adipogenic, chondrogenic and osteogenic 

differentiation (Dominici et al., 2006, Kyurkchiev et al., 2014). 

http://www.stemcellres.com/sfx_links?ui=s13287-015-0100-7&bibl=B14
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Apart from their natural role in connective tissue regeneration, MSCs also play an important role 

in hematopoiesis, forming a protective microenvironmental niche for blood cell progenitors and 

producing growth and differentiation factors (Méndez-Ferrer et al., 2010). Significant MSCs 

characteristics are their immunomodulatory properties: they are able to prevent graft rejection in 

allogenic recipients (Griffin et al., 2010), they naturally express very low levels of major 

histocompatibility complex (MHC) molecules and do not express co-stimulatory molecules in a 

non-stimulated state. Generally, MSCs are not considered to be immunogenic; they can evade the 

immune control of the recipient and actively support immunosuppression (Griffin et al., 2010). 

Another important MSC property is their anti-inflammatory and anti-apoptotic effect, which has 

been proven in vitro and in vivo, their ability to lower oxidative stress and to migrate directly to 

the injured tissue (Yagi et al., 2010, Strioga et al., 2012, Li et al., 2013). This unique 

combination of homing, tissue protective and immunosuppressive properties makes MSCs highly 

valuable in tissue engineering and regeneration (Mougiakakos et al., 2011). MSCs are also 

known to be “licensed” by their environment; for example in a pro-inflammatory milieu they 

obtain anti-inflammatory properties. In this way, they actively participate in maintaining the 

immunological balance (Krampera et al., 2006, 2011). The anti-inflammatory licensing process 

in MSCs is mainly performed by interferon gamma (IFN-gamma), supported by interleukin 1 

(IL-1) and tumour necrosis factor alpha (TNF-alpha), which is followed by up-regulation in gene 

expression for prostaglandin E2 (PGE2), cyclooxygenase-2 (COX-2) etc. (Mougiakakos et al., 

2011). Finally, licensed MSCs are strongly immunosuppressive.  

The immunomodulatory abilities of MSCs are manifested through direct cell-cell interaction and 

through the production of cytokines and growth factors (Kyurkchiev et al., 2014). Direct, cell-

cell contact of MSCs is targeted on natural killer (NK) cells, dendritic cells (DC), T lymphocytes 

(T-cells) and other immunocytes.  

http://www.nature.com/nature/journal/v466/n7308/full/nature09262.html#auth-1
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In vitro co-cultivation with NK cells shows that MSCs are rather resistant to NK-mediated 

cellular lysis. MSCs are also able to suppress NK cell secretion of IFN-gamma and to inhibit NK 

cell differentiation through PGE2 and indoleamine 2,3-dioxygenase (IDO) secretion (Griffin et 

al., 2010, Yagi et al., 2010).   

MSCs suppress the DC maturation process and support immature DCs, through the inhibition of 

maturation markers’ expression and inhibition of antigen presentation. DCs under MSC 

influence show changes in cytokine expression, such as up-regulation of IL-10 production and 

down-regulation of IL-12 production. DCs also become tolerogenic: their contact with naive T 

lymphocytes results in T lymphocyte anergy (Griffin et al., 2010, Yagi et al., 2010). Moreover, 

under MSC influence, DCs become supportive to regulatory T lymphocytes (T-regs) (Griffin et 

al., 2010). Also, MSCs themselves (without DCs) can  induce the T-regs through secreting PGE2 

and transforming growth factor beta (TGF-beta) and cell-cell contact (Griffin et al., 2010, Yagi 

et al., 2010, Mougiakakos et al., 2011).  

The indirect, contact-independent immunomodulatory effects of MSCs are due to the secretion of 

a substantial number of cytokines and growth factors, mainly PGE2, IDO, IL-6, IL-10 and TGF-

beta (Mougiakakos et al., 2011). PGE2 is produced constitutively by MSCs, and its production is 

further increased in an inflammatory environment. PGE2 is considered to inhibit the 

inflammation by shifting T lymfocyte response from type 1 reaction (which is performed by type 

1 helper T lymphocytes (Th1)) to type 2 reaction (performed by type 2 helper T lymphocyte 

(Th2)). PGE2 also inhibits the maturation of DCs and supports the production of IL-10 by 

macrophages (Ma et al., 2013). PGE2 synthesis in MSCs is induced by COX-2 enzyme. COX-2 

is strongly up-regulated after MSC licensing in a pro-inflammatory environment by IFN-gamma, 

supported by IL-1 and TNF-alpha (Mougiakakos et al., 2011).  
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Another key player in the immunosuppressive activity of MSCs is IDO. Human MSCs produce 

IDO after stimulation with IFN-gamma (Yagi et al., 2010). IDO metabolises the essential amino 

acid tryptophan into kynurenine. Both molecules have an impact on T-cell proliferation. 

Tryptophan is essential for the early development of T-cells, while kynurenine inhibits their 

proliferation. Thus, by employing IDO, MSCs have a twofold suppressive effect on T-cells (Yagi 

et al., 2010). In mice, a similar immunosuppressive role in T-cell inhibition is performed by 

iNOS (Ma et al., 2013). 

Pleiotropic IL-6 is mostly considered to be pro-inflammatory cytokine (Scheller et al., 2011). 

However, in MSCs, which constitutively produce IL-6, it seems to have a similar 

immunosuppressive effect as the above-mentioned PGE2 and IDO, since it suppresses the 

antigen presentation in DCs and thus helps to establish a tolerogenic DC population (Yagi et al., 

2010, Li et al., 2013, Kyurkchiev et al., 2014).  

The production of anti-inflammatory IL-10 by MSCs is questionable, as both the positive (Ma et 

al., 2013) and negative (Kyurkchiev et al., 2014) evidence exists. However, there is no doubt that 

MSCs support IL-10 production in several types of immune cells, for example in macrophages 

and DCs (Kyurkchiev et al., 2014).  

TGF-beta is another pleiotropic cytokine constitutively produced by MSCs. MSCs use TGF-beta 

in several ways to suppress T and B lymphocyte proliferation, differentiation and effector 

functions; through the TGF-beta-mediated inhibition of IL-2 production, inhibition of Th1 and 

Th2 transcription factors T-bet and GATA-3, inhibition of IFN-gamma production, Fas ligand 

and perforin expression and through the suppression of IL-12 signalization (Kyurkchiev et al., 

2014). TGF-beta also supports the induction of FOXP3, transcription factor of T-regs (Griffin et 

al., 2010, Kyurkchiev et al., 2014) and it has supportive effect on wound healing. 
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Generally, the character of MSCs (proliferation and differentiation potential, transcriptome, 

proteome, immunomodulatory properties) slightly vary according to their origin and location 

(Sakaguchi et al., 2005, Koci et al., 2014, Holan et al., 2015, Li et al., 2015, Heo et al., 2016).  

2.3 Neural stem cells  

The nervous system comprises generally two types of neural cells: neurons and glia. Neurons 

represent the active, signal transmitting and electrically conductive component, while glial cells 

(astrocytes and oligodendrocytes) are supportive, protective, non-conductive regulators of the 

extracelullar environment. Cooperation between neurons and glia is vital for the physiological 

functions of the nervous system (Fields et al., 2002). In contrast to former opinions, both of these 

types of cells can be regenerated in the adult body by multipotent NSCs (Gage et al., 2013). 

NSCs were first described in embryonic rat forebrain by Temple (Temple, 1989) and isolated by 

Reynolds and Weiss, using a special isolation protocol termed neurosphere assay (Reynolds and 

Weiss, 1992). The way of differentiation of NSCs is similar to other tissue-specific stem cells; 

they divide and differentiate into TACs – neural progenitors, which gradually lose the capability 

of self-renewal. Neural progenitors migrate and differentiate into more mature cells. Their 

regional migratory patterns are specific for every resulting neural cell type and depend also on 

the actual developmental state of the cell. 

As with other types of tissue-specific stem cells, NSCs are able to transdifferentiate, for example 

into blood cells or myocytes (Vescovi et al., 2001). There are two niches in the adult brain where 

NSCs can be found: the subventricular zone in the lateral ventricles and the subgranular zone in 

the hippocampus (Kennea et al., 2002, Gage et al., 2013). Since NSCs are not easily available, 

the transplantations of NSCs are used mostly in experimental neural injuries in animal models. 

Here, NSC transplantations resulted in functional improvement (Shoichet et al., 2008).  In some 

cases human fetal NSC were transplanted in animal models (Einstein et al., 2008, Kerkis et al., 
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2015). However, in the clinical therapy of neural injuries it is not ethically acceptable to apply 

fetal NSCs, as well as ESC-derived neural precursors (Lee-Kubli et al., 2015). For this purpose, 

other cellular sources for the develpoment and replacement of NSCs / neural progenitors are 

examined, including iPCSs and MSCs (Shoichet et al., 2008). 

There are several common characteristics among various neural injuries. The first phase of injury 

is characterised by mechanical and vascular damage of the tissue, which is manifested by 

ischemia, edema and the release of cytotoxic compounds. This is soon followed by secondary 

damage, including the activation of inflammatory, necrotic and apoptotic processes, which 

damage the environment suitable for surviving cells (Dasari et al., 2014). This leads to neuronal 

death (caused by ischemia, which results from damaged blood supply), demyelination (caused by 

oligodendrocyte loss, which results from necrotic and apoptotic processes in damaged neural 

tissue) and glial scar formation (Beck et al., 2008, Almad et al., 2011, Dasari et al., 2014). 

Neural injuries can be divided into CNS and spinal cord-affecting injuries, and peripheral neural 

injuries, with significant differences in regeneration potential. The peripheral nerve system has a 

relatively good regenerative potential; its growth-promoting environment (damaged tissue is 

promptly eliminated by macrophages, cellular growth is supported by secretion of neurotrophins) 

supports axonal regrowth (which is enabled by the up-regulation of regeneration-associated 

genes). CNS regenerative potential is significantly lower, due to obstacles in the axonal regrowth 

activation pathway, together with a growth-inhibiting environment (CNS myelin-associated 

inhibitors and scar-associated molecules and non-efficient elimination of debris) (Purves et al., 

2001, Huebner et al., 2009). The low regeneration potential in CNS can be boosted by changes to 

the environment, towards a more supportive niche for neuroprotection and neuroregeneration, 

with some differences in strategies for brain and spine cord (Shoichet et al., 2008). Thus, the 

main goal in the therapy of neural injuries is the establishment of an environment suitable for 
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cellular regeneration and replacement, by the prevention of apoptotic and inflammatory 

processes (Dasari et al., 2014). 

2.3.1 Neural differentiation of pluripotent stem cells  

Generally, there are ways to generate neurons or neuron-like cells artificially: through the 

directed differentiation of ESCs, through the generation of iPSCs and through the 

transdifferentiation of tissue-specific stem cells (using chemicals, growth factors or protocols 

based on neurosphere assay). Recently, a novel approach using epigenetic reprogramming by 

small molecules was applied on adult somatic cells, which were reprogrammed into NSC-like 

cells (Zhang et al., 2016). 

Pluripotent ESCs were first isolated and in vitro differentiated into all three developmental 

lineages from mice (Evans et al., 1981) and later from humans (Thomson et al., 1998). For the 

application of ESCs in neural differentiation it is necessary to suppress the differentiation into 

entoderm and mesoderm and support the establishment of neuroectoderm. During directed neural 

differentiation, ESCs in vitro undergo similar process as in in vivo development (Hu et al., 2010). 

The process of in vitro directed neural differentiation can be described in two steps. First, ESCs 

are neurally induced to form neurospheres with multipotent NSCs, by above-mentioned 

suppression of the signaling pathways for other two developmental lineages. This can be 

performed for example through the inhibition of bone morphogenetic protein (BMP) 

signalization by noggin transcription factor (Dottori, 2008). Secondly, NSCs are patterned into 

particular types of neurons and glia through activation appropriate morphogens, transcription 

factors and signaling pathways, using for example Sonic Hedgehog (SH), fibroblast growth 

factor beta (bFGF), retinoic acid (RA) (Zhang et al., 2001, Dhara et al., 2008). Based on this 

general description, numbers of protocols for directed neural differentiation of ECSc have been 

established (Tropepe et al., 1999, Reubinoff et al., 2001, Tropepe et al., 2001, Dhara et al., 2008, 
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Woo et al., 2009, Bentz et al., 2010, Hayat, 2013, Li et al., 2014, Romanyuk et al., 2015). 

However, the use of ECSs derived from blastocysts remains ethically controversial.  

iPSCs represent attractive alternative in pluripotent cells, since they can be directly obtained 

from reprogrammed somatic cells of individual patients (Li et al., 2014). The genetic 

reprogramming is based on forced expression of pluripotency-associated factors OCT4, SOX2, 

KCF4, c-MYC, Nanog and Lin28 (Takahashi and Yamanaka, 2006, Kim et al., 2014, Yap et al., 

2015). Resulting iPSCs have the same characteristics as ESCs, with the same morphology, 

expression patterns, transcriptional network and morphogen effects and they are recently 

considered to be highly similar to ESCs (Yap et al., 2015). Thus, the differentiation protocols for 

neural differentiation of ESCs are often successfully applied on iPSCs differentiation (Muratore 

et al., 2014). However, when the results of the same differentiation protocol in ESCs and iPSCs 

were compared (Hu et al., 2010), they found that the efficiency of neural differentiation in iPSCs 

is lower and variability of resulting cells is higher than in ESCs. Moreover, iPSCs as well as 

ESCs can form in vivo teratomas with uncontrolled growth (Gong et al., 2014, Yap et al., 2015).  

2.3.2 Neuronal transdifferentiation of multipotent stem cells  

At the level of tissue-specific stem cells, MSCs are the most frequently used cellular source for 

neuronal transdifferentiation experiments. However, other types of tissue-specific stem cells are 

also used; for example dental pulp-derived stem cells (Ariffin et al., 2013), hair follicle bulge-

derived stem cells (Gho et al., 2015), hematopoietic stem cells (Roybon et al., 2006), hepatic 

oval cells (Deng et al., 2003), olfactory mucosa-derived stem cells (Murrell et al., 2008). MSCs 

can be applied in several ways in the field of neural injuries: not only as a cell source for 

transdifferentiation and cell replacement, but often for regenerative, supportive and 

immunomodulatory capabilities, both in animal model and in human (Hu et al., 2004, Lu et al., 

2006, Parr et al., 2007).  The important property of MSCs is their broad spectrum of 
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neurotrophic and growth factors, which they secrete (constitutively or in response to 

environmental stimuli); for example bFGF, epidermal growth factor (EGF), nerve growth factor 

(NGF), brain-derived growth factor (BDNF), vascular endothelial growth factor (VEGF) and 

hepatocyte growth factor (HGF) (Chen et al., 2002). In an experimental model of a stroke 

undifferentiated human BM-MSCs were applied to rodent brains. When these MSCs were 

transplanted, they migrated into the infarction site and started to express early developmental 

neuronal and glial markers, while they also maintained some characteristics of stem cells. 

Transplanted animals showed an improvement in neurological functions (Zhao et al., 2002). 

However, the level of such in vivo transdifferentiation of MSCs is very low, and cannot explain 

the functional improvements, which probably resulted from proteins secreted by MSCs (Chen et 

al., 2002). Thus, prior in vitro or ex vivo priming or transdifferentiation is required to increase 

the regenerative impact of MSCs in treatment of neural injuries.  

The first evidence of the neuronal transdifferentiation ability of MSCs in vitro was proved in 

2000, using rodent and human MCSs (Woodbury et al., 2000). However, the process of neuron-

like morphological changes occurred several hours after the application of differentiation agents 

and following electrophysiological measurements did not confirm successful transdifferentiation 

into functional neurons. Since this type of transdifferentiation was based on application of 

chemical agents (beta-mercaptoethanol (BME), dimethyl sulfoxide (DMSO) or butylated 

hydroxyanisole (BHA)), the resulting neuron-like morphology and promising changes in relative 

gene expression of neuron-specific markers in differentiated cells are considered to be done by 

chemical damage to the cells, rather than by transdifferentiation process (Woodbury et al., 2000, 

Bertani et al., 2005, Parr et al., 2007).  

Shortly after Woodbury´s work, protocols based on other ways of neuronal transdifferentiation 

were published: applications of cytokines and growth factors and protocols using neurosphere 

assay, or combinations of above-mentioned approaches. Neurosphere assay is an in vitro tool for 
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isolation and characterization of NSCs which was established by Reynolds and Weiss in 1992. 

Basically, neural tissue samples containing NSCs are cultured in a serum-free medium with 

bFGF and EGF, which only allows the survival and division of NSCs; all differentiated cells are 

removed (Reynolds and Weiss, 1992, Casarosa et al., 2014). In this way, the neurosphere assay-

based transdifferentiation approach converts MSCs into clonogenic NSCs-like populations with 

floating, neurosphere-like structure. As in NSCs, MSCs formed heterogeneic cellular aggregates, 

which were able to differentiate into neurons and glial cells (Wislet-Gendebien et al., 2003, 

Hermann et al., 2004, Fu et al., 2008). In a similar way as in ESCs-based differentiation, these 

protocols can be described as two step process. In the first step MSCs are converted into NSCs-

like cells; this correlates with higher expression of early neuroectodermal markers, for example 

nestin or musashi-1. In the second step NSCs-like cells differentiate into specific neural cell 

types (Wislet-Gendebien et al., 2003, Hermann et al., 2004, Fu et al., 2008, Khoo et al., 2011, 

Heo et al., 2013).   

The first application of growth factors in the neural transdifferentiation of MSCs was performed 

in 2000 (Sanchez-Ramos et al., 2000). The authors applied EGF, RA and BDNF as neural 

differentiation agents to mouse BM-MSC cultures, which were cocultured with fetal midbrain 

cells.  Other works showed the differentiation effect of pretreatment with EGF and bFGF on both 

mouse and human AT-MSCs (Tropepe et al., 1999, Safford et al., 2002). Moreover, bFGF was 

used as a single neuronal differentiation agent in mouse BM-MSCs differentiation protocol, only 

combined with low seeding density of cells on poly-lysine coated surface (Tropel et al., 2006). 

The role of low seeding density in neuronal transdifferentiation of MSCs is confirmed also by 

other authors (Keilhoff et al., 2006).  

The development of neuronal differentiation protocols for human MSCs followed the trend 

established in mouse MSC transdifferentiation. Firstly, chemically-based protocols were 

published (Jeong et al., 2004) and, with time, they were replaced by growth factor-based 
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applications and neurosphere assays or their combinations (Jang et al., 2010, Khoo et al., 2011), 

since the above-mentioned chemical damage could be risky in humans (Bae et al., 2011). Soon, 

other factors were incorporated into neuronal differentiation protocols: for example the 

application of 3D scaffolds, which offer 3D extracellular support for the successful spacial 

growth of axons and dendrites. Promising results were obtained when nanoimprinted gratings 

were used as a surface for BM-MSCs, seeded at a low density, with RA as differentiation agent 

(Yim et al., 2007). This illustrated the significance of surface topography on neuronal 

transdifferentiation in MSCs. In another study, BM-MSCs were grown on caprolactone- and 

collagen-based nanofibrous scaffolds and transdifferentiation was induced by combination of 

BME, bFGF, EGF, NGF and BDNF (Prabhakaran et al., 2009). Another team grew placenta-

derived MSCs on electrically conductive gold-coated collagen nanofibres, thus implementing 

into the differentiation protocol another factor: electrical stimulation (Orza et al., 2011). The 

electrophysiological properties of MSCs have been proven to be suitable for differentiation into 

electrically excitable cells (Heubach et al., 2004, Bai et al., 2007). Electrical stimulation in 

physiological conditions affects the intracellular Ca
2+

 oscillations and thus the activation of 

transcription factors and signaling pathways and it increases the permeability of cellular 

membrane for growth and differentiation factors.  

