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Abstract: Objective: To develop an efficient protocol to differentiate the rat embryonic stem cells (rESCs) into dopa-
minergic (DA) neurons, thus providing a new insight for the study and development of embryonic stem cells (ESCs) 
and cell replacement therapy. Methods: We made a “4-step” protocol which was a modified EB (embryoid body)-
based method, to differentiate rESCs into DA neurons via adding sonic hedgehog (Shh) and fibroblast growth factor 
8 (FGF8) sequentially. The 4 steps include: 1) enrichment of rESCs; 2) EBs formation; 3) neural induction; 4) DA 
neurons derivation. Immunofluorescence staining and qRT-PCR were applied to identify DA neurons. Results: By 
our “4-step” protocol, ventral midbrain DA neurons could be successfully differentiated from rESCs within 18 days. 
Combined treatment of Shh and FGF8 was essential for successful induction of DA neurons. Especially, the concen-
tration of Shh was a critical point for DA neurons generation, and 200 ng/ml was highly recommended. Conclusion: 
Our study demonstrates that DA neurons can be induced from rESCs with an efficient and less time-consuming 
method based on EBs formation with sequential addition of Shh and FGF8, which named “4-step” protocol. And this 
novel method is of great potential for the treatment of DA system disorders and the study of related drugs discovery 
as a new renewable source of functional DA neurons.

Keywords: Rat embryonic stem cells (rESCs), embryoid bodies (EBs), dopaminergic (DA) neurons, sonic hedgehog 
(Shh), fibroblast growth factors (FGF8)

Introduction

Embryonic stem cells (ESCs) are derived from 
inner cell mass of pre-implantation blastocysts, 
which characterized by unlimited proliferation, 
self-renewal and multi-lineage differentiation 
potentiality [1]. Considering these unique fea-
tures, ESCs show great perspective in cell 
replacement therapy, especially for neurode-
generative diseases such as Parkinson Disease 
(PD) [2, 3]. In the past two decades, the suc-
cess of the cultivation of mouse embryonic 
stem cells (mESCs) and human embryonic stem 
cells (hESCs) [1, 4] have boosted the develop-
ment of researches on ESCs-based therapy  
[5, 6]. PD, results from dopaminergic neurons 
loss in substantia nigra [7], is an ideal therapy 
model for ESCs transplantation [8]. For exam-
ple, many studies have proved transplantation 
of mESCs and hESCs into substantia nigra can 
ameliorate the deficient symptoms of rodent or 
non-human primate PD models [9, 10]. In addi-

tion, rats, which share quite similar genetic 
ground state with human, have been used as a 
prime model for physiological, pharmacological 
and neurobehavioral studies in the long term 
[11], furthermore, this kind of experimental ani-
mal owns many advantages over mouse in neu-
rological and behavioral studies [11, 12], so 
that rats are most widely used as PD models  
for ESCs transplantation research. However, 
since only mESCs and hESCs can be derived, 
rat PD model with such donor-recipient pattern 
(mouse-to-rat, human-to-rat) may not accurate-
ly reflect the virtual condition of in vivo trans-
planted stem cells and research bias could be 
made. Therefore, although amounts of inspiring 
results support this kind of therapy, there are 
still many critical problems such as immuno-
logical rejection, which needs to be addressed 
before its clinical application [13, 14]. Species-
specific rESCs are urgently in need to act as a 
perfect tool for further PD treatment study.
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Fortunately, such predicament has been termi-
nated recently. Li et al have successfully estab-
lished the first strain of germline-competent rat 
embryonic stem cells in the world by developing 
a special method called “3i” or “2i” culture sys-
tem [15]. “3i” or “2i” are some kinds of small 
molecular inhibitors, namely CHIR99021 
(GSK3 inhibitor), PD184352 (MEK inhibitor) 
and SU5402 (FGF receptor tyrosine kinase 
inhibitor) or “2i” including PD0325901 (MEK/
ERK inhibitor) and CHIR99021 respectively. 
These inhibitors can suppress differentiation 
and enable self-renewal of pluripotent stem 
cells. Hence, the establishment of rESCs pro-
vided us a wonderful tool to perform rat-based 
ESC researches, which means rESCs can take 
place mESCs in PD models. This conspecific 
match in scientific research will definitely 
reduce or avoid immunological rejection, 
increase in vivo adaptiveness, provide us a 
more virtual condition for stem cells transplan-
tation in vivo. 

