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ABSTRACT 
Cell therapy has been proposed as an alterna-
tive treatment for retinal diseases. Applications 
involving stem cells have shown that undiffer-
entiated cells fail to engraft and cannot convert 
to retinal cells. However, positive results have 
been reported for retinal precursor cells, sug-
gesting that this approach is the best option. 
Unfortunately, the source of this cell type is 
controversial. Predifferentiated adult stem cells 
may provide an alternative source of cells. The 
present study proposes a sequential culture me- 
dia aimed at inducing cells from this source into 
a preretinal-like lineage. Rat bone marrow stem 
cells were cultivated in a neuroinduction mix 
medium for 24 h. The sequence involves im-
munocytochemistry to detect nestin and tubulin 
III to demonstrate the cell’s neuronal lineage, 
followed by incubation in retinal-induction mixed 
medium for 24 h. RT-PCR was performed to de-
tect expression of Brn3b, Pax6, THY1.1, Opn4, 
and Ath5 genes. Immunocytochemistry results 
showed increased expression of nestin and tu-
bulin III after 24 h of incubation in the neuroin-
duction medium. RT-PCR showed slightly in-
creased expression of Pax6, THY1.1, and Opn4 
after 48 h of sequential incubation in the neuro-
induction and predifferentiation media. Brn3b 
and Ath5 gene expression increased markedly. 
These results suggest that mesenchymal stem 
cells have a high predisposition to differentiate 
into preretinal-like cells with minimal time in 
culture. These cells may provide a viable alter-
native for restoring damaged retinas. 
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1. INTRODUCTION 

Retinal diseases represent a major source of visual 

disability worldwide. Glaucoma, the most common cause 
of retinal injury, is caused by metabolic or genetic dis-
eases [1]. In this condition, ganglion cells are lost as part 
of the optic nerve degeneration [2]. At present, there are 
no therapeutic options for functional recovery of the 
nerve because it is derived from the retinal cell axon 
[3,4]. Cell therapy is a potential alternative for restoring 
damaged cells in neurodegenerative diseases [5], includ-
ing retinopathies. It has been suggested that recovery of 
ganglion cells and their grown axons might be feasible 
and, if so, might restore the optic nerve [6-8]. With this 
target in mind, several groups have focused on the possi-
ble engraftment of differentiated or undifferentiated em-
bryonic stem cells (ESCs) into animal models of dam-
aged retinas. The results show that retinal cells derived 
from human and animal ESCs migrate and engraft into 
damaged retinas, where the cells differentiate into func-
tional photoreceptors and restore light responses in ani-
mals [9-16]. Although ESCs have been suggested as 
possible repositories of retinal cells, the feasibility of 
applying these techniques to human clinical protocols are 
distant because of the ethical and immunological impli-
cations. 

Current methods of somatic cell reprogramming have 
developed protocols for generating retinal cell types. 
These studies have shown that induced pluripotent stem 
cells (iPSCs) from human fibroblasts can differentiate 
into retinal progenitor cells [17,18]. Even though these 
results are promising, these progenitor cells are still slow 
and inefficient, and some doubts have emerged about 
their altered genetics and limited viability [18-21]. 

Adult undifferentiated or differentiated stem cells have 
also been used for retinal replacement. Among them, 
Schwann cells have been transplanted intravitreally into 
an optic nerve transaction model, and the results showed 
promising retinal ganglion cell (RGC) survival [22]. 
Adult hippocampal neural progenitor cells also show en- 
graftment, survival capability, and morphological trans-
formation reminiscent of retinal neurons and an exten-
sion of processes into the optic nerve [23-26]. Retinal 
pigment epithelium cells (RPECs) can engraft into and 
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survive in Bruch’s membrane [27-32], although in clini-
cal trials in patients with advanced age-related macular 
degeneration, allogenically transplanted human RPECs 
have a high rejection rate [33]. 