The promising results from the application of undifferentiated MSCs in transplantation models 

confirmed that the injured neural environment transmits damage and inflammatory signals to 

MSCs. MSCs react by paracrine neurotrophic secretion, activation of regenerative and supportive 

processes and by regulation of inflammation (Chen et al., 2002, Chhabra et al., 2015). Thus, the 

extracts from injured neural tissue or supernatants obtained from injured cells were used in 

neuronal differentiation protocols to stimulate the above-mentioned reactions in MSCs (Chen et 

al., 2002, Moviglia et al., 2006, Bentz et al., 2010, Nicaise et al., 2011, Zhou et al., 2012, 

Jahromi et al., 2015). 
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Recently the most often-used MSCs in neuronal transdifferentiation have been BM-MSCs. Some 

authors have used AT-MSCs (Zuk et al., 2002, Jang et al., 2010), UC-MSCs (Divya et al., 2012) 

or amniotic fluid MSCs (Kim et al., 2014); an example of an uncommon type of MSCs in 

neuronal differentiation is the application of tonsil-derived MSCs (Patel et al., 2015). 

The properties which MSCs offer for applications in neuronal transdifferentiation slightly vary, 

depending mainly on the MSC source tissue; variation can be found in ratios of cytokine 

production and in immunomodulatory or differentiation potential. However, the results of direct 

comparisons of MSCs properties according to the source of tissue are ambiguous. One study 

suggested that AT-MSCs may have better immunomodulatory properties than BM-MSCs 

(greater IDO activity), according to the results of mixed lymphocyte assay (Li et al., 2015). On 

the other hand, another recent paper found BM-MSCs to have stronger immunomodulatory 

properties (higher production of anti-inflammatory cytokines IL-10 and TGF-beta) compared to 

AT-MSCs in the same co-cultivation experiment with activated T-lymfocytes (Heo et al., 2016). 

Similarly, in in vivo models of neural injuries both AT- and BM-MSCs supported functional 

recovery. This support was occurred mainly due to the release of trophic factors and reduction of 

the inflammatory and apoptotic processes, particularly through inhibition of the negative impact 

of astrocytes and microglia (Urdzikova et al., 2006, Dasari et al., 2014).  

AT-MSCs, unlike BM-MSCs, when differentiated under the same neuronal differentiation 

protocol (Arboleda et al., 2011), expressed P2Y purinergic receptor (Forostyak et al., 2016). The 

P2Y receptor mobilises intracellular Ca
2+ 

influx under physiological concentration of ATP 

(James and Butt, 2001). This can make Ca
2+

 signalization and following neuronal differentiation 

in AT-MSCs less energy-demanding when compared to BM-MSCs. Another work found that 

AT-MSCs seem to be more effective in production of bFGF (Li et al., 2015).  Among in vivo 

models, it was found that application of AT-MSCs in the therapy of spinal cord injury can be 

more appropriate than application of BM-MSCs (Zhou et al., 2013).  
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UC-MSCs are considered to have greater proliferative potential than AT- and BM-MSCs, as 

there is no donor-age dependent inhibition (Joyce et al., 2012). They are able to produce large 

amounts of neurotrophic and growth factors (Dasari et al., 2014). However, their ion channel 

equipment seems to be very similar to BM-MSC equipment (Pillozzi and Becchetti, 2012) and 

their neuronal transdifferentiation ability could be decreased, compared to AT-MSCs.  

2.4 Limbal stem cells  

Unlike MSCs, which can be found in every tissue of the body, the location of LSCs is strictly 

bound to the peripheral part of the cornea – the limbus. The limbus is situated on the border-line 

between cornea and sclera, where LSCs can be found in the basal layer of limbal epithelium, 

known as the palisades of Vogt. The limbal niche for LSCs is formed by stromal keratocytes, 

sometimes termed limbal fibroblasts. Stromal keratocytes create the extracellular matrix of the 

corneal stroma, which is the crucial component of corneal transparency (Katikireddy et al., 

2014). The niche environment preserves the stemness of LSCs, as well as keeping the 

conjunctival epithelium out of the cornea (Ebrahimi et al., 2009, He et al., 2014). LSCs can be 

defined as multipotent, self-renewing, slowly cycling cells with proliferative capability. They 

form several percent (no more than 5%) of the total number of limbal cells (Krulova et al., 

2008). When activated by signals from the cornea, LSCs differentiate into TACs. TACs migrate 

centripetally from the limbus to the periferal cornea, replacing the more matured TACs, which 

concurrently differentiate into terminally differentiated suprabasal cells of corneal epithelium 

and are finally removed by natural shedding (Ebrahimi et al., 2009, Ahmad, 2012, He et al., 

2014). To date, there is no known reliable specific marker for LSCs, except for general stem cell 

markers, for example p63 or ABCG2. However, corneal and limbal epithelial cells can be 

distinguished by the expression of cornea-specific cytokeratins (CK3 and CK12), which are not 

present in cells of limbal epithelium. The strategy for the identification of LSCs is often based on 
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the presence of stem cell markers and absence of differentiation-related markers (Krulova et al., 

2008, Ebrahimi et al., 2009, Trosan et al., 2012, He et al., 2014).  

The limbus can be damaged by chemical injuries or burns or absent due to genetic disorders, for 

example aniridia (Ahmad, 2012). Then the unique reservoir of LSCs is lost, which often leads to 

the development of limbal stem cell deficiency (LSCD) syndrome: the cornea becomes 

keratopathic and vascularised due to the invasion of the conjunctive epithelium; vision is 

impaired due to reduced corneal transparency and eventually it is lost totally (Yoon et al., 2014). 

This deficiency can only be treated by limbal / LSCs transplantation. Unilateral chemical injuries 

or burns can be cured by autologous transplantation. In the case of bilateral damage or genetic 

disorder allogeneic transplantation is necessary. However, this treatment is not easily available 

due to the limited number of limbal transplants. Also, the results are compromised by the poor 

survival rate of allografts (Chan et al., 2013, Sareen et al., 2014). 

2.4.1 Corneal epithelial differentiation of pluripotent stem cells  

There is a strong need for an alternative cell source for treatment of LSCD. ESCs can be in vitro 

differentiated into corneal epithelial cells (Ahmad et al., 2007) or into stromal keratocytes (Chan 

et al., 2013), but when seeded on corneas in vivo, ESCs may fail to stratify (Sareen et al., 2014). 

The risk of tumorigenesis and the ethical dilemma remain objections to ECS application.  

iPSCs as a source of cells for differentiation into corneal epithelial cells are easily expandable, 

bankable and can be reprogrammed from cells of individual patients (Hayashi et al., 2012, 

Sareen et al., 2014). iPSCs can be differentiated into corneal epithelial cells by co-cultivation 

with keratocytes, which compensate the effect of the LSC niche (Guo and Chen, 2015).  
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2.4.2 Corneal epithelial transdifferentiation of multipotent stem cells 

All common types of MSCs have been used for corneal epithelial transdifferentiation and corneal 

regeneration; for example BM-MSCs were transdifferentiated into corneal epithelial cells 

(Rohaina et al., 2014), into corneal keratocytes (Liu et al., 2012). AT-MSCs were 

transdifferentiated into corneal epithelial cells (Nieto-Miguel et al., 2013), into corneal 

keratocytes (Du et al., 2010) and UC-MSCs into corneal endothelium (Joyce et al., 2012) or into 

corneal epithelium (Reza et al., 2011). Also other, less common types of adult stem cells have 

recently been used as sources for transdifferentiation into corneal epithelium: for example dental 

pulp stem cells (Gomes et al., 2010), hair follicle bulge cells (Meyer-Blazejewska et al., 2011) or 

oral mucosa epithelial cells (Nakamura et al., 2011). 

Apart from transdifferentiation potential, MSCs in corneal regeneration can contribute also by 

their secretory and anti-inflammatory properties (Holan et al., 2015). Moreover, there is also a 

similarity in the immunoregulatory behaviour of LSCs and MSCs (Zajicova et al., 2010). 

Another similarity which supports the application of MSCs in corneal regeneration can be found 

between MSCs and corneal keratocytes, which originated from neural crest-derived periocular 

MSCs (Joyce et al., 2012, Li et al., 2012, Chan et al., 2013, Katikireddy et al., 2014). Indeed, it 

is also possible to isolate MSCs from limbal tissue, to expand them in vitro and to use them in 

corneal regeneration (Basu et al., 2014). Based on this resemblance, MSCs are able to substitute 

the effect of the limbal niche (Du et al., 2010) or LSCs (Holan et al., 2015).  
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2.5 Other applications and perspectives of stem cell-based therapy  

MSCs have recently been used in cell-based therapy – at preclinical or clinical levels - for 

several different diseases, due to their differentiation and immunomodulatory potential, together 

with their good engraftment and healing properties.  

Apart from neural injuries MSCs are used in diabetes therapy as a source for transdifferentiation 

into insulin-producing cells, as supportive cells and immunomodulators in islet-cell 

transplantations and also in treatment of non-healing diabetic wounds and ulcers. These wounds, 

similarly to severe burns, are characterized by damage at several tissue levels, where the sef-

regenerative potential of tissue is severely decreased. Here MSCs actively participate in every 

phase of wound healing, utilizing their anti-inflammatory, antimicrobial, immunomodulatory and 

regenerative properties (Maxson et al., 2012). Although various types of MSCs are used in 

diabetes therapy, the most often applied are BM- and AT-MSCs. AT-MSCs seem to have a 

greater differentiation and proliferative potential than BM-MSCs in these applications 

(Hashemian et al., 2015). However, there are differences and ambiguities in the impact of the 

hyperglycaemic environment on MSCs. Some authors claim that this environment supports the 

differentiation of MSCs into insulin-producing cells, while others consider the hyperglycaemic 

environment to be harmful for MSCs (Koci et al., 2014, Hashemian et al., 2015).  

In the therapy of osteoarthritis, MCSs can contribute to cartilage repair through their 

chondrogenic differentiation potential. Usage of MSCs (non-differentiated or pre-differentiated) 

is possible both in autologous and allogeneic applications (Gupta et al., 2012). In this case, BM-

MSCs seem to be more appropriate, compared to AT-MSCs, as their differentiation potential and 

abundant protein secretion (stromal cell-derived factor-1 (SDF-1) and HGF) are higher (Li et al., 

2015). In the area of liver diseases, MSCs can be applied not only due to their capacity to 

differentiate into functional hepatocyte-like cells, but also as potent producers of HGF, a growth 
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factor with anti-fibrotic effect (Beradis et al., 2015). BM-MSCs are the most-commonly used 

cells, but also AT- or UC-MSCs have been applied (Meier et al., 2013). MSCs are also used in 

cardiac infarction therapy, as they contribute to cardiomyogenesis and angiogenesis, and AT-

MSCs seem to be more appropriate for this particular application (Mazo et al., 2012). MSCs are 

also used in the treatment of graft-versus-host disease, where they modulate the functions of 

immune effector cells. In clinical studies the application of BM-MSCs strongly prevails (Amorin 

et al., 2014). Other applications of MSCs, recently tested, are in the therapy of haematological 

diseases, Crohn’s disease, multiple sclerosis etc. (Patel et al., 2013, Wei et al., 2013, Gupta et al., 

2014). 

As mentioned above, MSCs represent robust, easily handled population of cells, but their 

properties vary slightly according to their origin and location (Sakaguchi et al., 2005, Kern et al., 

2006, Koci et al., 2014). These differences may not be of great importance in vitro, but may 

become important in clinics, where the proper type of MSCs has to be carefully selected, to gain 

maximum effects according to the demands of the particular situation (Kern et al., 2006, Strioga 

et al., 2012).  
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3 Aims of thesis  

Main aims of thesis 

3.1 The development of an in vitro transdifferentiation protocol for generating neuron-like 

cells from mouse MSCs. 

MSCs generally have the potential to transdifferentiate into neuron-like cells. Since the 

environment has an important effect on stem cell behaviour, the protocol was designed to 

simulate the impact of injured neural tissue on stem cell transdifferentiation. This protocol 

included the effect of growth factors, brain tissue extract, supernatant from concanavalin A 

(ConA) stimulated splenocytes, electrical stimulation in physiological conditions and 

extracellular support by nanofiber scaffolds. The protocol was optimized in terms of: 

 the passage number of seeded cells, seeding density and duration of differentiation protocol 

 selection and dosage of growth factors 

 preparation and dosage of brain tissue extract and supernatant from ConA-stimulated 

splenocytes  

 intensity, frequency, duration and timing of electrical stimulation in physiological conditions 

 selection of 3D extracellular nanofiber support 

3.2 The characterization of the immunomodulatory properties of neuron-like cells. 

MSCs are able to modulate immune reactions. As a consequence of their previous licension by 

the inflammatory environment, they are able to inhibit inflammation. Thus, the inflammatory 

environment, established in transdifferentiation protocol by supernatants from ConA-stimulated 

splenocytes and brain tissue extracts, should trigger anti-inflammatory properties in MSCs 

differentiating into neuron-like cells.  
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3.3 The optimization of the transdifferentiation protocol for human AT-MSCs. 

Since the original differentiation protocol was designed for mouse AT-MSCs, it can be presumed 

that human AT-MSCs could need some optimizations in passage numbers, seeding density and 

differentiation components doses, to obtain optimal differentiation results. 

 

Other aims of the thesis 

3.4 The characterization of the role of growth factors in the differentiation of LSCs into 

corneal epithelium. 

The impact of growth factors on particular types of stem cells´ behaviour can vary depending on 

the surrounding environment. The effect of commonly used cytokines on LSC differentiation and 

proliferation is to be defined. 

3.5 The comparison of the potential of AT- and BM-MSCs to support or substitute LSCs in 

cornea regeneration. 

MSCs seem to be an alternative stem cell source in corneal regeneration. To estimate the most 

appropriate MSCs for this application, the comparison of the characteristics of AT- and BM-

MSCs was performed.  
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5 Results 

5.1 Targeted neural differentiation of murine mesenchymal stem cells by a 

protocol simulating the inflammatory site of a neural injury. 

Chudickova M., Bruza P., Zajicova A., Trosan P., Svobodova L., Javorkova E., Kubinova S., 

Holan V. 

J Tissue Eng Regen Med. 2015; doi: 10.1002/term.2059. [Epub ahead of print] 

 

The complex environment of neural injury includes a lot of factors, which have various effects 

on stem cell behaviour and regenerative potential. Due to these environmental effects, the in vivo 

regeneration of central nervous system is complicated and frequently unsuccessful. However, 

generally it is possible; for example in the more supportive environment of an injured peripheral 

nervous system. This work was aimed to design an in vitro transdifferentiation protocol which 

would mimic the stimulatory impacts of neural injury on stem cells, while regulating its negative 

effects. In this way the stem cells could be pre-differentiated into neuron-like cells which could 

persist and operate in the environment of a neural injury. The protocol was based on the effect of 

growth factors, brain tissue extract, supernatant from ConA-stimulated splenocytes, electrical 

stimulation in physiological conditions and extracellular support by nanofiber scaffolds. Neuron-

like cells resulting from this protocol acquired neuron-like morphology, expressed the genes for 

neuron-specific markers, for example neurofilament light polypeptide (Nf-L), neurofilament 

medium polypeptide (Nf-M), synaptophysin (SYP), glutamic acid decarboxylase (GAD), beta-III 

tubulin (TUBB3), and were positive for Nf-L polypeptide. 
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Abstract 

Damaged neural tissue is regenerated by neural stem cells (NSCs), which represent a rare and difficult-to-culture cell 

population. Therefore, alternative sources of stem cells are being tested to replace a shortage of NSCs. Here we show that 

mouse adipose tissue-derived mesenchymal stem cells (MSCs) can be effectively differentiated into cells expressing 

neuronal cell markers. The differentiation proto-col, simulating the inflammatory site of neural injury, involved brain 

tissue extract, fibroblast growth factor, epidermal growth factor, supernatant from activated splenocytes and electrical 

stimulation un-der physiological conditions. MSCs differentiated using this protocol displayed neuronal cell morphol-ogy 

and expressed genes for neuronal cell markers, such as neurofilament light (Nf-L), medium (Nf-M) and heavy (Nf-H) 

polypeptides, synaptophysin (SYP), neural cell adhesion molecule (NCAM), glutamic acid decarboxylase (GAD), neuron-

specific nuclear protein (NeuN), III-tubulin (Tubb3) and microtubule-associated protein 2 (Mtap2), which are absent (Nf-

L, Nf-H, SYP, GAD, NeuN and Mtap2) or only slightly expressed (NCAM, Tubb3 and Nf-M) in undifferentiated cells. 

The differentiation was further enhanced when the cells were cultured on nanofibre scaffolds. The neural differenti-ation of 

MSCs, which was detected at the level of gene expression, was confirmed by positive im-munostaining for Nf-L protein. 

The results thus show that the simulation of conditions in an injured neural tissue and inflammatory environment, 

supplemented with electrical stimulation under physiological conditions and cultivation of cells on a three-dimensional 

(3D) nanofibre scaffold, form an effective protocol for the differentiation of MSCs into cells with neuronal markers. 

Copyright © 2015 John Wiley & Sons, Ltd. 
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1. Introduction 

Damage to the nervous system is dangerous and can 

cause injuries that compromise the quality of life; thus, 

enormous efforts are made to enable its regeneration and 

recovery. This is naturally secured by neural stem cells 

(NSCs), a rare cell population, which is difficult to obtain 
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and grow in vitro. Therefore, there is a need for alternative 
cell sources that are easy to make available and handle while 
robust enough for the demands of tissue engineering. These 
requirements are met by mesenchymal stem cells (MSCs); 
they can be obtained from various sources, such as bone 
marrow or adipose tissue, can be isolated according to their 
adherence to plastic surfaces and propagated in vitro to obtain 
sufficient quantities of cells (Dominici et al., 2006). These 
properties make them a promising tool in tissue engineering 
and reconstruction. Besides their general beneficial impact on 
wound healing 

Copyright © 2015 John Wiley & Sons, Ltd. 
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by the production of growth and differentiation factors, 

and by their immunomodulation properties, they are able 

to differentiate and transdifferentiate into many types of 

cells, including neuron-like cells (Sanchez-Ramos et al., 

2000; Tropel et al., 2006; Jackson et al., 2007; Jang et al., 

2010). Since the factors and signals from the damaged 

tissue activate stem cells to differentiate into particular 

cell types and to contribute to regeneration (Trosan et al., 

2012), we have made attempts to simulate the inflamma-

tory environment in damaged neural tissue and to 

differentiate MSCs into cells with neuron-like properties 

and characteristics. It has been shown that extracts from 

damaged neural tissue support stem cells to differentiate 

into neuron-like cells (Chen et al., 2002; Bentz et al., 

2010; Nicaise et al., 2011) and some of the factors 

supporting neural differentiation have been identified 

(Tropepe et al., 1999; Safford et al., 2002; Arnhold et al., 

2006; Tate et al., 2010; Khoo et al., 2011). Furthermore, 

the factors produced by activated splenocytes infiltrating 

the inflamed site of a neural wound also contribute to the 

neural differentiation of stem cells (Armstrong et al., 

2003; Moviglia et al., 2006). Another important factor 

supporting neural differentiation is a type of extracellular 

matrix. It has been shown that three-dimensional (3D) 

scaffolds support the differentiation of stem cells into 

neuron-like cells (Yim et al., 2007; Prabhakaran et al., 

2009; Orza et al., 2011). Finally, electrical stimulation, 

under physiological conditions that are characteristic for 

the nervous system, has also been shown to be another 

factor increasing the neural differentiation of stem cells 

(Woo et al., 2009; Orza et al., 2011). 