Before cell transplantation, how to differentiate 
ESCs into DA neurons with best purity and most 
quantity in vitro is the major concern for suc-
cessful PD treatment. Therefore, vast numbers 
of researches have been carried out to develop 
a perfect rESCs differentiation method of which 
“5-step” and “stromal cell derived inducing 
activity (SDIA)” are two classical methods to 
induce ESCs to differentiate into DA neural [16, 
17]. The common principle of these two meth-
ods is EBs formation ahead of moving forward 
differentiation. Particularly, “5-step” is simpler 
because of its monolayer culture system and 
SDIA method has higher differentiation efficien-
cy with the assistance of feeder cells. However, 
there are also shortcomings in these two proto-
cols respectively. For “5-steps”, the differentia-
tion efficiency is low, whereas SDIA method is 
more time-consuming. According to their expe-
rience, our team has successfully developed a 
“4-step” protocol to differentiate rESCs into DA 
neurons, which is critical for potential utility of 
ESCs in regenerative medicine in the future, 
even offering beneficial guidelines for clinical 
application of hESCs. 

Nowadays, rESCs have been used to generate 
several somatic cell types, but till now, no 
report focused on differentiating rESCs into 
dopaminergic (DA) neurons which is extensively 
studied in hESCs and mESCs. To our knowl-
edge, this is the first of such kind protocol 
reported. 

Materials

Culture of rat embryonic stem cells

Rat ESC line DAC8 was derived from rat blasto-
cysts and maintained as described [15]. Rat ES 
cells were passaged every 3~4 days on irradi-
ated mouse embryonic fibroblasts (MEFs) with 
culture medium changed every other day. The 
culture medium is N2B27 medium supplement-
ed with 2i (3 μM CHIR99021, 0.4 μM PD032- 
5901). Serum-free N2B27 medium was pre-
pared as described [15]. CHIR99021 and PD- 
0325901 were provided by Stem Cell Sciences 
plc.

Dopaminergic neuron differentiation 

rESCs maintained on MEFs were digested with 
0.25% trypsin for 3 minutes, then centrifuged 
for 3 minutes at 1300 rpm. Thereafter, the 
supernatants were removed and the precipi-
tates were resuspended in N2B27 medium and 
then transferred to 0.1% gelatin-coated dishes 
for 45 minutes to separate rESCs from the 
feeder layer. Subsequently, the separated sin-
gle rESCs were mixed equally in suspension 
and cultivated in bacteriological dishes with 
N2B27/2i medium supplemented with 20 ng/
ml EGF (R&D systems), 10 ng/ml bFGF (R&D 
systems), and 100 μM L-ascorbic acid (L-AA, 
from Sigma-Aldrich) for 4 days to grow EBs. The 
medium changed every day. In order to enhance 
the efficiency of differentiation, the concentra-
tion of 2i should be decreased by half, named 
as 1/2 2i. Then the EBs were cultivated in sus-
pension with N2B27 medium supplemented 
with 20 ng/ml EGF, 200 ng/ml Shh (R&D sys-
tems), 100 ng/ml FGF8 (R&D systems), and 
L-AA 100 μM for other 12 days. Subsequently, 
the EBs were trypsinized with 0.05% trypsin for 
11 minutes followed by cells plated onto a 12 
mm laminin/polyornithine-coated plate at a 
density of 45,000 cells each plate in N2B27 
meduim supplemented with 100 μM L-AA, 4 
ng/ml BDNF (R&D systems) and 10 ng/ml 
GDNF (R&D systems) for 1~2 days. Every proce-
dure was triplicated by individual experiment.