Adult stem cell transplantation using cells obtained 
from the blood or bone marrow and predifferentiated in 
culture is another promising alternative for retinal regen-
eration in humans. Preclinical studies with bone marrow 
cells transplanted into the retina have shown that the in-
oculated cells produce a high rate of neovascularization, 
engraft and possibly differentiate into cells of neuronal 
lineage, and delay retinal degeneration [34-37]. Although 
one study reported that a degenerated retina cannot itself 
provide the signals to induce the differentiation of retinal 
stem cells (RSCs) into photoreceptors [38], the best re-
sults were obtained when predifferentiated cells were 
transplanted; the results were even better than were those 
with completely differentiated cells [39]. Studies of trans-
planted retinal precursor cells (RPC) have suggested that 
the predifferentiation of RSCs is the best option for re-
covery of a damage retina [38,40]. 

Several mixed media have been suggested to induce 
adult stem cell differentiation into neuronal lineage cells 
or ganglion cells. The formulas of those media include 
growth factors and chemical compounds involved in 
neuronal lineage and ganglion differentiation [41-43]. 
The present study focused on the development of a se-
quential culture medium aimed at inducing adult stem 
cells to differentiate into immature neuronal cells and 
then into immature retinal cells in a minimal time, that 
would provide an option for the treatment of retinal dis-
ease. 

2. MATERIALS AND METHODS 

2.1. Mesenchymal Cell Isolation and  
Culture 

Mesenchymal stem cells (MSCs) were obtained from 
adult Wistar male rats, weighing about 220 g. The femurs 
were washed with Hank’s solution to extrude the marrow 
from the central canal (Gibco, Grand Island, NY, USA) 
and filtered through a 70 μm cell strainer (BD Falcon, 
Bedford, MA, USA). After centrifugation, cells were re-
suspended in Dulbecco’s modified Eagle medium (DMEM- 
F12) containing 20% fetal bovine serum (FBS) and 1% 
antibiotics (streptomycin-penicillin, Gibco). Cells were 
seeded in a 100 mm culture dish (Corning Inc., Corning, 
NY, USA) at 37˚C and 5% CO2 in a humid chamber for 
24 h. To remove nonadherent cells, the cells were washed 
with phosphate-buffered saline (PBS), pH 7.4, and the 
culture medium was replaced with DMEM-F12 contain-
ing 10% FBS and 1% antibiotics. After 10 days, the cells 
reached 80% confluence and were harvested by incuba-
tion with 0.25% trypsin and 1 mM EDTA (Gibco) for 10 

min at 37˚C. The obtained cells were split 1:3 for the 
experiments. 

2.2. Predifferentiated Medium and Induction 
Medium 

For stem cell induction into neuronal lineage cells, the 
cells were incubated for 24 h in predifferentiation me-
dium (PM) comprising DMEM-F12 plus 0.1 μM retinoic 
acid, 1 mM β-mercaptoethanol, 10 ng/ml fibroblast growth 
factor 8 (Sigma, St. Louis, MO, USA), and 2 mM gluta-
mine (Invitrogen, Grand Island, NY, USA). To induce 
retinal lineage cells, a modification of a previously de-
scribed protocol was used (17). This induction medium 
(IM) comprised PM plus 10 ng/ml Insulin Growth Factor 
-1 (Sigma), 10 ng/ml Dickkopf-1-related protein (Dkk1; 
R&D Systems, Minneapolis, MN, USA) and 10 ng/ml 
Noggin (GenWay Biotech, Inc., San Diego, CA, USA). 
Immunocytochemistry and Reverse transcription poly-
merase chain reaction RT-PCR analysis was performed 
after 24 h of incubation in IM. 