In this study we used mouse adipose tissue-derived 

MSCs and brain tissue extract, defined recombinant 

growth factors, supernatants from activated splenocytes, 

electrical stimulation and 3D nanofibre scaffolds as 

differentiation factors. The study was aimed at simulating 

the effects of an inflammatory environment at the site of 

neural injury on stem cell differentiation. Individual 

components of the differentiation protocol, when used 

separately, induced only a limited or no significant 

differentiation of MSCs into neuron-like cells. However, 

the combination of all differentiation factors created a 

superior environment and resulted in a highly effective 

transdifferentiation of MSCs. Since adipose tissue-

derived MSCs represent an adult type of stem cells, 

which can be obtained from a particular patient and 

applied therapeutically as autologous cells, the ethical 

and biological problems associated with the application 

of embryonic stem cells or induced pluripotent stem cells 

are avoided. Thus, predifferentiated MSCs growing on 

nanofibre scaffold may represent a perspective cell 

source for neural tissue repair and regeneration.

Mice of the inbred strain BALB/c, aged 7–10 weeks,  

were obtained from the breeding unit of the Institute of 

Molecular Genetics, Prague. Use of the animals was ap-

proved by the local Animal Ethics Committee of the Institute 

of Experimental Medicine. 

 

2.2. Isolation and culture of MSC 
Subcutaneous adipose tissue from the dorsal part of the body 

was collected in Dulbecco’s modified Eagle’s medium 

(DMEM; Sigma-Aldrich, St. Louis, MO, USA) containing 

10% fetal calf serum (FCS; Sigma), antibiotics (100 U/ml 

penicillin, 100 mg/ml streptomycin) and 10 mM HEPES 

buffer. The tissue was cut into small pieces with scissors and 

incubated in 1 ml Hanks’s balanced salt solution containing 10 

mg/ml collagenase type I (Sigma) for 60 min at 37 °C with 

gentle agitation. Then the collagenase was diluted with 

complete DMEM, the cells were filtered and centrifuged at 

250 × g for 8 min. The upper adipose layer was removed, the 

cells were centrifuged again, resuspended in 6 ml complete 

DMEM and seeded in 25 cm
3
 tissue culture flasks (Corning, 

Schiphol-Rijk, The Netherlands). After incubation for 48 h, 

the cells were washed with medium to remove non-adherent 

cells and cell debris. The adherent cells were cultured for 3 

weeks in complete DMEM, with a regular medium exchange 

and passaging cells to keep an optimal cell concentration. 

After 3 weeks of cultivation (3–5 passages), the cells were 

collected by trypsinization. 

 

2.3. Characterization of MSCs 

MSCs were rinsed with phosphate-buffered saline (PBS) 

containing 0.5% bovine serum albumin (BSA) and labelled on 

ice with: fluorescein isothiocyanate (FITC)-labelled 

monoclonal antibody (mAb) anti-CD44 (clone IM7, BD 

Pharmingen, San Jose, CA, USA); FITC-labelled anti-CD90.2 

(clone 30-H12, BioLegend, San Diego, CA, USA); 

phycoerythrin (PE)-labelled anti-CD105 (clone TY/11.8, 

eBioscience, San Diego, CA, USA); allophycocyanin (APC)-

labelled anti-CD11b (clone M1/70, BioLegend); PE-labelled 

anti-CD31 (clone MEC 13.3, BD Pharmingen); or FITC-

labelled anti-CD45 (clone 30-F11, BioLegend) for 30 min. 

Cells stained with PE-labelled rat IgG2a (clone RTK2758, 

BioLegend), APC-labelled rat IgG2b (clone RTK4530, 

BioLegend) or FITC-labelled rat IgG2b (clone RTK4530, 

BioLegend) were used as negative controls. Dead cells were 

stained with Hoechst 33258 (1 μg/ml, Sigma), added to the 

samples for the last 15 min before flow-cytometry analysis. 

Data were collected using an LSRII cytometer (BD Biosci-

ence) and analysed using FlowJo software (Tree Star, 

Ashland, OR, USA). 

 

2.4. Preparation of brain tissue extracts 

 

2. Materials and methods 

2.1. Mice 
 

Copyright © 2015 John Wiley & Sons, Ltd. DOI: 10.1002/term 

Brain tissue from adult mice was collected in serum-free 

DMEM on ice, cut with scissors, homogenized with a glass 

homogenizer in a volume of approximately one brain/ml 

DMEM and frozen at –80 °C. The homogenate was thawed 
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and frozen three times and centrifuged at 3000 x g for 8 

min. The supernatant was filtered through a 0.45 μm fil-

ter (Millipore, Billerica, MA, USA) and stored in 

aliquots at –80 °C. 

2.5. Preparation of supernatants from 
Concanavalin A (ConA)-stimulated 

splenocytes 

A single-cell suspension of mouse spleen cells (1 × 10
6
 

cells/ml) was stimulated in RPMI 1640 medium 

(Sigma) containing 10% FCS, antibiotics and 10 mM 

HEPES buffer for 48 h at 37 °C with 1.5 μg/ml ConA 

(Sigma). The supernatants were harvested, centrifuged 

at 3000 × g for 8 min, filtered through 0.45 μm filter 

(Millipore) and stored in aliquots at –80 °C. We have 

shown previously that supernatants from Con A-

stimulated spleen cell cultures contained a number of 

pro-inflammatory cytokines, such as interleukin (IL)-2, 

IL-6 or interferon-  (IFN ) (Holan et al., 2010). 

2.6. Nanofibre scaffolds 

Polycaprolactone (PCL) nanofibre scaffold was 

prepared using the electrospinning technique, as we 

have described (Zajicova et al., 2010). Briefly, PCL 

polymer was dissolved in chloroform at 7 weight 

percent (wt%) and the solution was completed by 1,2-

dichlorethane (29 wt%) and ethyl acetate (10 wt%) 

(both from Penta, Prague, Czech Republic). To prepare 

the nanofibres, modified needleless Nanospider 

technology was used (Zajicova et al., 2010). The 

mass/unit area of nanofibre material used in this study 

was 5 g/m
2
; the nanofibres had a diameter of 283–520 

nm. The morphology of PCL nanofibres was 

characterized by scanning electron microscopy (data 

not shown). 

To use nanofibres as a cell scaffold, the nanofibres were 

cut into pieces (1.5 × 1.5 cm
2
) and fixed into 

CellCrown
™

 24 inserts (Scaffdex, Tampere, Finland). 

2.7. Electrical stimulation 

To perform the electrical stimulation experiments, a 

system comprising a pulse generator, an amplifier front-

end 

 

and a data acquisition subsystem was designed, as depicted in 

Figure 1. The signal from the high-impedance pulse gen-

erator HM8150 (Hameg Instruments, Mainhausen, Germany) 

output was buffered using the voltage follower OP27 (Analog 

Devices, Norwood, MA, USA) and guided to the positive 

electrode. The negative electrode was con-nected to the low-

impedance current-to-voltage amplifier AD549 (Analog 

Devices) in order to monitor the current flowing in the cell 

culture. The pulse generator and current-to-voltage amplifier 

signals were digitalized by a USB6009 data acquisition 

device (DAQ, National Instru-ments, Austin, TX, USA) and 

stored in a computer. The experimental cell cultures were 

subjected to a 4 Hz positive monophasic pulse wave with a 

2.5 ms pulse duration and an amplitude of 1.1 V. The silver 

(Ag) electrodes were fixed to a cell culture dish with Teflon 

clamps. 

2.8. Differentiation protocol 

MSCs were seeded at a low concentration (2 × 10
3
 cells/ 

cm
2
) in 35 mm Petri dishes (Corning) or on PCL nanofibres 

fixed to inserts, in accordance with similarly low concen-

trations of cells used in previous studies (Safford et al., 2002, 

Tate et al. 2010, Khoo et al., 2011). The inserts with cell-

seeded nanofibres were placed into Petri dishes and the cells 

were cultured in 3 ml complete DMEM. Half of the culture 

medium was removed on days 2, 5 and 8 and replaced by the 

same volume of a mixture that consisted of five volume parts 

of complete DMEM, four parts of supernatant from ConA-

stimulated spleen cells and one part of brain tissue extract. 

Recombinant murine fibroblast growth factor-basic (FGF-b; 

Peprotech, Rocky Hill, NJ, USA) was added to the cultures 

on days 2, 4, 5 and 8 to make a final concentration of 10 

ng/ml. Recombinant murine epidermal growth factor (EGF; 

Peprotech) at a final concentration of 10 ng/ml was added to 

the cultures on day 8. The electrical stimulation was applied 

on days 3, 4, 5 and 8, with the following parameters: strength 

of electric field 0.33 V/cm, which corresponds to an applied 

voltage of 1.1 V, frequency of pulses 4 Hz, for 5 min. On day 

9, the nanofibres with cells were collected in 500 μl TRI Re-

agent (Molecular Research Center, Cincinnati, OH, USA) and 

used for the detection of gene expression. Our pilot 

experiments have revealed that the best results were obtained 

after at least 9 days of differentiation. 

 

 

 

 

 

Figure 1. Electrical stimulation set-up. The electrical current generated by a single output of direct current power supply (not depicted in the 

figure), modulated by a pulse generator and buffered by an OP27 voltage follower, is guided to the positive electrode. The negative electrode is 

connected to an AD549 current-to-voltage amplifier. The signals from the pulse generator and the current-to-voltage amplifier are digitalized by a 

DAQ device and stored in a computer 
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2.9. Detection of gene expression by real-

time PCR 

Total RNA was isolated from cells using TRI Reagent 

with Polyacryl Carrier (Molecular Research Center) 

augmentation, according to the manufacturer’s 

instructions. Total RNA (1 μg) was pretreated using 

deoxyribonulease I (Promega, Madison, WI, USA) and 

subsequently used for reverse transcription. The first 

strand of cDNA was synthetized using M-MLV 

Reverse Transcriptase and random primers (Promega) 

in a total reaction volume of 25 μl. Quantitative real-

time PCR was performed on a StepOne Plus Cycler 

(Applied Biosystems, Warrington, UK), using Power 

SYBR Green (Applied Biosystems) according to the 

manufacturer’s instructions. The primers used for 

amplification of genes for glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH), neurofilament light 

polypeptide (Nf-L), neurofilament medium polypeptide 

(Nf-M), neurofilament heavy polypeptide (Nf-H), 

synaptophysin (SYP), neural cell adhesion molecule 

(NCAM), glutamic acid decarboxylase (GAD), neuron-

specific nuclear protein (NeuN), III tubulin (Tubb3) 

and microtubule-associated protein 2 (Mtap2) (Table 1) 

were obtained from Generi-Biotech (Hradec Kralove, 

Czech Republic). The PCR parameters involved 

denaturation at 95 °C for 3 min, then 40 cycles at 95 °C 

for 20 s, annealing at 60 °C for 30 s and elongation at 

72 °C for 30 s. Fluorescence data were collected at 

each cycle after an elongation step at 80 °C for 5 s and 

were analysed on a StepOnePlus detection system 

(Applied Biosystems). CT numbers were used for CT 

calculation, with GAPDH as the housekeeping gene. 

Murine brain tissue cDNA was used as a positive 

control for neuron-specific markers. Each experiment 

was done in duplicate. 

 

2.10. Immunocytochemistry 

MSCs from control cultures or cultures undergoing a 

differentiation protocol were grown on microscope 

slides, which were sterilized with 70% ethanol, coated 

with 10 μg/ml laminin solution (Sigma) for 20 min, 

rinsed with sterile water and sterilized with UV light. 

On day 9, cells growing on slides were fixed with 4% 

paraformaldehyde for 10 min, then soaked three times 

for 10 min into PBS and permeabilized with 0.3% 

solution of Tween 20 for 

Table 1. Primers used for real-time PCR 

20 min. Cells were treated for 2 h at room temperature with 

Chemiblocker (1 : 10) and 0.1% solution of Tween 20 in PBS 

to block non-specific staining. 

Neurofilament-L specific mAb (1:100; clone MA5-14981, 

Thermo Fisher Scientific, Rockford, IL, USA) diluted in 0.1 

M PBS containing Chemiblocker (1:6) and Tween 20 (0.1%) 

was applied to the cells for 16 h at 4 °C. This step was 

followed by incubation with a secondary goat anti-rabbit IgG 

antibody conjugated with AlexaFluor 488 (1:250; Invitrogen, 

Eugene, OR, USA) diluted in 0.1 M PBS with Chemiblocker 

(1:10) and Tween 20 (0.1%) for 2 h at room temperature. The 

slides were fixed to glass with Mowiol 4-88 (Calbiochem, 

San Diego, CA, USA) containing the nuclear dye 4′,6′-
diamidino-2-phenylindol (DAPI; 1:1000; Life Technologies, 

Eugene, OR, USA). The samples were stored in the dark at 4 

°C and assessed using a fluorescent microscope (Leica, 

Wetzlar, Germany). 
 

2.11. Statistical analysis 

The statistical significance of differences between individual 

samples was calculated using Student’s t-test and multiple 

comparisons were analysed by ANOVA. 

 

3. Results 

3.1. Characterization of MSCs 

The expression of cell surface markers on adipose tissue-

derived MSCs cultured for 3 weeks was determined by flow 

cytometry. The cells were negative for CD11b, CD45 and 

CD31 and positive for CD44, CD90 and CD105 (Figure 2). 

In addition, the cells had typical fibroblast-like cell 

morphology and were capable of differentiating into 

adipogenic and osteogenic lineages (results not shown). 

MSCs grown under standard culture conditions were tested 

by quantitative PCR (qPCR) for the expression of genes for 

the neuron-specific markers Nf-L, Nf-M, Nf-H, SYP, NCAM, 

GAD, Tubb3, NeuN and Mtap2. Undifferentiated MSCs did 

not express detectable levels of the listed markers, except for 

a low expression of Nf-M, NCAM and Tubb3 (Figure 3).

 
Gene Sense primer Antisense primer 

GAPDH CCCAACGTGTCTGTCGTG CCGACCCAGACGTACAGC 
Nf-L GGACATCGAGATTGCAGCTT CTGGTGAAACTGAGCCTGGT 
Nf-M GAATACCAGGATCTCCTTAACGTC TTCCCCCTCTAGGAGTTTCC 
Nf-H CATTGAGATTGCCGCTTACA ACTCGGACCAAAGCCAATC 
SYP CTGGCAGACATGGACGTG CTTGACCACCCGGAACTG 
NCAM CACTTTGTGTTCAGGACCTCAG AAAAGCAATGAGACCAAGGTG 
GAD ATACAACCTTTGGCTGCATGT TTCCGGGACATGAGCAGT 
NeuN CACAGCAACCTACAGCATCG CACAGCAACCTACAGCATCG 
Tubb3 GCGCATCAGCGTATACTACAA TTCCAAGTCCACCAGAATGG 
Mtap2 GCTCCAAGTTTCACAGAAGGAG AGGTTGGTTCAGATCAATATAAATAGG 
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3.2. Differentiation effect of neural tissue 
extract, supernatant from activated 
splenocytes, recombinant growth factors, 

electrical stimulation and nanofibre scaffold 
 
The differentiation protocol for targeted neural 

differentiation of MSCs was designed with regard to 

simulating the physiological conditions in the 

environment of wounded neural tissue. The protocol 

involved brain tissue extract, supernatant from 

stimulated splenocytes, FGF-b and EGF, and was 

supported by electrical stimulation and nanofibre 

scaffolds. For a more detailed analysis, the neuron-

specific markers with the highest expression were 

chosen (i.e. Nf-L, Nf-M, SYP and GAD).  
Cells treated with growth factors only (Figure 4, 

group G) did not express detectable levels of neuron-

specific markers SYP and GAD and only low levels of 

Nf-M, compared to untreated cells (Figure 4, group 

ctrl). Similar results were obtained for cells treated with 

growth factors and supernatant from activated 

splenocytes (Figure 4, group G + S). The levels of all 

neuron-specific markers in cells treated with growth 

factors and brain tissue extract (Figure 4, group G + E) 

were slightly increased in comparison to untreated 

cells. A significant increase in the expression levels of 

all tested neuron-specific markers was observed in cells 

treated with a combination of 

 

 

 

 

 

 

 

 

 

Figure 3. Relative gene expression of neuron-specific markers in 

undifferentiated MSCs. The cells did not express detectable levels of Nf-

L, Nf-H, SYP, GAD, NeuN or Mtap2 and only low expressions of 

Tubb3, NCAM and Nf-M were detected. Each bar represents mean ± SE 

from three independent determinations 

 

growth factors, brain tissue extract and supernatant from 

activated splenocytes (Figure 4, group G + E + S). 

Electrical stimulation alone had no differentiation effect 

(results not shown). However, when electrical stimulation 

was involved in the basic differentiation protocol, composed 

of brain tissue extract, supernatant and growth factors, further 

increase in the expression of neuron-specific markers was 

observed (Figure 5). The electrical 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Flow-cytometry analysis of undifferentiated MSCs; the cells were stained with Hoechst 33258 dye and by antibodies against CD45 (A), 

CD11b (B), CD31 (C), CD44 (D), CD90 (E) and CD105 (F). MSCs stained with appropriate isotype control were used as a negative control (grey 

colour). A typical result from three determinations is shown 
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Figure 4. The effect of growth factors, brain tissue extract and supernatant from activated splenocytes on MSCs differentiation. The differentiation 

effect of growth factors FGF-b and EGF (group G), growth factors and brain tissue extract (G + E), growth factors and supernatant from activated 

splenocytes (G + S) or a combination of the growth factors, extract and supernatant together (G + E + S) on neural differentiation of MSCs was 

characterized according to the expression of genes for the neuron-specific markers Nf-M, SYP and GAD; Ctrl is a negative control – untreated MSCs. 

Expression of the genes Nf-M, SYP and GAD was detected by real-time PCR. Each bar shows mean ± SE from three independent determinations; 

*statistically significant differences; *p < 0.05, **p < 0.01, ***p < 0.001 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. Effect of electrical stimulation on differentiation of MSCs, which were cultured untreated (group Ctrl) or were differenti-ated with brain 

tissue extract, growth factors and supernatant from activated splenocytes. The cell cultures were grown without elec-trical stimulation (group 0 V) 

or with electrical stimulation of 1.1 V involved in the differentiation protocol (group 1.1 V). Expression of the neuron-specific markers Nf-M, 

SYP and GAD was determined by real-time PCR. Each bar represents mean ± SE from three in-dependent determinations; *statistically 

significant differences; *p < 0.05, **p < 0.01 

 

stimulation in these experiments used a voltage of 1.1 

V, which was recognized in our preliminary 

experiments as an optimal dose (data not shown). 