Immunocytochemistry 

Cells plated on 12 mm laminin/polyornithine-
coated plates were washed in phosphate-buff-
ered saline (PBS) and fixed with 4% parafor- 
maldehyde for 15 min. Permeabilization and 
blocking in 5% goat serum in 0.1% Triton/PBS 
for 60 minutes was followed by incubation with 
primary antibodies, including rabbit anti-TH (1: 



Differentiate rat embryonic stem cells into DA neurons

6083 Int J Clin Exp Med 2017;10(4):6081-6090

1000; Sigma), mouse anti-β-III-tubulin (1:3000; 
Sigma) as TH (tyrosine hydroxylase) and β-III-
tubulin are the biomarkers of DA neurons and 
neuronal differentiation, at 4°C overnight and 
rinsed three times in PBS for 5 minutes before 
secondary antibody added. The secondary anti-
bodies, goat anti-mouse Alexa Flour (488)-con-
jugated (Invitrogen) and goat anti-rabbit Alexa 
Flour (546)-conjugated (Invitrogen), were app- 
lied to cells at 1:1000 dilution for 2 hours at 
room temperature in dark surroundings. For 
negative controls, primary antibodies were 
omitted and the same staining procedures 
were followed. Nuclei were visualized with 
Hoechst 33342 (1:1000; Sigma).

qRT-PCR

Total RNA from different cell types was extract-
ed by RNeasy mini kit (Qiagen) according to the 

manufacturer’s instructions, and the quality 
and quantity of RNA were evaluated by 
NanoDrop (Thermo Scientific, USA). 1 μg of RNA 
was used to synthesize cDNA via reverse tran-
scription-polymerase chain reaction (RT-PCR). 
The expression level of related genes including 
Oct4, En1, TH, was determined by relative fluo-
rescence enrichment of SYBR green on ABI 
7900HT Fast Real Time PCR system (Applied 
Biosystems). The cycling parameters were as 
follows: 94°C for 15 s, 55°C for 30 s, 72°C for 
45 s, with total of 30 cycles. Endogenous 
GAPDH expression was used as internal con-
trol. The primer pairs used for analyses are 
shown in Figure 5B. 

Cell quantification

Cell counting was achieved blindly in 10 ran-
domly selected visual fields for each experi-

Figure 1. Monolayer culture system or feeder layer culture system is not practicable for neuronal differentiation 
from rESCs. Most of rESCs died within 5 days. A-C: Monolayer culture system; D-F: Feeder layer culture system; G-I: 
rESCs cultured on MEFs with concentration of 2i decreased by half; J: Most of rESCs died after withdrawal of 1/2 2i.

Figure 2. More neurons could be derived from rESCs treated with 1/2 2i than that treated with 2i. A: 2i culture 
system; B: 1/2 2i culture system; C: The comparison between 1/2 2i and 2i on their effects on moving forward to 
neuronal lineage and being induced into DA neurons; compared with the group treated with 1/2 2i, *P<0.05.
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ment. An intact rESC was enrolled for quantifi-
cation. Each field was scored first for Hoechst 
positive nuclei. Then β-III-tubulin positive cells 
and subsequently TH positive cells were scor- 
ed in the colocalization. The neuron differentia-
tion efficiency was present with proportion of 
β-III-tubulin positive cells of total cell popula-
tion and DA neuron differentiation efficiency 
was showed by proportion of TH positive cells 
within β-III-tubulin positive cells. The results of 
three individual experiments were analyzed. 

Statistical analysis

All statistical analysis were performed on SPSS 
17.0 (SPSS Inc., Chicago, USA). Measurement 
data was presented as mean ± SD. Unpaired 
Student’s test was used to analyze the com-

culture rESCs at very beginning. As a result, 
more than 85% of rESCs gradually died within 5 
days (Figure 1A-C). Then we started to use 
MEFs as a feeder layer under N2B27 medium 
condition, unfortunately, we got the same result 
(Figure 1E, 1F). So we didn’t think it was work-
able to differentiate rESCs into neuronal sub-
type with monolayer or feeder layer system 
only.

“1/2 2i” contributed to efficient neural differ-
entiation and DA neuron derivation

In the report of Li et al, the presence of 2i and 
feeders are crucial for the survival of rESCs 
[15]. We tested whether rESCs could be differ-
entiated into neuronal cells on MEFs while 
decreasing the concentration of 2i by half. The 

Figure 3. In the DA inducing stage, higher efficiency of DA neuron derivation was obtained from rESCs treated with 
1/2 2i than that treated with 2i. A, E: Contrast image; B, F: β-III-tubulins were shown in green; C, G: TH proteins were 
shown in red; D, H: Merged. 