2.3. Immunocytochemistry 

Circular glass cover slips treated with poly-l-lysine 
(Sigma) were placed into 24-well microplates (Corning, 
Inc.) for immunocytochemistry, and the cells were cul-
tured at a density of 1 × 105 cells/well for 24 h in PM and 
then for 24 h in IM. The cells were fixed with 4% para-
formaldehyde for 10 min; washed three times with PBS, 
pH 7.4; and then permeabilized with 0.3% Triton X-100 
in PBS for 5 min. Nonspecific antibody reactions were 
blocked with 5% bovine sera albumin (BSA) in PBS for 
1 h. To confirm the neuronal lineage, cells were incu-
bated overnight at 4˚C with primary mouse monoclonal 
antibodies to nestin (1:5000; R&D Systems) and β-tubu- 
lin III (1:2000; Promega, Madison, WI, USA) diluted in 
1% BSA in PBS. To confirm the ganglion lineage, cells 
were incubated with monoclonal anti-Pax6 (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA), anti-Thy (1:400; 
Abcam [MRC OX-7]), and polyclonal anti-Brn3b (1:50; 
R&D Systems [sc-31989]). The cells were washed three 
times with PBS and incubated with secondary goat anti- 
mouse-Fc—fluorescein isothiocyanate (FITC) (Pierce 
Biotechnology, Thermo Fisher Scientific, Rockford, IL, 
USA) and donkey anti-goat IgG—FITC (Santa Cruz Bio-
technology) for 2 h in the dark. The nuclei were stained 
with 4’,6-diamidino-2-phenylindole (DAPI, Santa Cruz 
Biotechnology). The cover slips with stained cells were 
mounted on slides with 90% glycerol in PBS and sealed. 
The cells were analyzed under a fluorescence microscope 
(Imager Z1 Zeiss, Jena, Germany). Images were taken 
using an AxioCam HRm camera system coupled to the 
microscope. 
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2.4. RNA Isolation and RT-PCR 

MSCs were added to poly-l-lysine-treated six-well 
microplates (Corning Inc.) at a density of 5 × 105 cells/ 
well and cultured for 2 h and 24 h. Total RNA was iso-
lated from undifferentiated mesenchymal cells, and from 
cells incubated in PM and IM using a binding silica 
column kit (GenElute Mammalian Total RNA, Sigma). 
The amount and quality of RNA were determined on a 
GeneQuant Pro Spectrophotometer (Amersham Biosci-
ences, ambridge, UK). RT-PCR was performed in a Px2 
Thermal Cycler (Thermo Electron Co, Milford, USA) 
using one-step reactions (Qiagen, Crawley, UK). All 
primers were obtained from MWG-Biotech, Huntsville, 
AL, USA, and are described on Table 1. The RT-PCR 
reactions were performed in a final volume of 50 μl with 
1 μg of total RNA, according to the Qiagen One-Step 
RT-PCR protocol. PCR reactions were resolved on 2% 
agarose gels. The bands were observed under UV light 
and photographed in a UVP High-performance UV Tran-
silluminator (DigiDoc-IT, Cambridge, UK) and analyzed 
with the GelAnalyzer program. Rat retinal tissue from 
two-month-old adult Wistar male rats was used as the 
positive control. 

2.5. Statistics 

The statistical differences amongst groups were ana-
lyzed using unpaired Student’s t-test. Significance was 
set at a p-value of less than 0.05. Statistical analyses 
were performed with SPSS software (v. 17.0; SPSS Inc., 
Chicago, IL). For each variable under study, medians, 
standard deviations, and ranges were calculated. 

3. RESULTS 

3.1. Cell Culture and Predifferentiation 

Primary culture of stem cells recovered from the rat 
bone marrow showed characteristic Colony forming units 

(CFU) formation after 8 days incubation in DMEM-F12 
medium (Figure 1(A)). After 12 days, the culture reached 
80% confluence (Figure 1(B)). On passage 4, the cells 
were incubated in PM medium for 24 h. Light micros-
copy showed morphological changes from typical fibro-
blast-like cells to cells with a triangular body and long 
projections (Figure 1(C)), which were longer in cells 
incubated for 24 h in IM. In the latter incubation, some 
types of contact, which resembled dendritic contacts, 
were observed between the cells (Figure 1(D)). 

3.2. Immunocytochemistry 

To probe the possible neuronal lineage, nestin and tu-
bulin III were detected by immunocytochemistry in cells 
cultured for 24 h in PM. Slight positive expression of 
tubulin III was observed around the nucleus in cells cul-
tured in the control medium. The expression of tubulin 
III increased markedly in cells incubated for 24 h in PM, 
and its distribution was detected throughout the cyto-
plasm (Figures 2(A) and (B)). A similar distribution was 
observed for nestin in cells cultured in the control me-
dium, and the amount of protein increased in cells cul-
tured in PM. Immunocytochemistry also confirmed the 
morphological modification of the cells from fibro-
blast-like cells to cells with a triangular body and long 
projections (Figures 2(C) and (D)). 