Nanofibre scaffolds were used to provide 

extracellular support, mimic the natural 3D 

environment and enable  

a possible transfer of in vitro differentiated cells for their 

prospective therapeutic application. We found that PCL 

nanofibre scaffold itself did not have any significant effect on 

neural differentiation (Figure 6, group Ctrl + N). However, in 

MSCs differentiated with growth factors and 
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Figure 6. The effect of nanofibre scaffold on differentiation of MSCs, which were cultured untreated on plastic (group Ctrl) or on PCL nanofibres 

(Ctrl + N), or were differentiated with growth factors FGF-b and EGF and brain tissue extract on plastic (G + E), or on nanofibres (G + E + N), 

with growth factors and supernatant from activated splenocytes on plastic (G + S) or on nanofibres (G + S + N), or with growth factors, extract 

and supernatant on plastic (G + E + S), or on nanofibres (G + E + S + N). All groups except Ctrl and Ctrl + N were treated by electrical 

stimulation with a voltage of 1.1 V. Expression of the neuron-specific markers Nf-M, SYP and Nf-L was determined by real-time PCR. Each bar 

represents mean ± SE from three independent determinations; *statistically significant differences in gene expression; *p < 0.05, **p < 0.01 

extract (group G + E), growth factors and supernatant 

(group G + S) or with growth factors, extract and 

supernatant (group G + E + S) (with the involvement of 

electrical stimulation in all groups), the expression of 

neuron-specific markers was significantly enhanced in 

samples cultured on nanofibre scaffold when compared 

to the samples differentiated in the same way on plastic 

surfaces (Figure 6). 

Finally, using the WST-1 assay, we compared the 

viability of non-differentiated MSCs and MSCs 

undergoing the complex differentiation protocol for 9 

days. We found that differentiated cells had a slightly 

decreased (roughly by half) viability in comparison 

with undifferentiated cells (data not shown). However, 

none of the components of the protocol, when used 

separately, had any toxic effect on the growth of MSCs. 

3.3. Detection of Nf-L protein by 

immunocytochemistry 

Immunocytochemistry was used to demonstrate the 

presence of Nf-L protein (as one of selected markers 

with the highest expression) in differentiated MSCs. 

While control samples of non-differentiated MSCs 

stained with mAb against Nf-L did not show the 

presence of this protein (Figure 7A), samples of MSCs 

differentiated in the presence of brain tissue extract, 

growth factors, supernatant from 

stimulated spleen cells and subjected to electrical stimulation 
were clearly positive for Nf-L protein (Figure 7B–D).  

The morphology of differentiated and undifferentiated 

MSCs was compared in both fluorescence (Figure 8A, C) and 

phase (Figure 8B, D) channels at the same time. The 

differentiated MSCs were positive for Nf-L protein (Figure 

8A) and showed neurite-like morphology (Fig-ure 8B), while 

undifferentiated MSCs did not show the presence of Nf-L 

protein (Figure 8C) and maintained their fibroblast-like shape 

(Figure 8D). 

 

4. Discussion 

Various distinct protocols have been used to differentiate 

stem cells into cells expressing neuronal cell markers and 

characteristics (Sanchez-Ramos et al., 2000; Tropel et al., 

2006; Prabhakaran et al., 2009). These protocols include 

defined recombinant factors (Jang et al., 2010; Khoo et al., 

2011), chemicals (Sanchez-Ramos et al., 2000; Safford et al., 

2002), neural tissue extracts (Chen et al., 2002; Bentz et al., 

2010; Nicaise et al., 2011), supernatants from acti-vated 

lymphocytes (Armstrong et al., 2003; Moviglia et al., 2006), 

electrical stimulation (Woo et al., 2009; Orza et al., 2011) or 

different matrices or scaffolds to support cell growth (Yim et 

al., 2007; Prabhakaran et al., 2009; Orza et al., 2011). 

However, the physiological 
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Figure 7. Detection of Nf-L protein (green) in differentiated MSCs by immunocytochemistry. MSCs were cultured untreated (A) or were 

differentiated using a protocol involving brain tissue extracts, growth factors, supernatants from stimulated splenocytes and electrical stimulation 

(B, C, D). The nuclei are stained by DAPI (blue); magnification = ×400; representative figures from three independent experiments are shown 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Comparison of morphology of differentiated and undifferentiated MSCs in fluorescence and phase channel. MSCs were differentiated 

using a protocol involving brain tissue extracts, growth factors, supernatants from stimulated splenocytes and electrical stimulation (A, B) or were 

cultured untreated (C, D). Nf-L protein (green) was detected by immunocytochemistry; the nuclei were stained by DAPI (blue) (A, C); 

morphology of the cells is shown in phase channel (B, D); magnification = ×400 
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complexity of damaged tissue and an inflammatory 

environment at the site of neural injury involve all the 

above factors, which can influence stem cells 

differentiation in the vicinity of the injury. To simulate 

these complex conditions, we combined neural tissue 

extract, defined growth factors, supernatants of 

activated splenocytes, electrical stimulation and a 3D 

nanofibre scaffold. 

Our results showed that the complex approach for MSC 

differentiation was more effective than separate 

application of individual components of the protocol. 

Individual components contributed unequally, but each 

of them had a benefit to the final cell differentiation. 

For example, electrical stimulation itself did not induce 

the expression of neuronal markers, but it enhanced the 

expression of neuron-specific genes in MSCs 

differentiated by a combination of tissue extract, 

supernatant from activated splenocytes and growth 

factors. Similarly, involvement of nanofibre scaffolds 

in the differentiation protocol further enhanced the 

expression of neuronal genes in differentiated MSCs.  

As a source of stem cells in this study, we used adipose 

tissue-derived MSCs, which can be obtained and 

handled easily and which are known to be a suitable 

source of cells for neural differentiation (Zuk et al., 

2002; Jang et al., 2010). MSCs generally express 

undetectable or low levels of neuron-specific markers 

in a non-induced state (Sanchez-Ramos et al., 2000; 

Deng et al., 2006) and their electrophysiological 

properties enable them to differentiate into excitable 

cells (Heubach et al., 2004). 

 Brain tissue extracts and supernatants from ConA-

stimulated spleen cells were used to simulate the 

physiological conditions at the site of the neural injury 

and inflammation and to stimulate MSCs by molecules 

produced in an inflamed environment. Brain tissue 

extracts, as the differentiation agents, have been tested 

before in many differentiation protocols, where the 

brain tissue was impaired by a model injury or disease 

(Moviglia et al., 2006; Bentz et al., 2010; Nicaise et al., 

2011). In our study, the inflammatory immune reaction 

was simulated by the supernatant from mitogen-

stimulated spleen cells.  

Electrical stimulation of MSCs under physiological 

conditions seems to have a supportive rather than a 

determinative role in our differentiation protocol. We 

observed that electrical stimulation itself (without other 

components of the differentiation protocol) did not 

induce expression of neuronal markers in MSCs. 

However MSCs undergoing the differentiation protocol 

under electrical stimulation express higher levels of 

neuron-specific markers than cells differentiated 

without electrical stimulation. It has been shown 

previously that external electric stimulation leads to 

hyperpolarization of the cell membrane, which is 

closely connected with differentiational processes 

(Sundelacruz et al., 2009; Wu et al., 2011).  

According to the intensity and frequency of electrical 

stimulation, this approach induces changes in the intracellular 

concentration of calcium ions (Sun et al., 2006; Sun et al., 

2007). Such a change influences the expression pattern of 

numerous transcriptional factors in the nucleus, which affects 

the differentiation of stem cells (Sun et al., 2007; Sundelacruz 

et al., 2009; van Vliet et al., 2010). In addition, electrical 

stimulation increases the permeability of the cell membrane to 

soluble growth and differentiation factors (Titushkin et al., 

2010).  

It has been shown that different scaffolds used for cell growth 

represent another factor which significantly influences stem cell 

differentiation (Yim et al., 2007; Prabhakaran et al., 2009; Orza 

et al., 2011). Nanofibre scaffolds mimic a natural 3D 

environment and provide extracellular support for cell growth. 

Stem cells growing on nanofibres have a higher differentiation 

capacity than cells growing on plastic surfaces (Yim et al., 

2007). In our study, a 3D nanofibre scaffold itself did not induce 

neural differentiation in untreated MSCs. However, the 

differentiation of MSCs using complex differentiation and 

growth on nanofibre scaffolds yielded superior results and 

induced the highest expression of neuronal cell markers, when 

compared to cells differentiated on plastic.  

Although MSCs undergoing the differentiation protocol had a 

lower proliferation rate than undifferentiated cells, the difference 

seems to be a consequence of cell differentiation rather than a 

toxic effect of individual components of the differentiation 

protocol. In our preliminary experiments, none of the 

components of the differentiation protocol had any cytotoxic or 

cytostatic effect on MSC proliferation. 

Altogether, our results have shown that the use of a complex 

differentiation protocol is an effective way to differentiate MSCs 

into cells expressing neuron-specific markers. MSCs can be 

easily obtained from the fatty tissue of a particular patient, 

predifferentiated by the described protocol and used 

therapeutically as autologous adult stem cells. We have recently 

shown the effectiveness of MSCs growing on a nanofibre 

scaffold for the treatment of ocular surface injuries in mouse and 

rabbit models (Zajicova et al., 2010; Cejkova et al., 2013). When 

being mindful of the ethical problems associated with the use of 

embryonic stem cells (Robertson, 2001; Lo and Parham, 2009), 

or when considering the immunogenicity of induced pluripotent 

cells (Dhodapkar et al., 2010; Wu and Hochedlinger, 2011; Zhao 

et al., 2011), we suggest that MSCs pre-activated by a complex 

differentiation protocol, and easily handled when grown on a 

nanofibre scaffold, could represent a suitable tool for cell-based 

therapy of various neural injuries and neurological disorders. 
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5.2 The characterization of the immunomodulatory properties of neuron-like 

cells – the unpublished results 

According to licensing theory, MSCs are able to develop anti-inflammatory activity as a reaction 

to an inflammatory environment. During the transdifferentiation protocol MSCs were cultured in 

an inflammatory environment which mimics the environment of a neural injury. This 

environment could support the transdifferentiation of MCSs into neuron-like cells and induce the 

anti-inflammatory properties of transdifferentiating cells. After the completion of the 

transdifferentiation protocol the resulting neuron-like cells and non-differentiated AT-MSCs 

controls were co-cultivated for 24 and 48 hours with ConA-stimulated mouse splenocytes and 

their cytokine secretion profiles were compared by qPCR and ELISA test. The experiments were 

performed both in mixed co-cultivation and in physically separated conditions; to identify the 

cells correctly the groups were physically isolated by nanofiber scaffolds, and to exclude possible 

bias due to lack of cell-cell contact the experiments were performed also without these separating 

conditions. The neuron-like cells maintained the relative gene expression of neuron-specific 

makers during the co-cultivation with the activated splenocytes. Both the non-differentiated AT-

MSCs controls and neuron-like cells were comparably able to suppress the relative gene 

expression for IFN-gamma in splenocytes stimulated by ConA, which was also confirmed on the 

protein production level by an ELISA test. Both neuron-like cells and non-differetiated AT-

MSCs similarly supported the relative expression of the gene for IL-10 in splenocytes stimulated 

by ConA. Neuron-like cells co-cultivated with activated splenocytes expressed lower levels of 

the gene for IL-6 compared to non-differentiated AT-MSCs co-cultivated with activated 

splenocytes, which was also confirmed on the protein production level by an ELISA test. The 

neuron-like cells were able to suppress the inflammatory behaviour of activated splenocytes 

comparably to non-differentiated AT-MSCs. Finally, the neuron-like cells could participate in the 

regeneration and restoration processes in neural injury. 
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5.3 The optimization of the differentiation protocol for human AT-MSCs – the 

unpublished results 

The transdifferentiation protocol for AT-MSCs was originaly designed for mouse cells. For 

human AT-MSCs the protocol was optimized by several changes, due to the higher viability and 

proliferation rates in human cells compared to mouse cells. The human cells showed the optimal 

results of differentiation when they were used in an earlier passage (3
rd

 passage compared to 5
th

 

passage, which was used in mouse cells) and in a lower seeding density (500 cells/cm
2
, compared 

to 2000 cells/cm
2
 in mouse cells). Consequently, human tissue-derived differentiation agents 

were used in lower doses. In the case of human AT-MSCs, the 3D extracellular support was 

performed by hydrogel (combination of collagen and hyaluronic acid). The resulting human 

neuron-like cells acquired neuron-like morphology, expressed the genes for neuron-specific 

markers and showed positivity for proteins Nf-L, Nf-M and TUBB3.  
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5.4 The key role of insulin-like growth factor I in limbal stem cell 

differentiation and the corneal wound-healing process 

 Trosan P., Svobodova E., Chudickova M., Krulova M., Zajicova A., Holan V.  

Stem Cells Dev. 2012; 21(18):3341-50. doi: 10.1089/scd.2012.0180.  

The specific environment in injured cornea activates LSCs to proliferate, migrate and 

differentiate into corneal epithelial cells. To determine the participating cytokines an animal 

model of a wounded cornea was established. The epithelial layer of the central cornea was 

mechanically damaged by sharp needle. The samples of cornea and limbus were excised at 

different time intervals after the injury (3, 6, 9, 12, 24 and 48 hours) and their cell proliferation, 

growth factor production and relative gene expression were detemined. The injured cornea 

significantly up-regulated the gene expression for insulin-like growh factor 1 (IGF-1), EGF, 

bFGF and other cytokines. It was found that IGF-1, but not EGF nor bFGF, supports the 

differentiation of LSCs into corneal epithelial cells. By contrast, the proliferation of LSCs was 

supported by EGF and bFGF, but not by IGF-1.    
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Limbal stem cells (LSC), which reside in the basal layer of the limbus, are thought to be responsible for corneal 

epithelial healing after injury. When the cornea is damaged, LSC start to proliferate, differentiate, and migrate to the 

site of injury. To characterize the signaling molecules ensuring communication between the cornea and LSC, we 

established a mouse model of mechanical corneal damage. The central cornea or limbal tissue was excised at different 

time intervals after injury, and the expression of genes in the explants was determined. It was observed that a number 

of genes for growth and differentiation factors were significantly upregulated in the cornea rapidly after injury. The 

ability of these factors to regulate the differentiation and proliferation of limbal cells was tested. It was found that the 

insulin-like growth factor-I (IGF-I), which is rapidly overexpressed after injury, enhances the expression of IGF 

receptor in limbal cells and induces the differentiation of LSC into cells ex-pressing the corneal cell marker, 

cytokeratin K12, without any effect on limbal cell proliferation. In contrast, the epidermal growth factor (EGF) and 

fibroblast growth factor-b (FGF-b), which are also produced by the damaged corneal epithelium, supported limbal cell 

proliferation without any effect on their differentiation. Other factors did not affect limbal cell differentiation or 

proliferation. Thus, IGF-I was identified as the main factor stimulating the expression of IGF receptors in limbal cells 

and inducing the differentiation of LSC into cells expressing corneal epithelial cell markers. The proliferation of these 

cells was supported by EGF and FGF. 

 

Introduction  

The impaired or otherwise damaged cornea is thought to be 

healed by the cells that originate from the limbus.  

Although some degree of self-regenerative capacity of the 

corneal epithelium has been described in both the mouse 

[1] and in humans [2,3], the majority of cells migrating to 

the site of injury originate from limbal stem cells (LSC). It 

has been observed that in the case of LSC deficiency, the 

cornea cannot heal properly and its healing is associated 

with conjunctivilization, neovascularization, chronic 

inflammation, and persistent epithelial defects that may 

result in a loss of vision [4,5]. Conversely, such defects 

can be treated by the transplantation of limbal tissue or 

LSC [6,7]. It has been shown that after corneal damage, 

LSC start to proliferate and differentiate into transient 

amplifying cells, which migrate to the site of injury and 

give rise to cells expressing corneal epithelial cell markers 

[4,8]. The molecular basis of the interplay between the 

cornea and the limbus remains mostly unknown. Jia et al. 

[9] demonstrated that a large number of genes in corneal 

cells 

 

 

are upregulated after mechanical or chemical damage of the ocular 

surface. Among them, the genes coding for growth and 

differentiation factors represent a significant group. It was shown 

that the transforming growth factor-a (TGF-a), TGF-b, epidermal 

growth factor (EGF), hepatocyte growth factor (HGF), and 

fibroblast growth factor-b (FGF-b), which are produced by corneal 

epithelial cells, can modulate the proliferation and growth of cells 

on the ocular surface [10–12]. Another factor produced by the 

corneal epithelium, insulin-like growth factor-I (IGF-I), has been 

shown to support the proliferation of keratinocytes [13], enhance 

the production of the adherens-junction protein N-cadherin [14], 

stimulate the formation of the extracellular matrix [15], and 

increase the synthesis of collagen by keratinocytes [16]. The IGF 

signaling pathway has been shown to be involved in cell 

proliferation and differentiation, and it has an important role in 

growth regulation at both cellular and organism levels [17]. It 

suggests that IGF-I and other factors produced by the damaged 

corneal epithelium can be involved in the regulation of LSC 

differentiation, prolifer-ation, and migration. 
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The identification of cornea-associated phenotypic 

markers, such as cytokeratins K3 and K12 or connexin 43, 

which are expressed by corneal cells, but are absent in the 

limbus [18,19], enables monitoring the differentiation of 

LSC into cells with the characteristics of corneal epithelial 

cells and the characterization of those factors responsible 

for the differentiation and proliferation of limbal cells. 

Previous studies have shown that supernatants from 

corneal cell cultures induce the differentiation of various 

types of stem cells, including hair follicule stem cells, 

mesenchymal stem cells (MSC), and embryonic stem 

cells, into cells expressing the corneal epithelial cell 

marker, K12 [20–23]. 

 

However, the key differentiation factor present in the 

corneal cell supernatants has not yet been identified. In the 

present study, a model of mechanically damaged cornea in 

the mouse has been used to characterize factors that are 

produced by the corneal epithelial cells after corneal 

injury, and which are responsible for differentiation and 

proliferation of LSC. Since these factors are produced by 

corneal cells after a superficial corneal epithelial damage 

and they induce the expression of the corneal cell marker, 

K12, in limbal cells, we suggest that these factors are 

involved in the regulation of corneal epithelial healing 

after the injury. 

Materials and Methods 

Animals 

Mice of the inbred strain BALB/c of both sexes were used 

in the experiments at the age of 2–4 months. The animals 

were obtained from the breeding unit of the Institute of 

Molecular Genetics, Prague. The use of animals was ap-

proved by the local Animal Ethics Committee of the 

Institute of Molecular Genetics. 

A model of corneal injury 

The recipient BALB/c mice were deeply anesthetized by 

an intramuscular injection of a mixture of xylazine and 

ketamine (Rometar, Spofa, Prague, Czech Republic). 

The surface of the central cornea (only the epithelial 

layer) of the left eye was damaged by the epithelial 

debridement with a sharp needle (G23). The damage 

involved only the region in the central cornea (with a 

diameter 1 mm) and was made with a care to avoid 

injury of the corneal stroma or the limbus. The extent of 

damage can be observed under a microscope after a 

dissection of the cornea and mechanical separation of 

individual corneal layers. At different time intervals 

after the injury (3, 6, 9, 12, 24, or 48 h), the central 

cornea (the diameter 1 mm) and limbal tissue from 

control and damaged eyes were excised and tested for 

cell proliferation, factor production, or gene expression. 