Figure 4. “4-setp” protocol is a simple method for successful induction of DA 
neuron from rESCs within 18 days. 

parison between groups. Va- 
lues of P<0.05 were consid-
ered significant.

Results

Neuronal derivation of 
rESCs on adherent substrate 
(laminin/polyornithine) or 
irradiated mouse embryonic 
fibroblasts (MEFs) are im-
practicable

According to previous pub-
lished literature, we applied 
the protocl of “5-step” [16] to 
differentiate rESCs into neu-
ronal subtype. N2B27 medi-
um with 2i was used only to 
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rESCs seemed well-growth on the 5th day and 
began to form EBs and only a small portion of 
cells exhibited differentiated morphology, how-
ever, 90% of cells died 3 days after 1/2 2i with-
drawal (Figure 1H-J), suggesting 2i is an indis-
pensable factor for rESCs survival and diff- 
erentiation. Besides, we got something inter-
esting by using different 2i concentrations dur-
ing the differentiation. On the one hand, 2i con-
tributed to rESCs survival and EBs formation, 
but on the other hand, it also worked as a hur-
dle to prohibit neuronal differentiation and sub-
sequent DA neurons derivation. When we used 
1/2 2i to treat rESCs, we found more rESCs 
moving forward to neuronal lineage than that 
treated with 2i medium (P=0.017). Subsequ- 
ently, larger number of rESCs can be induced 
into DA neurons with 1/2 2i medium comparing 
to that treated with 2i medium (P=0.011). 
These findings demonstrated that 2i concen-
tration should be optimized during the differen-
tiation in order to get higher efficiency of neuro-
nal derivation (Figures 2, 3). 

“4-step” method is simple and efficient to 
generate DA neurons from rESCs

We used a modified EB-based protocol, “4-step”, 
to induce rESCs differentiation into DA neurons 

with only 18 days, which mainly includes four 
steps: 1) rESCs enrichment; 2) EBs formation; 
3) Neural induction; 4) DA neurons derivation 
and maturation (Figure 4). The efficiency of DA 
neuron generation was 10.8±2.1%. Compared 
to regular EB-based “5-step” protocol, it was 
less time-consuming and more efficient. 
Additionally, qRT-PCR result demonstrated that 
the expression of Oct4, a pluripotent marker, 
gradually decreased along with the process of 
differentiation. Meanwhile, tyrosine hydroxy-
lase (TH), the biomarker for dopaminergic neu-
ron, began to express on day 8, 15.7-folds high-
er on day 12 (P=0.000). It was also shown that 
midbrain specific biomarker En1 emerged on 
day 12 by treating with Shh and FGF8, 14-folds 
higher than that not treated with Shh and FGF8 
(P=0.000) (Figure 5). All these results ascer-
tained that rESCs have been successfully dif-
ferentiated into mature DA neurons on day 12, 
many of which had midbrain fate. 

Shh and FGF8 are essential for successful DA 
neuron differentiation from rESC

In our “4-step” protocol, Sonic Hodgehog (Shh) 
and fibroblast growth factor 8 (FGF8) played 
important roles in the successful DA neurons 
derivation. We firstly tried to differentiate rESCs 

Figure 5. qRT-PCR analysis of gene expression of OCT4, En1 and TH in rESCs, EB of different day with or without Shh 
and FGF8 treatment. A: EB (6 day)-/+ and EB (12 day)-/+ means EB treated (+) or not treated (-) with Shh/FGF8 for 
6 or 12 days respectively; compared with EB (12 day)-, *P=0.000; compared with day 8, *P=0.000; B: The primer 
pairs used in RT-PCR analysis.
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without Shh and FGF8, resulting that TH posi-
tive neurons could be hardly seen (Figure 6). 
The efficiency of neuronal derivation increased 
prominently when treated with Shh and FGF8 
than when such additives absent (Figure 6, 
P=0.000). And qRT-PCR result showed En1 
expression was 14-folds higher in the group 
treated with Shh and FGF8 than that without 
Shh and FGF8 treatment (Figure 5). It can be 
seen that Shh and FGF8 were indispensable to 
get high efficient derivation of midbrain DA neu-
ron in our “4-step” protocol.