To detect the possible predifferentiation to the retinal 
lineage, after incubation for 24 h in PM and then for 24 h 
in IM, the cells were stained with antibodies to Thy1.1, 
Pax6, and Brn3b. Thy1.1 immunodetection showed 
slight staining around the nucleus of the cells incubated 
in control medium (Figure 3(A)). The staining increased 
markedly in cells incubated in PM medium for 24 h fol-
low by 24 h in IM. These cells also showed modifica-
tions of the cell morphology including the presence of 
long cytoplasmic projections (Figure 3(B)). Immunode- 
tection of Pax6 and Brn3b showed a different distribution. 
These genes are expressed in the nucleus, therefore we  

 
Table 1. Primers used for RT-PCR gene detection. 

gene sense antisense 

GAPDH GTGGGGCAGCCCAGAACATC CCAGGCGGCATGTCAGATCC 

Tuj1 TGGCCACCGTCTTCCGTGGG TCTCCCCCTCCTCCTCGGCA 

nestin CCCCAGGCTGAGGGGATCCAG GGCATCTCCTACCCCCGGGAC 

Ath5 TGCCGCAATGGGGCCAGG AGCTGGCCATGGGGAAGGAC 

Brn3b CACCATCCGCCCCACCACAG CTCCGAGGAGGGCCTTGGCT 

Thy 1.1 CGAGTCTCGGGCCAGAATCCCA CAGGAGCAGCAGCAGCCAGG 

Pax6 TGTCCAACGGATGTGTGAGT TTTCCCAAGCAAAGATGGAC 

Opn4 CCATAGCATTCACGGTGTTG TTATTTTCCCGTGCCTTGTC 
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Figure 1. Light microscopy of rat stem cells cultured in control 
and induction media. (A) Primary culture of stem cells recov-
ered from the rat bone marrow showed characteristic CPU; (B) 
Confluent culture after 12 days in control medium; (C) Stem 
cells after 24 h of culture in PM showing triangular bodies with 
long projections (arrow); (D) Stem cells after 24 h of culture in 
PM plus 24 h of culture in IM showing cytoplasmic elongation 
(arrow). 
 

 

Figure 2. Representative images of immunofluorescent detec-
tion of β-tubulin III and nestin in rat stem cells. (A) Positive 
staining for β-tubulin III was detected around the nucleus 
(green) in stem cells incubated in control medium; (B) After 24 
h of incubation in PM, the distribution was detected throughout 
the cytoplasm. The nucleus is labeled with 4’,6-diamidino-2- 
phenylindole (DAPI) (blue); (C) Representative images of nestin 
immunodetection in stem cells cultured in control medium 
show its detection around the nucleus (green); (D) Immu-
nodetection of nestin in stem cells cultured in PM medium for 
24 h showing its distribution throughout the cytoplasm. The 
nucleus is labeled with DAPI (blue). 
 
did not use DAPI during the immunodetection because 
nuclear staining could give false information. Immu-
nodetection showed barely detectable staining for these 
proteins in cells incubated with control medium (Figures 
3(C) and (E)). 

However, staining increased markedly after incubation 
for 24 h in PM plus 24 h with IM (Figures 3(D) and (F)). 

 

Figure 3. Representative images of Thy1.1 immunodetection. 
(A) Immunodetection of Thy1.1 in stem cells cultured in con-
trol medium; (B) Immunodetection of Thy1.1 in stem cells 
cultured in PM medium for 24 h and in IM for 24 h; (C) Im-
munodetection of Brn3b in stem cells cultured in control me-
dium; (D) Positive immunodetection of Brn3b in stem cells 
cultured in PM for 24 h and in IM medium for 24 h; (E) Im-
munodetection of Pax6 in stem cells cultured in control me-
dium; (F) Immunodetection of Pax6 gen in stem cells cultured 
in PM for 24 h and in IM medium for 24 h. 
 