Preparation of a single-cell suspension from 
limbal tissue 

A single-cell suspension from limbal tissues was obtained 

by enzyme digestion, as we have described [24]. In brief, 

limbal tissues (a narrow tissue between the cornea and the 

conjunctiva) from 10–12 BALB/c mice were cut out with  

scissors and subjected to 10 short (10 min each) 

trypsinization cycles. The released cells were harvested 

after each cycle,  

 

finally centrifuged (8 min at 250 g), and resuspended in the 

Dulbecco’s modified Eagle’s medium (DMEM; Sigma Corp., St. 
Louis, MO) containing 10% fetal calf serum (FCS; Sigma), 

antibiotics (100 U/mL of penicillin, 100 mg/mL of streptomycin), 

and 10 mM HEPES buffer (a complete DMEM). 

Preparation of supernatants from cultures of corneal 
explants 

Explants of the central cornea (1 mm in diameter, without any 

limbal tissue) from control and damaged eyes (24 h after the 

damage) were cultured in the complete DMEM (one cornea 

explant per 125 mL of medium) in 48-well tissue culture plates 

(Nunc, Roskilde, Denmark). After a 24-h incubation period, the 

supernatants were harvested and centrifuged at 400 g for 10 min, 

filtered through 0.22 m filters, and stored at - 80LC until used. 

Determination of limbal cell proliferation 

Limbal explants from individual eyes were incubated in a 

volume of 200 mL of complete DMEM in 96-well tissue culture 

plates (Nunc), and cell proliferation was determined by adding 3H-

thymidine (1 mCi/well, Nuclear Research Institute, Rez, Czech 

Republic) for the last 6 h of the 48-h incubation period. To 

determine the effects of recombinant factors on limbal cell 

proliferation, limbal cells (25 ·  103 cells/ mL) from healthy eyes 

were cultured in a volume of 200 mL of complete DMEM in 96-

well tissue culture plates in the absence or the presence of 

recombinant mouse (m)EGF, mFGF-b, human (h)TGF-b1, human 

keratinocyte growth factor (KGF), mHGF, or mIGF-1 (all factors 

were purchased from PeproTech, Rocky Hill, NJ, and were tested 

at concentrations ranging from 0.1 to 500 ng/mL). Cell prolif-

eration was determined by measuring 3H-thymidine incorporation 

after a 48-h incubation period using a Tri-Carb 2900TR 

scintillation counter (Packard, Meridien, CT). 

Detection of gene expression by real-time polymerase 
chain reaction 

The expression of genes for EGF, FGF-b, TGF-b1, TGF-b2, KGF, 

HGF, IGF-I, IGF-II, IGF-IR, and IGF-IIR in corneal and limbal 

tissue or in cultured limbal cells was detected using quantitative 

real-time polymerase chain reaction (PCR). The central cornea or 

the limbus was excised using Vannas scissors at the indicated time 

intervals after the injury and transferred into Eppendorf tubes 

containing 500 mL of TRI Reagent (Molecular Research Center, 

Cincinnatti, OH). Total RNA was extracted using the TRI Reagent 

according to the manufacturer’s instructions. One mg of total 
RNA was trea-ted using deoxyribonuclease I (Sigma) and used for 

subse-quent reverse transcription. The first-strand cDNA was 

synthesized using random primers (Promega, Madison, WI) in a 

total reaction volume of 25 mL using M-MLV Reverse 

Transcriptase (Promega). Quantitative real-time PCR was 

performed in an iCycler (BioRad, Hercules, CA), as previously 

described [25,26]. The primers used for amplification are shown 

in Table 1. The PCR parameters included denaturation at 95LC for 

3 min, then 40 cycles at 95LC for 20 s, annealing at 60LC for 30 

s, and elongation at 72LC for 30 s. Fluorescence data were 

collected at each cycle after an elongation step at 80LC for 5 s and 

were analyzed on the iCycler Detection system, Version 3.1. Each 

individual 
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 Table 1. Mouse Primer Sequences Used for Real-Time Polymerase Chain Reaction 
   

Gene Sense primer Antisense primer 
   

GAPDH AGAACATCATCCCTGCATCC ACATTGGGGGTAGGAACAC 
EGF CATGCCCCACAGGATTTG GGGCAGGAAACAAGTTCGT 
FGF-b TCTCATCAATCTCCAGTTCACAA CTTGCGTTGATTGCTACTCCT 
KGF CGGCTCTACTGCAAGAACG TGCTTGGAGTTGTAGTTTGACG 
HGF CACCCCTTGGGAGTATTGTG GGGACATCAGTCTCATTCACAG 
TGF-b1 TGGAGCAACATGTGGAACTC CAGCAGCCGGTTACCAAG 
TGF-b2 TGGAGTTCAGACACTCAACACA AAGCTTCGGGATTTATGGTGT 
K12 GTGAGTCCGCTGGTGGTAAC CATCAGCACAGCAGGAAGTG 
IGF-I TCGGCCTCATAGTACCCACT ACGACATGATGTGTATCTTTATTGC 
IGF-IR GAGAATTTCCTTCACAATTCCATC CACTTGCATGACGTCTCTCC 
IGF-II CGCTTCAGTTTGTCTGTTCG GCAGCACTCTTCCACGATG 
IGF-IIR CCTTCTCTAGTGGATTGTCAAGTG AGGGCGCTCAAGTCATACTC 
   

 
EGF, epidermal growth factor; FGF, fibroblast growth factor; KGF, keratinocyte growth factor; HGF, hepatocyte growth factor; TGF, transforming 
growth factor; IGF-I, insulin-like growth factor-I. 

 

experiment was done in triplicate. A relative quantification 

model was applied to calculate the expression of the target 

gene in comparison to GAPDH used as an endogenous 

control. 

Immunostaining 
Limbal cells or corneal epithelial cells (25 ·  103 cells/mL) 

were cultured for 48 h in a volume of 1 mL of complete 

DMEM in 24-well tissue culture plates (Nunc) in the 

absence or the presence of IGF-I (100 ng/mL). Dead cells 

were marked using Hoechst 33258 dye (Invitrogen, 

Carlsbad, CA) and sorted out using a BD Influx Cell 

Sorter (BD Biosciences, Franklin Lakes, NJ). The 

remaining cells were fixed for 20 min with 4% 

paraformaldehyde and permeabilized for 10 min with 

0.1% Triton X-100. The samples were incubated with goat 

polyclonal anti-K12 antibody (Santa Cruz Biotechnology, 

Santa Cruz, CA) for 1 h at room temperature, then with a 

secondary donkey anti-goat IgG conjugated with Alexa 

Flour 594 (Invitrogen). The cells were rinsed with 

phosphate-buffered saline containing 0.05% TWEEN and 

fixed on glass slides with Mowiol 4-88 (Calbiochem, San 

Diego, CA) in the presence of the nuclear dye 4¢,6¢-

diamidino-2-phenylindole (DAPI). Visualization of the 

fluo-rescent label was performed using a fluorescent 

microscope (Leica, Wetzlar, Germany). Control samples 

were run without the primary antibody. 

 

The effect of neutralization antibody anti-IGF-I 
on the ability of corneal cell supernatants to 
induce differentiation of LSC 
Supernatants from cultures of explants from damaged 

corneas were preincubated for 2 h in the absence or 

presence of 10 mg/mL of neutralization goat anti-murine 

anti-IGF-I antibody (Peprotech, Rocky Hill, NJ) and were 

added into cultures of freshly isolated limbal cells (25 ·  

103 cells/mL). After a 48-h cultivation period, the 

expression of K12 gene was determined by real-time PCR. 

 
Statistical analysis 

 

 

Results 
 
Enhanced proliferative activity of limbal cells after 
corneal damage 
 
The epithelium of the central cornea was mechanically damaged, 

and the limbal tissue was excised at the indicated time intervals 

after the injury. The limbal explants were cultured for 48 h, and 

the proliferation of cells was determined. As shown in Fig. 1A, 

limbal cells from the wounded eyes harvested 1 day after the 

injury proliferated significantly more strongly than did limbal 

cells from the control eyes. The proliferation of limbal cells on 

day 4 after the injury was, in contrast, rather decreased in 

comparison with limbal cells from control eyes and returned to a 

normal level 7 days after the injury. 
To determine whether the enhanced proliferation of limbal cells 

observed after corneal damage was induced by a factor(s) 

produced by corneal cells, corneas from control or damaged eyes 

were cultured for 24 h. The supernatants from these cultures were 

added to cultures of limbal cells from control untreated mice. As 

shown in Fig. 1B, the supernatants from the cultures of corneas 

from damaged eyes induced a significantly stronger proliferation 

of limbal cells than supernatants from the cultures of corneal 

explants from control eyes. 

 

Expression of genes in cells of the central cornea 
after injury 
 
The epithelium of the central cornea was mechanically damaged 

and the corneas were excised at the indicated time intervals (0, 3, 

6, 12, and 24 h) after the injury. The expression of genes for the 

tested factors was determined by real-time PCR. Figure 2 shows 

that the expression of genes for EGF, FGF-b, KGF, HGF, TGF-

b1, IGF-I, and IGF-II was significantly upregulated already 3 or 6 

h after the injury. 

 

The effects of recombinant factors on limbal cell 
proliferation

The statistical significance of differences between 
individual groups was calculated using the Student’s t-test. 

 
A single-cell suspension of limbal cells from control mice was 

incubated in the absence or in the presence of recombinant factors 

that had been identified as being produced by 
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FIG. 1.Proliferation of limbal cells after corneal damage.  
(A) The central cornea was mechanically damaged, the 

limbal tissue was excised at the indicated time intervals 

after the injury, and the proliferation of cells of the limbal 

explants was determined. (B) The corneas from control or 

damaged eyes were excised at the indicated time intervals 

after the injury, and the corneal explants were cultured for 

24 h to prepare supernatants. Proliferation of limbal cells 

in cultures without supernatants (-) or in the presence of 

supernatants from control corneas (C) or corneas from 

damaged eyes was determined. Each bar represents mean 

– SD from 3–5 determinations. Values with asterisks are 

significantly (*P < 0.01, **P < 0.001) different from the 

controls (i.e., the proliferation of limbal explants from 

control eyes or limbal cell proliferation in cultures without 

supernatants). 

 

the damaged cornea. In preliminary experiments, all factors 

were tested over a wide range of concentrations (0.1–500 ng/ 

mL); for the sake of brevity, the effects of only one 

concentration (10 ng/mL) are shown. As demonstrated in Fig. 

3, EGF and FGF-b significantly stimulated the proliferation of 

limbal cells, KGF had less effect, and the other tested factors 

had only a marginal or no effect on limbal cell growth. 

Conversely, TGF-b, at higher concentrations, inhibited the 

proliferation of limbal cells (Fig. 3). 

The effect of recombinant factors on limbal cell 

differentiation 

Since cytokeratin K12 is a molecule that can distinguish 

corneal epithelial and limbal cells (K12 is strongly expressed in 

the corneal epithelium, but is absent in the limbus), we cultured 

limbal cells in the presence of factors that are produced by the 

damaged cornea. After a 48-h incubation, the expression of the 

K12 gene was detected by real-time PCR. As shown in Fig. 4, 

only IGF-I induced the significant expression of K12 mRNA, 

while all other tested factors did not enhance expression of the 

K12 gene above the level seen in control cells (cultured in the 

absence of factors). 

The expression of K12 protein in limbal cells cultured 
in the presence of IGF-I 

The differentiation potential of IGF-I was confirmed by 

immunostaining for the K12 protein. Limbal cells from con-trol 

mice were cultured in the absence or in the presence of 

recombinant IGF-I, and the expression of K12 protein was 

detected by immunostaining using an anti-K12 antibody. As 

demonstrated in Fig. 5, clear positivity for K12 protein was 

detected in limbal cells incubated in the presence of IGF-I. 

Cultured corneal epithelial cells served as a positive control. 

Kinetics of IGF-IR and IGF-IIR gene expression in the 
cornea and limbus after corneal injury 

Although a number of genes in the corneal epithelium are 

rapidly upregulated after corneal injury (Fig. 2), the expression of 

genes for IGF-IR and IGF-IIR in the central cornea was 

simultaneously decreased (Fig. 6A). In contrast to the cornea, the 

expression of genes for IGF receptors in the limbus was 

significantly enhanced after corneal injury (Fig. 6B). 

Regulation of IGF receptor expression in limbal cells 
by IGF-I 

Next, we tested whether the enhanced expression of genes for 

IGF-IR and IGF-IIR that was observed in limbal cells after 

corneal injury was induced by a factor produced by corneal cells. 

Limbal cells from healthy eyes were incubated in supernatants 

from cultures of corneal explants, and the expression of genes for 

IGF-IR and IGF-IIR was determined. As demonstrated in Fig. 7A, 

the supernatants from cultures of corneal explants from damaged 

eyes significantly increased the expression of genes for IGF-IR 

and IGF-IIR. When limbal cells were cultured in the presence of 

recombinant IGF-I, a significant upregulation of IGF-IR gene 

expression was observed, without stimulation of IGF-IIR gene 

expression (Fig. 7B). 

The effect of neutralization antibody anti-IGF-I on 
LSC differentiation 

To prove that IGF-I present in the corneal cell supernatants is 

responsible for differentiation of limbal cells, the supernatants 

from cultures of explants from damaged corneas were 

preincubated with the neutralization antibody anti-IGF-I, and then 

added to the culture of limbal cells. Figure 8 shows that the 

expression of gene for K12 in limbal 
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FIG. 2. The expression of genes for growth and differentiation factors in corneal epithelial cells after corneal injury. Corneas were 
mechanically damaged and the central cornea was excised 0 (untreated eye), 3, 6, 12, or 24 h after the injury. The expression of 
genes for TGF-b1 (A), TGF-b2 (B), EGF (C), HGF (D), KGF (E), FGF-b (F), IGF-I (G), and IGF-II (H) was determined by real-
time PCR. Each bar represents mean – SD from 3 determinations. Values with asterisks represent a statistically significant (*P < 
0.05, **P < 0.01, ***P < 0.001) increase in gene expression. EGF, epidermal growth factor; FGF, fibroblast growth factor; KGF, 
keratinocyte growth factor; HGF, hepatocyte growth factor; TGF, transforming growth factor; IGF-I, insulin-like growth factor-I; 
PCR, polymerase chain reaction. 

 

 

 

 

 

 

 

 

 

 

 

FIG. 3. The effects of recombinant factors on limbal cell 
proliferation. A single-cell suspension was prepared by 
enzymatic  digestion from the limbal tissue of control 
eyes, and the cells were cultured for 48 h without factors 
(C) or in the presence of 10 ng/mL of EGF, FGF-b, HGF, 
KGF, TGF-b, or IGF-I. Cell proliferation was determined 
according to 3H-thymidine incorporation. Each bar 
represents mean – SD from 4 determinations. Values with 
an asterisk are significantly (*P < 0.001) different from the 
control cultures (cells cultured without added factors). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 4. The effect of recombinant factors on K12 mRNA 
expression in cultured limbal cells. A single-cell suspension of 
limbal cells prepared from control eyes was cultured for 48 h 
without factors (-) or in the presence of the indicated recombinant 
factors, and the expression of the K12 gene was determined by 
real-time PCR. The level of K12 mRNA expression in fresh 
(nonstimulated) cells (C). Each bar represents mean – SD from 3 
determinations. The value with an asterisk is significantly (*P < 
0.001) different from the control value (cells cultured without 
added factors). 
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FIG. 5. Immunostaining for K12  

protein in limbal cells treated with 

 IGF-I. A single-cell suspension 

 prepared from the limbal tissue of  

control mice was incubated for 72 

 h with or without IGF-I (100  

ng/mL), and the cells were stained 

 with a goat antibody against  

mouse K12. The nuclei were  

stained with DAPI (blue). The  

limbal cells were cultured without  

IGF-I (A), with IGF-I, but with the  

primary antibody omitted during  

the staining procedure (B) or with  

IGF-I and with the K12 protein  

stained using anti-K12 antibody  

(C). As a positive control, cultured 

 corneal epithelial cells were 

 stained with the anti-K12 an- 

tibody (D). One representative ex- 

periment of 4 similar ones is  

shown. DAPI, 4¢,6¢-diamidino-2- 

phenylindole. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 6. Kinetics of IGF-IR and IGF-IIR mRNA expression in the cornea and in the limbus after corneal injury. The cornea was 
mechanically damaged and the expression of IGF-IR and IGF-IIR mRNA in the explants of the central cornea (A) or the limbus (B) 
was determined by real-time PCR. Each bar represents mean – SD from 3 determinations. Values with asterisks represent a 
statistically significant (*P < 0.01, **P < 0.001) increase in gene expression. 
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FIG. 7. Regulation of IGF receptor expression by IGF-I. 

Limbal cells isolated from healthy eyes were cultured in 

the presence of supernatant from cultures of corneal 

explants (A) or with recombinant IGF-I (B), and the 

expression of IGF-IR and IGF-IIR mRNA was 

determined. The expression of IGF-IR or IGF-IIR mRNA 

was analyzed in freshly isolated limbal cells (C), in cells 

incubated for 6 h in culture medium without factors (-), in 

medium containing 20% of supernatant from cultures of 

corneal explants from damaged eyes (Sup) or in medium 

containing 250 ng/mL of IGF-I (IGF-I). Each bar 

represents mean – SD from 3 determinations. Values with 

an asterisk represent a statistically significant (*P < 0.001) 

increase in gene expression (in comparison with cultures 

without supernatant or without IGF-I). 

cells was significantly increased after incubation of cells 

with supernatants from damaged corneas and this increase 

was abrogated by preincubation of supernatants with the 

antibody, anti-IGF-I. 

Discussion 
 

The impaired healing of the corneal epithelium in the 

case of LSC deficiency suggests that the corneal 

epithelium is regenerated from stem cells that reside in the 

limbus [27]. 
 

 

 

 

 

 

 

 

 

 

 

 

FIG. 8. The effect of neutralization antibody anti-IGF-I on 

corneal cell supernatant-induced limbal stem cells differen-

tiation. Limbal cells were cultured for 2 days in medium (C), in 

medium with supernatant from cultures of cells from damaged 

corneas (Sup) or in medium with supernatants, which were 

preincubated for 2 h with neutralization anti-body anti-IGF-I 

(Anti-IGF-I). The expression of the gene for K12 was 

determined by real-time PCR. Each bar represents mean – SD 

from 3 determinations. The value with an asterisk is 

significantly (P < 0.01) different from C, the value with 2 

asterisks is significantly (P < 0.05) different from a positive 

control (Sup). 

 

This suggestion is supported by the observation that corneal 

regeneration can be improved by the transplantation of limbal 

tissue or by a transfer of LSC [6,7]. These cells represent, in the 

healthy eye, a quiescent and slowly dividing cell population 

located in a specific niche that preserves their stemness [28]. 