Shh concentration is of much importance 
to get best efficiency in the derivation of DA 
neurons

Shh is previously showed to promote midbrain 
DA neurons induction from mESCs in a dose-
dependent manner [18]. But another research 
indicated Shh will inhibit midbrain floor plate 
neurogenesis so as to decrease DA neurons 
generation [19]. Therefore, in this study, we 
tried different Shh concentrations (100 ng/ml, 
200 ng/ml, 300 ng/ml, and 400 ng/ml) to eval-
uate if it was related to the efficiency of DA neu-
rons derivation from rESCs. Interestingly, when 
the concentration is 200 ng/ml, Shh has opti-
mal effects to differentiate rESCs into DA neu-
rons. But when the concentration decreased  
to 100 ng/ml, only few DA neurons came out, 

which is much less than that in the group with 
the concentration of 200 ng/ml (Figure 7, P= 
0.001). When the concentration up to 300 ng/
ml, there are much less TH positive neurons 
generation comparing to the 200 ng/ml (Figure 
7, P=0.032), while the same result was 
observed when Shh concentration was 400 
ng/ml (Figure 7, P=0.025). All of these prove 
Shh cannot function in a dose-dependent man-
ner inducing DA neurons differentiation from 
rESCs. 200 ng/ml is the best optimized con-
centration for highest DA neuron induction 
efficiency.

Discussion 

In the previous report, there are two major 
methods for differentiating embryonic stem 
cells into DA neurons, namely “5-step” [16] and 
“stromal cell derived inducing activity (SDIA)” 
[17] respectively. “5-step” protocol is the most 
widely used method for its simple monolayer 
culture system [16, 20]. So we tried to adopt 
monolayer culture system to determine wheth-
er it is practicable to promote neuronal deriva-
tion of rESCs. The result showed that only 
monolayer culture system with N2B27 and 2i 
cannot help to induce EBs formation, even all 
the cells died within 5 days. Unfortunately, 
feeder layer culture system without N2B27 and 
2i turned out the same result. This finding is 

Figure 6. Shh and FGF8 is essential for the successful 
derivation of DA neuron from rESCs. A, E: Contrast im-
age; B, F: β-III-tubulins were shown in green; C, G: TH pro-
teins were shown in red; D, H: Merged; I: The efficiency 
of neuronal derivation; compared with the group treated 
with Shh and FDF8, *P<0.05.
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consistent with the report of Li et al [15], indi-
cating the presence of both 2i and feeders are 
critical for the survival of rESCs and the com-
plete copy of “5-step” and SDIA culture system 
is impractical for DA neurons induction from 
rESCs.

It is undoubted that 2i, which is two kinds of 
small molecule specific inhibitors to remain 
rESCs undifferentiated and self-renewal and to 
inhibit neuronal differentiation and DA neurons 
derivation on the other side, can promote the 
efficiency of EBs formation which is an essen-
tial stage for further DA neurons induction, but 
how to appropriately use 2i is still largely unde-
fined [20-22]. So in our experiment, the con-
centration of 2i was decreased by half, named 
as 1/2 2i and it might be introduced in the step 

2, but not recommended in the other differen-
tiation steps. Such change can result in not 
only efficient EBs formation but also much 
more DA neurons derivation.

EB-based method is a classic paradigm for DA 
neurons differentiation from ESCs [23]. In gen-
eral, neuronal progenitor cells should be select-
ed from EBs and expanded ahead of DA neu-
rons induction [16]. However, in our protocol, 
neural signaling molecules Shh and FGF8 were 
added during the stage of EBs generation so 
that DA neurons can be successfully induced 
as well. It is simpler and less time-consuming 
than original “5-step” EB-based protocol. This 
novel protocol supported Li et al findings that 
rESCs can be differentiated into defined ecto-
dermal lineage [15]. More importantly, rESCs 

Figure 7. Shh concentration is important to DA 
neurons derivation and the concentration of 200 
ng/ml is highly recommended. A: Immunofluores-
cence staining result of cell treated with different 
concentrations of Shh (β-III-tubulins were shown 
in green, TH proteins were shown in red); B: The 
rate of TH positive cells in groups treated with 
different Shh concentrations; compared with the 
group treated with 200 ng/ml Shh, *P<0.05.