3.3. RT-PCR 

Pax6, Opn4, Brn3b, Thy1.1, and Ath5 gene transcript- 
tion was detected in stem cells cultured in control me-
dium. The expression levels differed between genes. The 
expression levels were highest for Pax6, Thy1.1, and 
Opn4; lower for Brn3b, and marginal for Ath5. After 
culture of stem cells for 24 h in PM followed by 24 h 
with IM, expression of Brn3b and Ath5 increased by 
fivefold and threefold, respectively, compared with cells 
incubated in the control medium. Only minor levels of 
Pax6, Thy1.1, and Opn4 expression were observed (Fig-
ure 4). 

4. DISCUSSION 

The use of adult stem cells to restore retinal cells has 
been shown to be effective without the need for the cells 
to go through the path of full differentiation into a retinal 
cell. There is evidence that cells must be predifferenti-
ated but not differentiated to allow proper retinal integra-  
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Figure 4. RT-PCR products for Pax6, Brn3b, Opn4, 
Thy1.1, and Ath5 in mesenchymal stem cells. (a) Im-
age of the results of gel agarose electrophoresis of 
RT-PCR products from mRNA from cells cultured in 
DMEM-F12 medium plus 5% BSA (CM), or induction 
medium (IM). mRNA from rat retina was used as the 
positive control (CR); (b) Graphic representation of 
the relative intensity of RT-PCR products of cells cul-
tured in CM or IM. 

 
tion [39]. Thus, it is important to design a medium that 
will obtain predifferentiated retinal cells. In this study, 
stem cells were cultured in a PM designed to induce 
predifferentiation to cells of the neuronal lineage. These 
cells expressed nestin and tubulin III, confirming their 
predifferentiation into the neuronal lineage. Nestin is a 
neuroectodermal marker also expressed in RSCs and in 

most cells in the RGC layer [44,45]. Tubulin III, also a 
neuronal marker, is present in both immature and mature 
neurons. After the differentiation into the neuronal line-
age was confirmed, the cells were incubated with IM 
supplemented with Dkk1, Noggin, and IGF-1. Dkk1 pro-
motes stem cell differentiation into a preretinal stage 
[46-49], Noggin promotes neurogenesis in vitro and in-
hibits glial cell differentiation [50], and IGF-1 is essen-
tial for normal growth and central nervous system de-
velopment [51]. This combination induces the differen-
tiation of iPSCs and human embryonic cells into derived 
photoreceptors [10,17]. 

To support this preretinal linage, the gene expression 
of Pax6, Brn3b, THY1.1, Opn4, and Ath5 was analyzed. 
Pax6 plays an important role as a transcription factor in 
the master regulatory gene needed for the establishment 
of the retinal field in the forebrain neuroectoderm. This 
transcription factor is essential for the proliferation and 
expansion of RSCs in vitro [52,53]. In cultured retinal 
progenitor cells, Pax6 and Brn3b expression has been 
confirmed as a positive marker during differentiation 
[54-56]. Brn3b is a transcription factor for POU proteins 
involved in differentiation of RGCs and is regulated by 
Ath5 [57]. More importantly, Brn3b promotes RGC dif-
ferentiation and suppresses non-RGC differentiation [58]. 
Ath5 over expression increases RGCs [59-61]. In our 
system, MSCs expressed all the genes tested at baseline. 
This observation has been reported for other neuronal 
genes in MSCs, but apparently these are not functionally 
[40,62]. However, the overexpression of Brn3b and Ath5 
detected in the cells incubated in the sequential media 
suggest that the cells could become functional RGCs. 

This is an important finding because of the pluripo-
tency of RSCs and their ability to differentiate into vari-
ous retinal cell types, including photoreceptors [40,42]. 

5. CONCLUSION 

These findings open the possibility for assessing the 
potency of these cells and their role in the replacement of 
cells lost in damaged retinas. These findings also raise 
the possibility of using autologous transplantation to 
minimize the risk of immune rejection. 
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