LSC can be distinguished from corneal epithelial cells by 

phenotypic markers as well as by morphological and behavioral 

properties. Even though these stem cells are effectively 

protected in their niche, there must be a factor(s) produced by 

corneal cells after an injury that activates LSC and induces their 

proliferation, differentiation, and migration into the site of 

injury [8]. However, the molecular characteristics and the 

nature of those factors that overcome stemness and induce LSC 

differentiation remain unknown. 
 Previous studies that have described the inductive prop-

erties of limbal or the corneal cell-conditioned medium on the 

differentiation of stem cells into corneal epithelial lineages 

focused on embryonic stem cells [22,29], MSC [21,23], or adult 

tissue-specific stem cells [20]. These studies pointed out the 

role of the extracellular matrix of the stem cell niche and 

demonstrated the importance of factors present in the con-

ditioned media. It was shown that it is possible to induce the 

expression of K12, a corneal cell-specific marker, in stem cells 

cultured in supernatants from corneal cells. However, the 

particular factors responsible for stem cell activation and 

differentiation have not been identified. 
Here, we show that a number of genes for growth and 

differentiation factors are rapidly upregulated in cells of the 

corneal epithelium after an injury. These factors are able to 
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reach the limbal region through the tear film, aqueous fluid, 

or the epithelial layer of the cornea. In the limbus, they in-

duce the increased proliferative activity of LSC. We 

observed that limbal cells harvested from the eyes 1 day 

after a corneal injury have a significantly higher 

proliferative activity than limbal cells from the healthy eyes. 

To identify the molecules responsible for the activation of 

cell proliferation and differentiation, we cultured limbal 

cells in the presence of factors that had been found to be 

produced by cells of the damaged corneal epithelium. 

Among these factors, IGF-I was the only one that induced 

the expression of the gene for K12, a marker of terminally 

differentiated corneal epithelial cells. This marker is not 

expressed by limbal cells and has been used in previous 

studies to monitor the transdifferentiation of stem cells 

cultured in corneal cell supernatants into corneal epithelial 

cells [20–23]. Since IGF-I is produced by corneal epithelial 

cells rapidly after an injury, it may be the main candidate 

molecule responsible for the activation and differentiation of 

LSC into corneal epithelial cells. The production of IGF-I 

and IGF-II by corneal cells has been documented [14,30], 

and their multiple effects on ocular surface cells have been 

demonstrated [13–16,30]. Our study, thus extends the list of 

IGF functions, and we suggest that IGF-I is the main factor 

produced by the wounded cornea that induces the activation 

and differentiation of LSC into cells expressing corneal 

epithelial markers. 
IGF-I is a member of the IGF signaling pathway, which 

regulates a number of cellular functions [17]. The system 

involves peptide hormones (IGF of type I and II), cell 

surface receptors (insulin receptor, IGF receptors of type I 

and II), and circulating binding proteins (IGF binding 

proteins of type 1–6). IGF-I is produced by the liver as a 

growth hormone and is synthesized also locally by many cell 

types under basal conditions and in response to 

inflammatory signals [31,32]. The effects of IGF-I and IGF-

II are mediated through the IGF-I receptor, which initiates 

signaling cascades leading to regulation of a number of 

biological processes.  
Our results also showed that the expression of IGF re-

ceptors in corneal cells is significantly downregulated after 

corneal injury. This mechanism can prevent the binding of 

locally synthesized IGF to corneal cells, and thus supports 

the penetration of IGF into the limbal region, where it 

stimulates the expression of IGF receptors and LSC differ-

entiation. We demonstrated that supernatants from cultures 

of corneal cells stimulate IGF-IR and IGF-IIR expression in 

limbal cells, and IGF-I was identified as the factor that 

stimulates the expression of its own receptors in limbal cells. 

We also showed that IGF-I present in supernatants from 

corneal cell cultures is a molecule responsible for differ-

entiation of limbal cells into cells expressing K12. The neu-

tralization antibody anti-IGF-I completely abrogated the 

differential potential of corneal cell supernatants. 

Our study also showed that IGF-I induces limbal cell 

differentiation, but it has no effect on limbal cell proliferation 

in the mouse. Previous studies have demonstrated that IGF-I 

and IGF-II can support the proliferation of keratinocytes [13] 

and, together with substance P, promote the growth of rabbit 

corneal epithelial cells [33,34]. A similar growth-promoting 

effect of KGF and HGF on limbal epithelial cells in the rabbit 

was described by Cheng et al. [10]. In our mouse model, IGF-

I, which induced the differentiation of LSC, did not support 

the proliferation of limbal cells, even though it was over a 

wide range of  

 

 

concentrations. Similarly, KGF also had only a weak promoting 

effect on limbal cell proliferation. In contrast, 2 other factors 

produced by corneal epithelial cells after injury, EGF and FGF-b, 

stimulated the significant proliferation of limbal cells although 

they did not induce K12 expression. Thus, distinct factors regulate 

limbal cell proliferation and differentiation in the mouse. 

It has been recently shown that IGF significantly improves the 

differentiation of MSC into hepatocyte-like cells [35], promotes the 

myogenic differentiation of mouse myoblasts [36,37], enhances the 

insulinogenic differentiation of human eyelid adipose stem cells 

[38], and supports the activation and differentiation of human 

cardiac stem cells [39,40]. Our results suggest that the 

differentiation-promoting activities of IGF are more general and 

also involve effects on stem cell differentiation in the eye. 

The identification of differentiation and growth factors for LSC 

may have an impact on the targeted differentiation of stem cells for 

therapeutic purposes. Recently, the cultivation of LSC in vitro and 

their transfer onto the damaged ocular surface has become a 

prospective way to treat severe corneal injuries and LSC 

deficiencies [7,41]. The implementation of appropriate factors into 

cultures of LSC may increase the yield of the appropriate cell type 

for reparative and regenerative medicine. 
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5.5 A comparative study of the therapeutic potential of mesenchymal stem 

cells and limbal epithelial stem cells for ocular surface reconstruction 

Holan V., Trosan P., Cejka C., Javorkova E., Zajicova A., Hermankova B., Chudickova M., 

Cejkova J.  

Stem Cells Transl Med. 2015; 4(9):1052-63. doi: 10.5966/sctm.2015-0039.  

 

Differences in amounts and rates of cytokine production among MSCs can be further amplified 

by the impact of environment and resulting effects can be substantially different. This is 

important especially on the clinical level. A rabbit model of alkali-injured eye was used to 

compare the potential of AT-MSCs and BM-MSCs to support or replace LSCs in therapy of 

limbal stem cell deficiency. AT-MSCs, BM-MSCs and LSCs were grown on nanofiber 

scaffolds and transferred onto the injured corneal surface. After three days, the nanofiber 

scaffolds were removed from ocular surface. The animals were sacrificed and healing properties 

of AT-MSCs, BM-MSCs and LSCs were compared, based on their growth, differentiation and 

secretion. It was found that therapeutic effect of BM-MSCs is comparable to effect of tissue-

specific LSCs and that AT-MSCs are less effective in regeneration of the injury. Thus, BM-

MSCs seem to be a good alternative cell source in corneal healing and regeneration, in cases of 

limbal stem cell deficiency. 
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ABSTRACT 

Growth, differentiation, and secretory properties of mesenchymal stem cells (MSCs) and limbal epithelial stem cells (LSCs) 

were compared and their therapeutic potential characterized in a rabbit model of eye injury. Results show that MSCs from 

bone marrow had a therapeutic effect on healing of the injured corneal surface comparable to that of tissue-specific 

LSCs.Stem cell-based therapy has become an attractive and promising approach for the treatment of severe injuries or thus-

far incurable diseases. However, the use of stem cells is often limited by a shortage of available tissue-specific stem cells; 

therefore, other sources of stem cells are being investigated and tested. In this respect, mesenchymal stromal/stem cells 

(MSCs) have proven to be a promising stem cell type. In the present study, we prepared MSCs from bone marrow (BM-

MSCs) or adipose tissue (Ad-MSCs) as well as limbal epithelial stem cells (LSCs), and their growth, differentiation, and 

secretory properties were compared. The cells were grown on nanofiber scaffolds and transferred onto the alkali-injured eye 

in a rabbit model, and their therapeutic potential was characterized. We found that BM-MSCs and tissue-specific LSCs had 

similar therapeutic effects. Clinical characterization of the healing process, as well as the evaluation of corneal thickness, re-

epithelialization, neovascularization, and the suppression of a local inflammatory reaction, were comparable in the BM-

MSC- and LSC-treated eyes, but results were significantly better than in injured, untreated eyes or in eyes treated with a 

nanofiber scaffold alone or with a nanofiber scaffold seeded with Ad-MSCs. Taken together, the results show that BM-

MSCs’ therapeutic effect on healing of injured corneal surface is comparable to that of tissue-specific LSCs. We suggest 

that BM-MSCs can be used for ocular surface regeneration in cases when autologous LSCs are absent or difficult to obtain. 

STEM CELLS TRANSLATIONAL MEDICINE 2015;4:1–13 

SIGNIFICANCE 

Damage of ocular surface represents one of the most common causes of impaired vision or even blindness. Cell therapy, 

based on transplantation of stem cells, is an optimal treatment. However, if limbal stem cells (LSCs) are not available, other 

sources of stem cells are tested. Mesenchymal stem cells (MSCs) are a convenient type of cell for stem cell therapy. The 

therapeutic potential of LSCs and MSCs were compared in an experimental model of corneal injury and healing was 

observed following chemical injury. MSCs and tissue-specific LSCs had similar therapeutic effects. The results suggest that 

bone marrow-derived MSCs can be used for ocular surface regeneration in cases when autologous LSCs are absent or 

difficult to obtain. 

INTRODUCTION
Severe injuries or defects of the cornea represent are among 

the most common causes of decreased quality of vision or even 

blindness. In many cases, penetrating keratoplasty is per-

formed as the first treatment option. However, if the corneal 

damage is more extensive and the limbal region is involved, 

the defect can lead to limbal stem cell deficiency (LSCD). In 

such cases, corneal transplantation alone is not a sufficient 

treatment method. The only effective way to treat LSCD is by 

the transplantation of whole limbal tissue or the transfer of 

limbal epithelial stem cells (LSCs). Although beneficial effects 

of limbal transplantation have been reported [1–3], the 

shortage of limbal tissue and a strong immune response to a 

limbal allograft are the main obstacles to such treatment 

protocols. Therefore, a more promising treatment method is 

offered by LSC transplantation. The first encouraging results 

from LSC transplantation have been published [4–6]. Since 

LSCs represent a relatively small population of limbal cells 

that are difficult to isolate and prepare in sufficient quantities, 

other stem cell sources are being explored and tested to treat 

LSCD.
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An alternative source of stem cells for ocular surface 

regeneration and the treatment of LSCD is mesenchymal stem 

cells (MSCs). These cells can be obtained relatively easily in a 

sufficient amount from various types of tissues (e.g., bone 

marrow, adipose tissue) and expanded in vitro for autologous 

application. It has been shown that MSCs retain their 

differentiation potential during in vitro expansion and that they 

can differentiate into various cell types [7], including cells 

expressing corneal epithelial cell markers [8, 9]. The first 

results of using MSCs for ocular surface healing in small 

animal models have been published [9, 10]. We have shown in 

mice [11] and rabbits [12] that MSCs grown on a nanofiber 

scaffold and transferred onto the damaged ocular surface 

significantly inhibit the local inflammatory reaction and sup-

port the healing process. Although LSCs and MSCs have 

different origins, they share comparable immunoregulatory 

properties in vitro [13]. Similarly, numerous common 

properties have been described for tissue-specific stem cells 

isolated from different organs [14]. Comparative studies on 

MSCs prepared from bone marrow and other sour-ces have 

shown many similarities but also some differences [15, 16]. 

For the treatment of ocular surface injuries and LSCD, both 

tissue-specific LSCs and MSCs isolated from the bone marrow 

(BM-MSCs) or adipose tissue (Ad-MSCs) have been proposed 

and tested. In these studies, MSCs proved to be a promising 

cell type to support the healing of the damaged ocular surface 

[9–12, 17–19]. However, so far, there is no direct evidence that 

MSCs can support the healing and regeneration of damaged 

corneal tissue as effectively as the tissue-specific LSCs. 

Therefore, in the present study, we used a well-established 

model of the alkali-damaged ocular surface in rabbits and 

directly compared the regenerative and reparative potential of 

tissue-specific LSCs and MSCs derived from bone marrow or 

adipose tissue. On the basis of several evaluated parameters, 

we show the therapeutic potential of BM-MSCs for the 

treatment of damaged ocular surface is comparable to that of 

tissue-specific LSCs, and, thus, BM-MSCs can be used 

therapeutically as a convenient source of stem cells to support 

healing of the wounded cornea. 

MATERIALS AND METHODS 

Animals and Alkali-Induced Corneal Damage 

Adult, female New Zealand white rabbits (2.5–3.0 kg) obtained 

from Velaz Ltd. (Prague, Czech Republic, 

http://www.velaz.cz) were used in the experiments. Rabbits 

were anesthetized by an intramuscular injection of a 1:1 

mixture of xylazinum hydrochloridum 2% (0.2 ml/kg body 

weight; Rometar; Spofa, Prague, Czech Republic) and 

ketaminum hydrochloridum 5% (1 ml/kg body weight; 

Narkamon; Spofa). The right corneas of anesthetized rabbits 

were injured by dropping 0.25N sodium hydroxide (NaOH) on 

the corneal surface (10 drops during 1 minute, alkali injuring 

the whole cornea, including the limbal region), then the eyes 

were immediately rinsed with an excess of tap water. After the 

alkali injury and awakening from the anesthesia, the rabbits 

were treated with analgesia (ketoprofen, 1.0 mg/kg i.m.) 2 

times daily for 5 days.  

 

All experiments were conducted according to the Association for 

Research in Vision and Ophthalmology Statement on the Use of 

Animals in Ophthalmic and Vision Research and were approved by the 

local ethics committee. 

Isolation of LSCs and MSCs 

LSCs were obtained by the enzymatic digestion of limbal tissue, as we 

have described in a mouse model [20]. In brief, limbal tissue was cut 

with scissors and subjected to 10 short (10 minutes each) trypsinization 

cycles. The released cells were harvested after each cycle, centrifuged 

(8 minutes at 250g), and resuspended in Roswell Park Memorial 

Institute (RPMI) 1640 medium (Sigma-Aldrich Corp., St. Louis, MO, 

http://www.sigmaaldrich.com) containing 10% fetal calf serum (FCS; 

Sigma-Aldrich), antibiotics (100 U/ml penicillin, 100 mg/ml 

streptomycin), and 10 mM HEPES buffer. The cells were seeded in 25-

cm2 tissue culture flasks (Corning Inc., Schiphol-Rijk, The Netherlands, 

http://www.corning.com). For characterization of the cells and for their 

transfer onto a nanofiber scaffold, cells grown in vitro for 2–3 weeks 

(third passage) were used. 

BM-MSCs were isolated from the femurs of rabbits. The bone marrow 

was flushed out, a single-cell suspension was prepared by 

homogenization, and the cells were seeded at a concentration of 4 3 106 

cells per milliliter in Dulbecco’s modified Eagle’s medium (DMEM; 
Sigma-Aldrich) containing 10% FCS, antibiotics (100 U/ml penicillin, 

100 mg/ml streptomycin), and 10 mM HEPES buffer in 25-cm2 tissue 

culture flasks (Corning). After a 48-hour incubation, the nonadherent 

cells were washed out and the adherent cells were cultured with a 

regular exchange of the medium and passaging of the cells to maintain 

their optimal concentration. The cells were characterized and used at the 

third passage. 

Ad-MSCs were isolated from subcutaneous adipose tissue. The tissue 

was cut into small pieces with scissors and incubated in 1 ml of Hanks’ 
balanced salt solution containing 10 mg/ml collagenase type I (Sigma-

Aldrich) for 60 minutes at 37°C with gentle agitation. Then the 

collagenase was diluted with complete DMEM. The cells were filtered 

and centrifuged at 250g for 8 minutes. The upper adipose layer was 

removed, the cells were centrifuged, resuspended in 6 ml complete 

DMEM (4 3 106 cells per milliliter), and seeded in 25-cm2 tissue 

culture flasks (Corning). After incubation for 48 hours, the cells were 

washed with medium to remove nonadherent cells and cell debris, and 

cultured under standard conditions. Ad-MSCs were used in passages 3 

and 4. 

Stem Cell Growth, Differentiation, and Gene Expression 

To show the morphology of MSCs and LSCs, the cells were grown on 

glass cover slips, fixed with paraformaldehyde, and incubated with 

Alexa Fluor 568 phalloidin (Invitrogen/Thermo Fisher Scientific Inc., 

Paisley, U.K., http://www.thermoscientific.com) to label F actin. The 

nuclei were visualized by using 49,6-diamidino-2-phenylindole (DAPI) 

fluorescent dye (Invitrogen). Images were taken by a laser scanning 

confocal microscope (Zeiss International, Jena, Germany, 

http://www.zeiss.com). For characterization of their growth properties, 

cells were seeded (1 3 104 cells per well) in 500 ml of complete DMEM 

in 48-well tissue culture plates (Nunc/Thermo Fisher Scientific Inc., 

Roskilde, The Netherlands, http://www.thermoscientific.com), and the 

growth of the cells was determined after 3-, 24-, and 48-hour cultivation 

using the WST assay, as we have described [21]. In brief, WST-1 

reagent (Roche Diagnostics, Man-nheim, Germany, 

http://www.roche.de) was added to each well to form formazan. The 

plates were then incubated for 
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another 4 hours, and the absorbance was measured by spectro-

photometry. The assay is based on the ability of living cells to 

use mitochondrial dehydrogenases to cleave tetrazolium salts 

into water-soluble formazan, which is then measured by 

spectrophotometry. To compare the growth of stem cells on 

plastic or on a nanofiber scaffold, MSCs and LSCs were 

seeded (4 3 104 cells per well) in 700 ml DMEM in 24-well 

tissue culture plates (Corning) directly into wells or onto a 

nanofiber scaffold fixed into CellCrown TM24 inserts 

(Scaffdex Ltd., Tampere, Finland, http://www.scaffdex.com). 

The growth of cells was determined after 48 hours by the WST 

assay. The ability of stem cells to differentiate into adipocytes 

was determined using specific adipogenic medium containing 

0.1 mM dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine, 

0.1 mM indomethacine, and 0.5 mg/ml insulin, as we described 

previously [22]. The differentiation of the cells was confirmed 

by staining with Oil Red O and by quantifying the expression 

of the adipocyte-specific genes for adiponectin (ADPC) and 

peroxisome proliferator-activated receptor g (PPARg) using 

real-time polymerase chain reaction (PCR). The expression of 

genes for the immunoregulatory molecules indoleamine-2,3-

dioxygenase (IDO-2), cyclooxygenase-2 (Cox-2) and inducible 

nitric oxide synthase (iNOS), and for hepatocyte growth factor 

(HGF), transforming growth factor-b (TGF-b), and vascular 

endothelial growth factor (VEGF) was determined in 

unstimulated and lipopolysaccharide (LPS)-stimulated MSCs 

and LSCs. In these experiments, the cells (4 3 104 cells per 

well) were cultured in 700 ml of DMEM for 48 hours in 24-

well tissue culture plates (Corning) with or without 5 mg/ml 

LPS, and the expression of the genes was determined by real-

time PCR, as described below. 