Differentiate rat embryonic stem cells into DA neurons

6088 Int J Clin Exp Med 2017;10(4):6081-6090

was proved to retain capability of differentia-
tion into DA neurons. 

As we all known, DA neurons with ventral mid-
brain fate are the most useful source for trans-
plantation to improve the symptoms of PD [24, 
25]. Shh and FGF8, which are two central ner-
vous system patterning factors regulating dor-
sal-ventral and anterior-posterior axis of neural 
tube, have been confirmed that both Shh and 
FGF8 are essential to obtain midbrain fate DA 
neurons as Shh is responsible for the establish-
ment of regional neural progenitor cells and 
FGF8 is conducible to determination of mid-
brain fate [26, 27]. After that, many experi-
ments found that Shh and FGF8 contributed to 
yield more TH positive neurons from ESCs [16, 
28-30], meanwhile, TH positive neurons never 
exposure to Shh and FGF8 are unable to pro-
duce dopamine [28]. Especially for FGF8, loss 
of FGF signaling will result in maturation failure 
of DA neurons [31]. However, only synergic 
effect of Shh and FGF8 can yield more numbers 
of TH positive neurons than that of each factor 
separately [16]. In our study, we added Shh 
combined with FGF8 after EBs maturation and 
then successfully generated TH positive neu-
rons, which supported our conclusion that 
rESCs can differentiate into cells of ectodermal 
lineage and defined neural subtype. However, 
the question about which time point being 
appropriate for Shh and FGF8 added is out of 
consensus. Many research teams prone to add 
Shh and FGF8 at the stage of neural progenitor 
cells induction [16, 31, 32]. But a few reports 
suggested that the earlier exposure of Shh and 
FGF8 will be more useful to generate TH posi-
tive neurons with higher efficiency [26, 33]. We 
choose to add Shh and FGF8 at early stage 
when EB grew to maturation. But the mecha-
nism still needs further investigation.

Shh was produced from floor plate, a ventral 
midline organizing center, is required to direct 
ESCs to differentiate into different neural types, 
like DA neurons and motor neurons [34]. In the 
earliest study, Shh was found to increase DA 
neurons derivation from mESCs in a dose-
dependent manner [18]. In the recent years, 
several reports said that Shh plays a critical 
role in midbrain development in a dose-depen-
dent manner as well [35, 36]. However, 
Joksimovic et al found Shh will inhibit the prolif-

eration and generation of DA neuron produc-
tions in midbrain cultures [19]. Thereby, we 
attempted to use different gradients of Shh 
concentration to detect the role of Shh in rESCs 
differentiation. The result showed more DA 
neurons derived by increasing Shh concentra-
tion below the level of 200 ng/ml. Once the 
concentration was higher than 200 ng/ml, the 
efficiency decreased. So the concentration of 
200 ng/ml is most conducible to DA neurons 
induction from rESCs, suggesting Shh concen-
tration cannot work in a dose-dependent man-
ner to promote differentiation efficiency. The 
utility of Shh should be optimized to get the 
best differentiation efficiency. In our protocol, 
the concentration of 200 ng/ml is highly 
recommended.

Although we demonstrated a simple protocol  
to differentiate rESCs into DA neurons, the  
efficiency of DA neuron induction from rESCs is 
relatively low compared to that from mESCs 
and hESCs [37, 38]. And intrinsic signaling 
pathway for rESCs converting into DA neuron is 
still unclear. In the future, we will focus on the 
patterning of rESCs differentiation into DA neu-
ron and try to work out a more optimized meth-
od to get higher differentiation efficiency. 

Conclusion

Our “4-step” protocol based on EB formation is 
a simple and effective method to induce DA 
neurons generation from rESCs within 18 days, 
indicating rESCs is capable of differentiating 
into defined neuronal subtype. Meanwhile, Shh 
with the concentration of 200 ng/ml is highly 
recommended and it combined with FGF8 
treatment is vital in this “4-step” protocol to 
ensure successful DA neurons derivation. This 
study is the first report of DA neurons differen-
tiation from rESCs in the world, hoping to pro-
vide inspiring and promising prospects in future 
research of regenerative diseases.
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