Nanofiber Scaffolds 

Nanofiber scaffolds were prepared from the biocompatible 

polymer poly(L-lactic) acid (PLA) by a needleless 

electrospinning procedure, as we have described [23]. In brief, 

PLA polymer was dissolved in chloroform and two other 

solvents, 1,2-dichlorethane and ethyl acetate, were added to 

this solution. The mixture was stirred until a homogenous 

polymer solution was obtained. The modified needleless 

Nanospider technology (Elmarco s.r.o., Liberec, Czech 

Republic, http://www.elmarco.com), in which polymeric jets 

are spontaneously formed from liquid surfaces on a rotating 

spinning electrode, was used for the preparation of the 

nanofibers. In this study, nanofiber material with a mass per 

unit area of 10 g/m2 and with a nanofiber diameter ranging 

from 290 to 539 nm was used. The morphology of the 

nanofibers and their nanofibrous architecture were analyzed 

using scanning electron microscopy and shown previously [11, 

21]. 

Stem Cell Growth on Nanofiber Scaffold and Cell Transfer 

Nanofiber scaffolds were cut into squares (approximately 1.5 3 

1.5 cm) and fixed into CellCrown TM24 inserts (Scaffdex). 

The inserts with nanofibers were transferred into 24-well tissue 

culture plates (Corning).  

 

 

Stem cells (3 3 105) in 700 ml of complete DMEM were transferred 

into each well. The plates were incubated for 24 hours to allow the cells 

to adhere to the scaffold. For stem cell transfer, nanofiber scaffolds 

seeded with stem cells were transferred within 1 hour after the injury 

with the cell side facing down on the damaged ocular surface. The 

scaffolds were sutured to the conjunctiva with four interrupted sutures 

using 11.0 Ethilon (Ethicon, Johnson & Johnson, Livingston, U.K., 

http://www.ethiconproducts.co.uk). The eyelids were closed by 

tarsorrhaphy using 1 suture of Resolon 7.0 (Resorba Medical GmbH, 

Nuremberg, Germany, http://www.resorba.com) for 72 hours. An 

ophthalmic ointment compound containing bacitracin and neomycin 

(Ophthalmo-Framykoin; Zentiva Group, Prague, Czech Republic, 

http://www.zentiva.com) was applied on the oc-ular surface for 3 days. 

The nanofiber scaffolds were removed from the ocular surface on day 3 

after the operation. The animals were sacrificed following an i.v. 

injection of thiopental anesthesia (30 mg/kg thiopental; Spofa) after 

premedication with an intra-muscular injection of xylazinum 

hydrochloridum/ketaminum hydrochloridum. Each experimental group 

involved six rabbits (i.e., six experimental eyes). In all experiments with 

alkali injury, the corneas of healthy rabbit eyes served as controls. 

Immunohistochemistry 

After sacrificing the animals, the eyes were enucleated and the anterior 

eye segment dissected out and quenched in light petroleum chilled with 

an acetone-dry ice mixture. Sections were cut on a cryostat and 

transferred onto glass slides. Subsequently, the cryostat sections were 

fixed in acetone at 4°C for 5 minutes. For the immunohistochemical 

detection of cells staining for CD3, iNOS, VEGF, or the cytokeratins 

K3 and K12 (K3/12), the following primary monoclonal antibodies 

(mAbs) were used: anti-CD3 (Abcam, Cambridge, U.K., 

http://www.abcam.com), anti-iNOS (BD Biosciences, San Jose, CA, 

http://www.bdbiosciences.com), anti-caspase-3 (Abcam), anti-K3/12 

(Abcam), and anti-VEGF (Abcam). The binding of the primary 

antibodies was demon-strated using the horseradish peroxidase/3,3’-
diaminobenzidine (HRP/DAB) Ultra Vision detection system (Thermo 

Fisher Scientific) following the instructions of the manufacturer. 

Individual steps involved the following: hydrogen peroxide block (15 

minutes), ultra V block (5 minutes), incubation with the primary 

antibody (60 minutes), incubation (10 minutes) with biotinylated goat 

anti-mouse IgG secondary antibody (Thermo Fisher Scientific) and 

peroxidase-labeled streptavidin incubation (10 minutes). Visualization 

was performed using a freshly prepared DAB substrate-chromogen 

solution. Cryostat sections in which the primary antibodies were 

omitted from the incubation media served as negative controls. Some 

sections were counterstained with Mayer’s hematoxylin. 
The counting of cells positive for CD3 and iNOS in the corneal stroma 

and for caspase-3 in the corneal epithelium was performed by an 

examiner without prior knowledge of the experimental procedure. Three 

randomly chosen fields of corneal sections (of the same field size and 

the same microscope magnification) from six corneas of each 

experimental animal group were used. For each cornea, the mean value 

from the three fields was calculated. 

Determination of Corneal Thickness 

Changes of corneal transparency after the injury and during healing 

were examined according to the measurement of the central corneal 

thickness (taken as an index of corneal hydra-tion). The central corneal 

thickness was measured in anesthetized animals using an ultrasonic 

pachymeter SP-100 (Tomey 
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Corp., Nagoya, Japan, http://www.tomey.com) in the corneal 

center. The corneal thickness was measured in the same 

corneas before alkali injury (corneas of healthy eyes) and on 

days 5 and 12 after the injury (all experimental groups). Each 

cornea was measured four times and the mean value of the 

thickness (in mm) was computed. 

Determination of Corneal Neovascularization and Re-

epithelialization 

For the evaluation of corneal neovascularization, the number of 

vessels was counted in each 60° sector of the corneal surface. 

The mean value and standard deviation were determined from 

six eyes in each group. To characterize corneal re-

epithelialization, postfixed cryo-stat sections of the corneas 

were stained with a mAb directed against the corneal epithelial 

cell-associated cytokeratins K3 and K12, using hematoxylin 

and eosin stain for counterstaining. The images were evaluated 

microscopically. For the quantifica-tion of re-epithelialization, 

the expression of genes for K3 and K12 was determined by 

real-time PCR in healthy, injured and treated corneas. 

Detection of Gene Expression by Real-Time PCR 

The expression of genes in cultured cells or in control and 

treated corneas was determined by quantitative real-time PCR. 

The corneas or cultured stem cells were transferred into 

Eppendorf tubes containing 500 ml TRI Reagent (Molecular 

Research Center Inc., Cincinnati, OH, http://mrcgene.com). 

The details of RNA isolation, transcription, and the PCR 

parameters have been described previously [24]. In brief, total 

RNA was extracted using TRI Re-agent according to the 

manufacturer’s instructions. Total RNA (1 mg) was treated 
using deoxyribonuclease I (Promega Corp., Madison, WI, 

http://www.promega.com) and subsequently used for reverse 

transcription. The first-strand cDNA was synthesized using 

random primers (Promega) in a total reaction volume of 25 ml 

using Moloney murine leukemia virus reverse transcriptase 

(Promega). Quantitative real-time PCR was performed using a 

StepOne-Plus real-time PCR system (Thermo Fisher 

Scientific). The relative quantification model with efficiency 

correction was applied to calculate the expression of the target 

gene in comparison with glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) used as the housekeeping gene. The 

following primers were used for am-plification: 

 

 GAPDH: 59-CCCAACGTGTCTGTCGTG (sense), 59-

CCGACCCAGACGTACAGC (antisense); K3: 59-

GAACAAGGTCCTG-GAGACCA (sense), 59-

TTGAAGTCCTCC ACCAGGTC (antisense); K12: 59-

AGGAGGTGGTGAATGGTGAG (sense), 59-GTTGTTTC-

CCAGGAGCAAAA (antisense); ADPC: 59-

.ACCAGGACAAGAACGT-GGAC (sense), 59-

TGGAGATGGAATCGTTGACA (antisense); PPARg: 59-

AGTCGCCATCC GCATCTT (sense), 59-

ATCTCATGGACGCCG-TACTTG (antisense); IDO-2: 59-

GTTTC CTTGGCTCGTTGG (sense), 59-

CCTTTTCTGAAAGGATAAACTCTCG (antisense); iNOS: 

59-AGG-GAGTGTTGTTCCAGGTG (sense), 59-

TCCTCAACCTGCTCCTCACT (antisense); Cox-2: 59-

ACATCGTCAATAGCATTC (sense), 59-TAG-

TAGGAGAGGTT GAGA (antisense); TGF-b1: 59-

GCCTGCAAGTGCT-CAAGTTAC (sense), 59-TGCTG 

CATTTCTGGTACAGC (antisense); HGF: 59-

AGGCAGCTATAAGGGAACAGTG (sense), 59-

ATGGAACTC-CAGGGCTGAC (antisense); and VEGF: 59- 

CGAGACCTTGGTG GACATCT (sense), 59-

ATCTGCATGGTGACGTTGAA (antisense).  

 

The PCR parameters included denaturation at 95°C for 3 minutes, then 

40 cycles at 95°C for 20 seconds, annealing at 60°C for 30 seconds, 

and elongation at 72°C for 30 seconds. Fluorescence data were 

collected at each cycle after an elongation step at 80°C for 5 seconds 

and were analyzed using StepOne Software, version 2.2.2 (Thermo 

Fisher Scientific). Each individual experiment was performed in 

triplicate. 

Statistical Analysis 

Analysis of the data showed a normal distribution and the results are 

expressed as mean 6 SD. Comparisons between two groups were 

made using Student t test, and multiple comparisons were analyzed by 

analysis of variance. A value of p , .05 was considered statistically 

significant. 

 

RESULTS 

Growth, Differentiation, and Gene Expression of Rabbit MSCs 

and LSCs 

The morphology of BM-MSCs, Ad-MSCs, and LSCs growing on 

glass cover slips in vitro is shown in Figure 1A. All three cell types 

adhered to plastic and glass surfaces and had a typical fibrocyte-like 

shape. The cells had similar growth characteristics when cultured on 

plastic (Fig. 1B) and proliferated comparably on a nanofiber scaffold 

(Fig. 1C). When all three cell types were cultured in a specific 

adipogenic differentiation medium, the highest differentiation 

potential was recorded in BM-MSCs, as demonstrated microscopically 

(Fig. 1D) and also according to the expression of genes for the 

adipocyte markers ADPC and PPARg determined by real-time PCR 

(Fig. 1E). To test the ability of BM-MSCs, Ad-MSCs, and LSCs to 

produce basic immunoregulatory molecules and growth factors, the 

cells were cultured for 48 hours unstimulated or stimulated with LPS, 

and the expression of genes for IDO-2, Cox-2, iNOS, TGF-b, HGF, 

and VEGF was determined by real-time PCR. As shown in Figure 2, 

some of these genes were expressed spontaneously and comparably in 

all cell types, while other factors were produced preferentially in only 

some cell populations or only after stimulation with LPS. 

Immunohistochemical Detection of CD3+, iNOS+, and 

Caspase-3+ Cells in Alkali-Injured and Stem Cell- 

Treated Corneas 

The presence of CD3+ cells (Fig. 3A) or cells expressing iNOS (Fig. 

3B) or caspase-3 (Fig. 3C) was very low or absent in healthy control 

corneas. After alkali injury, the corneas were strongly infiltrated with 

CD3+ cells (Fig. 3D) and the expression of iNOS (Fig. 3E) was high. 

Similarly, the number of apoptotic caspase-3+ cells was high in the 

remaining islands of the corneal epithelium (Fig. 3F). The infiltration 

of corneas with CD3+ cells (Fig. 3G) or the presence of iNOS+ (Fig. 

3H) or caspase-3+ (Fig. 3I) cells was slightly decreased in injured 

corneas treated with cell-free nanofiber scaffolds. However, after the 

treatment of injured corneas with stem cell-seeded nanofibers (Fig. 

3J–3R), the numbers of CD3+, iNOS+, or caspase-3+ cells were 

significantly decreased. The expression of caspase-3 in apoptotic cells, 

which was high in the remaining islands of the corneal epithelium in 

untreated injured corneas (Fig. 3F, arrow), was only weakly expressed 

in the epithelium of corneas treated with a nanofiber scaffold seeded 

with BM-MSCs (Fig. 3L, arrow) or LSCs (Fig. 3R, arrow). The 

number of CD3+ cells (Fig. 3V) as well as cells expressing iNOS (Fig. 

3W) or caspase-3 (Fig. 3X) was counted in defined fields of corneal 

sections for 
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Figure 1.  Characterization of BM-MSCs, Ad-MSCs, and LSCs. (A): The morphology of the cells is shown by staining for F actin with 
phalloidin (red filaments). The nuclei are blue (4´,6-diamidino-2-phenylindole [DAPI] staining). Scale bars = 200 mm. (B–E): The growth of 
cells on plastic (B) or on (Figure legend continues on next page.) 
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Figure 2. Expression of genes for immunoregulatory molecules and growth factors by BM-MSCs, Ad-MSCs, and LSCs. (A–F): The cells were 
cultured for 48 hours unstimulated or stimulated with LPS and the expression of genes for indoleamine-2,3-dioxygenase (A), cyclooxyge-nase-
2 (B), inducible nitric oxide synthase (C), transforming growth factor-b (D), hepatocyte growth factor (E), and vascular endothelial growth 
factor (F) was determined by real-time polymerase chain reaction. Each bar represents the mean 6SD from four determinations. Abbreviations: 
Ad-MSC, adipose tissue-derived mesenchymal stem cell; BM-MSC, bone marrow-derived mesenchymal stem cell; LPS, lipopolysaccharide; 
LSC, limbal epithelial stem cell. 

each experimental group. The graphs show that the numbers of 

CD3+, iNOS+, or caspase-3+ cells, which were high in untreated 

injured corneas or corneas treated with cell-free nanofiber 

scaffolds, were significantly decreased in the groups treated 

with stem cell-seeded nanofibers. 

Corneal Thickness After Alkali-Injury and Treatment With 

MSCs and LSCs 

The central corneal thickness of healthy corneas was about 380 

mm (Fig. 4). Shortly after alkali injury, the corneal thickness 

increased (as a result of hydration) more than twofold and 

remained high on day 5 in untreated corneas and in corneas 

treated with cell-free nanofiber scaffolds. In corneas treated 

with Ad-MSC-seeded nanofiber 

scaffolds, the corneal thickness slightly decreased, but it was significantly 

reduced already on day 5 in corneas treated with nanofiber scaffolds seeded 

with BM-MSCs or LSCs (Fig. 4). On day 12 after injury, the corneal 

thickness remained enhanced in untreated injured corneas but was 

significantly decreased in corneas treated with cell-free or Ad-MSC-seeded 

nanofiber scaffolds. In corneas treated with nanofiber scaffolds seeded with 

BM-MSCs or LSCs, the corneal thickness returned to the values observed 

before injury (Fig. 4). 
 

Expression of VEGF and Neovascularization in Injured and Stem Cell-
Treated Corneas 

The expression of VEGF was very low in healthy control corneas (Fig. 5A). 

On day 12 after the injury, the expression of VEGF was 

 

 

(Figure legend continued from previous page.)  
a nanofiber scaffold (C) was determined by the WST assay. The ability of cells to differentiate into adipocytes was characterized 

microscopically (D, upper: undifferentiated cells; lower: cells in differentiation medium) or according to the expression of the ADPC and 

PPARg genes detected by real-time polymerase chain reaction (E). Each bar represents the mean 6 SD from three determinations. 

Abbreviations: Ad-MSC, adipose tissue-derived mesenchymal stem cell; ADPC, adiponectin gene; BM-MSC, bone marrow-derived 

mesenchymal stem cell; dif, differentiation medium; LSC, limbal epithelial stem cell; o.d., optical density (absorbance); PPARg, 

peroxisomeproliferator-activated receptor g.
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Figure 3.  The immunohistochemical detection of CD3+, iNOS+, and caspase-3+ cells in healthy, injured and stem cell-treated corneas. (A–C): 
Undetectable or very low numbers of CD3+ (A), iNOS+ (B), or caspase-3+ (C) cells were found in healthy corneas. (D–I): On day 12 after alkali 
injury, the number of CD3+ (D), iNOS+ (E), and apoptotic caspase-3+ (F) cells was significantly increased and remained high in corneas treated 
with a cell-free nanofiber scaffold (G–I). (J, M, P): The presence of CD3+ cells was clearly decreased in corneas treated with nanofiber scaffolds 
seeded with (Figure legend continues on next page.) 
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Figure 4. Central corneal thickness of healthy, alkali-injured 

and stem cell-treated corneas. The corneas were injured with 

alkali and then left untreated, treated with a nanofiber scaffold 

alone or treated with nanofiber scaffolds seeded with BM-

MSCs, Ad-MSCs, or LSCs. The central corneal thickness was 

measured in the same rabbit before injury (day 0) and on days 5 

and 12 after the injury. Each bar represents the mean 6 SD from 

six corneas. The values with asterisks for day 5 are significantly 

different from those of untreated injured corneas on day 5; 

similarly, the values with asterisks for day 12 are significantly 

different from those of untreated injured corneas on day 12 (p, 

p , .05; pp, p , .01; ppp, p , .001). Abbreviations: Ad-MSC, 

adipose tissue-derived mesenchymal stem cell; BM-MSC, bone 

marrow-derived mesenchymal stem cell; LSC, limbal epithelial 

stem cell; nano, nanofiber scaffold. 

high in untreated corneas (Fig. 5B) and was only slightly 

decreased in corneas treated with cell-free nanofiber scaffolds 

(Fig. 5C). The treatment of injured corneas with Ad-MSC-

seeded nanofiber scaffolds apparently reduced VEGF 

expression (Fig. 5E), but the greatest reduction in VEGF 

expression was seen in corneas treated with nanofiber scaffolds 

seeded with BM-MSCs (Fig. 5D) or LSCs (Fig. 5F). The 

quantification of corneal neovascularization is summarized in 

Figure 5H. The number of vessels was high in untreated injured 

corneas and was partially reduced in injured corneas treated 

with cell-free nanofibers. The treatment of injured corneas with 

nanofiber scaffolds seeded with all three types of stem cells 

significantly decreased neovascularization. The greatest 

decrease was found in injured corneas treated with nanofiber 

scaffolds seeded with BM-MSCs or LSCs. 

Corneal Re-epithelialization After Treatment of Injured Eyes 
With MSCs or LSCs 

The extent of corneal re-epithelialization was evaluated on day 

12 after alkali injury by examining corneal sections stained with 

mAb anti-K3/K12. A typical image of a normal healthy cornea 

is shown in Figure 6A. In contrast, only rare and isolated 

islands of the epithelium were detected in untreated injured 

corneas (Fig. 6B). Covering the injured ocular surface with a 

cell-free nanofiber scaffold improved re-epithelialization and 

islands with epithelium 

covered about 20%–40% of the corneal surface (Fig. 6C, 6D). The 

transfer of stem cell-seeded nanofiber scaffolds onto the damaged ocular 

surface (Figs. 6E–6G) significantly improved corneal healing, with the 

best re-epithelialization observed in corneas treated with nanofiber 

scaffolds seeded with BM-MSCs (Fig. 6E) or LSCs (Fig. 6G). The 

expression of genes for the cytokeratins K3 and K12 in healthy, injured 

and treated corneas was quantified by real-time PCR (Fig. 6I, 6J). 

Cytokeratin gene expression was apparent in healthy corneas but was 

absent or very low in untreated injured corneas and in corneas treated with 

cell-free nanofiber scaffolds. In accordance with the immunohistochemi-

cal results, the treatment of injured corneas with BM-MSC- or LSC-

seeded nanofiber scaffolds significantly enhanced the expression of both 

cytokeratin genes. 

Corneal Opacity of Alkali-Injured and Stem Cell-Treated Eyes 

Representative photographs of healthy, injured and treated eyes are shown 

in Figure 7. In comparison with healthy control eyes (Fig. 7A), the 

corneas of injured eyes became opalescent shortly after the injury and 

remained opalescent and highly vascularized on day 12 after injury (Fig. 

7C). An eye on day 2 after injury and covered with a nanofiber scaffold is 

shown in Figure 7B. Only a weak improvement in the appearance of the 

corneas was observed on day 12 in the eyes treated with cell-free 

nanofiber scaffolds (Fig. 7D). In the eyes treated with stem cell-seeded 

nanofibers, corneal opacity was decreased and corneal neovascularization 

was less apparent (Fig. 7E–7G), with the best therapeutic effects seen with 

nanofiber scaffolds seeded with BM-MSCs (Fig. 7E) or LSCs (Fig. 7G). 

 

DISCUSSION 

Stem cell-based therapy holds great promise for the treatment of severe 

injuries as well as a number of thus-far incurable diseases. The best source 

of stem cells for tissue therapy is tissue-specific stem cells, but these cells 

are often rare in the body, difficult to isolate, and not easily handled in 

vitro. Therefore, research is focused on the search for alternative cell 

sources that could effectively replace tissue-specific stem cells. 

One possibility has been offered by embryonic stem cells (ESCs), but 

the use of ESCs is limited by their uncontrolled growth, the risk of 

teratoma formation, and ethical problems associated with their isolation 

and use [25, 26]. Induced pluripotent stem cells, which could be used as 

autologous cells, initially appeared to offer great promise, but these cells 

turned out to be immunogenic even in syngeneic hosts [27] and frequently 

form teratomas after in vivo application [28]. MSCs represent a 

convenient type of stem cells with a wide spectrum of potential 

applications. These 

(Figure legend continued from previous page.) 

BM-MSCs (J), Ad-MSCs (M), or LSCs (P). (K, N, Q): Similarly, the number of iNOS+ cells was decreased in corneas treated with BM-MSCs 

(K), Ad-MSCs (N), or LSCs (Q). (L, Q, R): The presence of caspase-3+ cells, which were numerous in the remaining islands of the corneal 

epithelium in untreated injured corneas, was decreased in the corneas treated with BM-MSCs (L), Ad-MSCs (Q), or LSCs (R). (S–U): Cells 

expressing CD3 (S), iNOS (T), or caspase-3 (U) were absent in corneal sections stained only with counterstaining, where the primary antibody 

was omitted from the incubation medium (negative control). Scale bars = 50 mm. (V–X): The numbers of CD3+ (V), iNOS+ (W), and caspase-3+ 

(X) cells counted in comparable fields of corneal sections were determined from six corneas in the individual experimental groups. The values 

with asterisks are significantly different (p, p , .05; pp, p , .01; ppp, p , .001) from those of untreated injured corneas. Abbreviations: Ad-MSC, 

adipose tissue-derived mesenchymal stem cell; BM-MSC, bone marrow-derived mesenchymal stem cell; iNOS, inducible nitric oxide synthase; 

LSC, lim-bal epithelial stem cell; nano, nanofiber scaffold. 
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Figure 5. The expression of vascular endothelial growth factor (VEGF) and corneal neovascularization after alkali injury and treatment with stem 

cell-seeded nanofiber scaffolds. (A–F): The expression of VEGF was determined by immunohistochemistry in healthy corneas (A) and in alkali-

injured corneas on day 12 that were untreated (B), treated with cell-free nanofibers (C); or treated with nanofiber scaffolds seeded with BM-

MSCs (D), Ad-MSCs (E), or LSCs (F). (G): In the negative control, the sections were stained only with counterstaining (hematoxylin). Scale bars 

= 10 mm. (H): The quantification of corneal neovascularization was performed by counting the number of vessels in defined corneal sectors. 

Each bar represents the mean 6 SD from six corneas. The values with asterisks are significantly different (p, p , .05; ppp, p , .001) from those 

determined in untreated injured corneas. Abbreviations: Ad-MSC, adipose tissue-derived mesenchymal stem cell; BM-MSC, bone marrow-de-

rived mesenchymal stem cell; LSC, limbal epithelial stem cell; nano, nanofiber scaffold. 
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Figure 6.  Corneal re-epithelialization in alkali-injured and stem cell-treated corneas. (A–G): The individual photographs show 
representative images of an anti-K3/12 stained healthy cornea (A), an untreated injured cornea (B), or injured corneas treated with cell-free 
nanofibers (C, D), (Figure legend continues on next page.)
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Figure 7. Corneal opacity of alkali-injured and stem cell-treated eyes. (A–I): Representative photographs show a healthy control eye (A), an alkali-

injured eye (immediately after the injury) (B), an injured eye with nanofiber application (C), and a sutured nanofiber scaffold (immediately after the 

injury) (D); and injured eyes on day 12 that were either untreated (E), treated with a cell-free nanofiber scaffold (F), or treated with nanofiber 

scaffolds seeded with BM-MSCs (G), Ad-MSCs (H), or LSCs (I). (E, G, I): Corneal neovascularization was clearly visible expressed in untreated 

injured corneas (E, arrows) and strongly suppressed in corneas treated with nanofiber scaffolds seeded with BM-MSCs (G) or LSCs 
(I). Abbreviations: Ad-MSC, adipose tissue-derived mesenchymal stem cell; BM-MSC, bone marrow-derived mesenchymal stem cell; LSC, limbal 
epithelial stem cell; nano, nanofiber scaffold. 

cells can be obtained in relatively sufficient numbers from an 

individual patient, can be easily propagated in vitro, and can 

then be used as autologous cells without requiring 

immunosuppression after their transplantation.  
To treat ocular surface injuries or various types of LSCD, LSCs 

represent the optimal cell source, and LSC transplantation has 

resulted in the recovery of vision in blind patients [4, 6, 29]. 

However, the use of LSCs is limited by the absence of 

autologous LSCs in the case of bilateral LSCD and by a 

requirement for strong immunosuppression if allogeneic LSCs 

are used. To overcome these 

limitations, attempts have been made to use other cell sources for 

ocular surface regeneration, and the results of experimental studies 

using various cell types to treat LSCD have been published [30–
32], but the majority of these studies have used MSCs [12, 17–19]. 

The rationale for the use of MSCs is based on their ability to 

differentiate into various cell types even apart from the mesodermal 

lineage from which they originate [7, 9], to produce numerous 

growth and trophic factors [33], and to inhibit harmful 

inflammatory reactions [12, 17]. Although an apparent improve-

ment of corneal healing after the application of MSCs has been

 

(Figure legend continued from previous page.) 

nanofibers seeded with BM-MSCs (E), Ad-MSCs (F), or LSCs (G). All injured corneas are shown on day 12 after injury. (H): The staining for 

the cytokeratins K3/12 was negative in corneal sections stained only with counterstaining, where the primary antibody was omitted from the in-

cubation medium. Scale bars = 50 mm. (I, J): The expression of genes for K3 (I) and K12 (J) in individual experimental groups on day 12 after 

injury was determined by real-time polymerase chain reaction. Each bar represents the mean 6 SD from six individual corneas. The values with 

an asterisk represent a statistically significant (p , .05) difference from the values determined in untreated injured corneas. Abbreviations: Ad-

MSC, adipose tissue-derived mesenchymal stem cell; BM-MSC, bone marrow-derived mesenchymal stem cell; LSC, limbal epithelial stem cell; 

nano, nanofiber scaffold.

Holan, Trosan, Cejka et al. 
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12 MSCs and LSCs for Ocular Surface Reconstruction 

observed in various models, a direct comparison of the therapeutic 

effects of MSCs and LSCs has not previously been made. 
 
In this study, we prepared BM-MSCs, Ad-MSCs, and LSCs always 

from the same rabbit and we compared their growth, differentiation 

properties, and ability to produce immunoregulatory and growth 

factors and to support the healing of the damaged ocular surface. 

All of these cell types have similar fibrocytic morphology and 

comparable growth characteristics. After cultivation in adipogenic 

differentiation medium, the highest differentiation potential was 

observed in BM-MSCs. In accordance with the literature data [33–
35], all three types of stem cells spontaneously, or after stimulation 

with LPS, expressed genes for a number of immunoregulatory and 

growth factors, but the secretion profiles were different among the 

individual cell types. Though we were not able to characterize the 

stem cell populations phenotypically because of the lack of species-

specific antibodies for the rabbit model, our MSCs fulfilled other 

criteria for MSCs: their morphology, adherence to plastic, 

differentiation, and factor production [36]. Similarly, the population 

of LSCs was prepared by a standard method described for the 

preparation of mouse [20], rat [9], rabbit [37, 38], or human [5, 6] 

LSCs. We are aware that the LSC population contains a significant 

proportion of descendants of LSCs, such as transient corneal 

epithelial cells and corneal epithelial cells, in addition to LSCs. 

Indeed, we observed a gradual increase in CK3/CK12 expression 

during culture of rabbit LSCs (unpublished observation). Some 

reports suggest that MSCs can be expanded from the limbal tissue 

in vitro rather than corneal epithelial cells [39, 40]. For example, 

Basu et al. [40] described the expansion of mesenchymal stromal 

cells derived from human limbal biopsies and their use for the 

treatment of mouse corneal wounds. These authors also showed that 

the type of enzymatic digestion influences the preferential growth 

of cells with epithelial or mesenchymal morphologies. Thus, there 

may be species-specific and cell culture-dependent differences that 

support preferential growth of limbal MSCs or corneal epithelial 

cells. 

We have shown previously in the mouse model that MSCs 

transferred onto the damaged ocular surface, using a 

nanofiber scaffold, migrate from the scaffold onto the 

ocular surface and inhibit the local inflammatory reaction 

[21]. In the present study, we used a model of the alkali-

injured ocular surface in rabbits and compared the 

therapeutic potential of two types of MSCs and tissue-

specific LSCs. The injury of the cornea with 0.25N NaOH 

induced damage of the corneal epithelium, an increase in 

corneal thickness, a strong infiltration with cells of adaptive 

(T lymphocytes) and innate (iNOS-expressing cells) 

immunity, an increase in the presence of apoptotic cells 

(caspase-3+ cells), neovascularization, and corneal opacity 

associated with decreased corneal transparency. All these 

parameters characterizing the ocular injury were decreased 

in the treated eyes. The nanofiber scaffold itself slightly 

supported healing and decreased the harmful impacts of 

injury, similarly to what has been described after the treatment of a 

skin wound [41] or corneal injury [12]. The treatment of injured eyes 

with a nanofiber scaffold seeded with stem cells significantly 

decreased all of the harmful manifestations of the injury. The alkali 

injury strongly damaged the corneal epithelium (as demonstrated by 

immunohistochemistry and real-time PCR for K3 and K12), and 

treatment with a stem cell-seeded nanofiber scaffold improved re-

epithelialization. The less-pronounced therapeutic effects of Ad-MSCs 

in comparison with BM-MSCs or LSCs could be due to the lower 

differentiation potential of Ad-MSCs and to the different spectrum of 

growth and immunoregulatory factors produced by these cells. 
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CONCLUSION  

Taken together, our results show that BM-MSCs have comparable  

therapeutic effects to those of tissue-specific LSCs on the healing  

of corneal injury. Even though there are data on the direct differ-  

entiation of MSCs into corneal epithelial cells [8, 18], this trans-  

differentiation is probably not the main mechanism of the  

healing effect of MSCs [42]. We suggest that a more important  

role is represented by the production of numerous trophic and  

growth factors that can support the growth of residual corneal ep-  

ithelial cells and LSCs [33–35], and by the ability of MSCs to sup-  

press the local inflammatory reaction that could impede the  

healing process [12, 43]. All of these properties make BM-MSCs  

a promising candidate cell population for improving ocular sur-  

face healing in situations when autologous LSCs are difficult to ob-  

tain or are absent.  
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6 Discussion  

It is evident that the environment has an essential impact on the behaviour of stem cells and that 

the properties of stem cells vary substantially depending on the surrounding tissue. Therefore, to 

obtain the optimal effectiveness in stem cell-based therapy it is also necessary to estimate the 

proper type of stem cells for the particular application. For example, higher production of bFGF 

(Li et al., 2015) and also the ability to express P2Y purinergic receptor (Forostyak et al., 2016) 

can make AT-MSCs more successful in neuronal differentiation compared to BM-MSCs. 

However, bFGF supports the proliferation, but not the differentiation of LSCs (Trosan et al., 

2012) and the application of AT-MSCs in corneal regeneration can be less successful compared 

to BM-MSCs (Holan et al., 2015). 

The importance of selecting the proper stem cell type and the impact of the specific environment 

has been also shown in the protocol for transdifferentiation of mouse MCS into neuron-like cells. 

The nine-day protocol was designed to simulate the complex character of injured and inflamed 

neural tissue. This specific environment was modelled by the application of the following 

differentiation agents: the brain tissue extract and supernatant from ConA-stimulated splenocytes 

as signalization of injury and inflammation, and growth factors bFGF and EGF as supporters of 

neuronal transdifferentiation. Further, electrical stimulation under physiological conditions was 

applied, as it affects intracellular Ca
2+

 oscillations and the activation of transcription factors and 

signaling pathways, and also increases membrane permeability for differentiation agents.  

Nanofiber scaffolds, fabricated from poly (L-lactid) acid or polycaprolactone polymers with 

mass/unit area of 5 g/cm
2
, were used as 3D extracellular support. The resulting cell population 

after transdifferentiation appeared to be heterogenous. The differentiated neuron-like cells 

showed neuron-like morphology, relative gene expression of neuron-specific markers (for 

example Nf-L, Nf-M, SYP, GAD, TUBB3) and were positive for Nf-L protein.  The 

differentiated cells with neuron-like morphology comprised approximately one third of total cell 

population and the cells positive for neurofilament light polypeptide comprised approximately 
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10% of total cell population, which was assessed microscopically. Comparison of 

transdifferentiation results in mouse AT-MSCs and BM-MSCs confirmed that AT-MSCs are a 

more convenient cell source for this transdifferentiation protocol. 

To compare the immunomodulatory properties of non-differentiated AT-MSCs and neuron-like 

cells obtained by transdifferentiation, both groups of cells were co-cultivated for 24 and 48 hours 

with ConA-stimulated splenocytes and the profiles of cytokines were estimated by qPCR and 

ELISA test. The experiments were performed both in mixed co-cultivation and separately. The 

neuron-like cells maintained the expression of neuron-specific makers during co-cultivation with 

the ConA-stimulated splenocytes.  

The relative gene expression for IFN-gamma in ConA-stimulated splenocytes decreased 

significantly when they were co-cultivated with non-differentiated AT-MSC controls and 

similarly with neuron-like cells. This result was also confirmed by ELISA. Further, both non-

differentiated AT-MSC controls and neuron-like cells supported similarly the relative gene 

expression for IL-10 in ConA-stimulated splenocytes. Thus, the neuron-like cells were, 

similarly to non-differentiated AT-MSCs, able to suppress the inflammatory behaviour of 

ConA-stimulated splenocytes. This can be explained by the previous licensing process 

(Krampera et al., 2006, 2011) during neuron-like cells transdifferentiation, which was induced 

by the application of brain tissue extracts and supernatants from ConA-stimulated splenocytes. 

Another explanation is related to the heterogeneity of the resulting population of neuron-like 

cells. Cells without pronounced neuron-like character may provide this immunoregulatory 

effect.   

Neuron-like cells co-cultivated with ConA-stimulated splenocytes showed a lower level of 

relative gene expression for IL-6, compared to levels expressed by non-differentiated AT-

MSCs co-cultivated with ConA-stimulated splenocytes. This difference was also confirmed by 

an ELISA test on the protein production level.  These results indicate that neuron-like cells 
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could be used in vivo in the regeneration of neural injury, both for their anti-inflammatory 

effect as well as for the replacement of lost neuronal cells.  

For human AT-MSCs the protocol was optimized by several changes due to higher viability 

and proliferation rates in human cells compared to mouse cells. The optimal differentiation 

results in human cells were obtained when they were seeded in an earlier passage and in a 

lower seeding density. In the case of human AT-MSCs hydrogel was used as 3D extracellular 

support. The neuron-like character of differentiated cells was confimed by neuron-like 

morphological changes, by relative gene expression for neuron-specific markers and by the 

presence of neuron specific proteins (Nf-L, Nf-M, TUBB3). In human MSCs the 

transdifferentiation results of AT-, BM- and UC-MSCs were compared and AT-MSCs were 

found to be the most suitable cell source.   

Comparison of the potential of AT- and BM-MSCs to support or even replace absent LSCs in 

the regeneration of injured rabbit cornea showed that BM-MSCs have slightly superior 

regenerative properties. This can be explained by the above-mentioned differences in the 

spectrum of growth factors and cytokines, which are secreted by AT- and BM-MSCs (Holan et 

al., 2015). The relatively higher production of bFGF by AT-MSCs can be useful in neuronal 

differentiation (Li et al., 2015). In the corneal environment bFGF seems to support the 

proliferation, but not the differentiation of LSCs (Trosan et al., 2012). The differentiation of 

LSCs into corneal epithelial cells is supported by IGF-1 (Trosan et al., 2012). However, IGF-1 

is generally produced both by AT- and BM-MSCs, and its production by AT-MCSs seems to 

be higher than by BM-MSCs (Li et al., 2015). It is probably the ratio in the production of all 

relevant cytokines which favours BM-MSCs over AT-MSCs in the specific corneal 

environment.   
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7 Conclusions 

7.1 The development of an in vitro transdifferentiation protocol for generating neuron-

like cells from mouse MSCs. 

The in vitro transdifferentiation protocol was based on the simulation of the environment in 

neural injury (brain tissue extracts, supernatants from stimulated splenocytes, growth factors, 

electrical stimulation and 3D nanofibre scaffolds) and its impact on AT-MSC differentiation. 

The acquired neuron-like cells showed typical neuron-like morphology, expressed the genes for 

neuron-specific marker and were positive for neuron-specific protein. 

7.2 The characterization of the immunomodulatory properties of neuron-like cells. 

The behaviour of neuron-like cells co-cultivated with ConA-stimulated splenocytes was 

compared to non-differentiated AT-MSC controls. It was found that neuron-like cells have 

similar anti-inflammatory properties as non-differentiated AT-MSCs. 

7.3 The optimization of the transdifferentiation protocol for human AT-MSCs. 

The transdifferentiation protocol was optimized for human AT-MSCs by several modifications. 

Human cells showed their best differentiation results when earlier passages and lower seeding 

density were applied, compared to mouse cells. Hydrogel was found to be an optimal 3D 

extracellular support for human AT-MSCs.  

7.4 The characterization of the role of growth factors in differentiation of LSCs into 

corneal epithelium. 

Cytokines bFGF, EGF and IGF-1 were found to have important roles in LSC proliferation and 

differentiation. IGF-1 supports the differentiation of LSCs into corneal epithelial cells, while 

bFGF and EGF support the proliferation of LSCs. 

7.5 The comparison of the potential of AT- and BM-MSCs to support or substitute LSCs 

in cornea regeneration. 

Compared to AT-MSCs, BM-MSCs are more convenient to substitute LSCs in corneal injury 

healing.  
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