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Abstract: Although neurogenesis occurs in restricted regions of the adult mammal brain, neural stem 
cells (NSCs) produce very few neurons during ageing or after injury. Thus, the identification of novel 
molecules responsible for life-long activity of NSC represents a major key issue. Recent evidence 
suggests that mitochondria affect the proliferative and differentiation potential of NSCs. Our group has 
discovered that the endogenous bile acid tauroursodeoxycholic acid (TUDCA) is an anti-apoptotic 
agent and neuroprotective in several animal models of neurodegenerative diseases (NDs). Recently, 
in a mouse NSC line, TUDCA was shown to prevent mitochondrial apoptotic events at early-stages of 
neural differentiation and enhance NSC proliferation and self-renewal potential.  
 Here, we aimed to further explore whether TUDCA induce similar effects in primary rat 
cultured NSCs, as well as in vivo. In in vitro studies, we used cells derived from two neurogenic 
regions: the dentate gyrus (DG) of the hippocampus and the subventricular zone (SVZ) of the lateral 
ventricles. Our results showed that TUDCA treatment doubled NSC proliferation of both SVZ- and DG-
derived NSCs, while increased neuronal differentiation in both niches by 2- and 1.5- folds, respectively. 
Regarding the expression of specific mitochondrial regulators, we did not detect any significant 
difference after bile acid treatment. More importantly, TUDCA induced endogenous neurogenesis and 
enhanced in vivo NSC pool. Collectively, these data extend the role of this bile acid in regulating NSC 
fate, underling the potential therapeutic effect of TUDCA for ageing and other impaired neurogenesis 
diseases. 
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Introduction 
 
Adult neurogenesis levels decrease throughout 
the adult life of mammals (Lledo, et al., 2006), 
whereas the rate of neurons production also 
diminishes in neurodegenerative diseases (NDs) 
(Lindvall & Kokaia, 2010) (Bonnamain, et al., 
2012). It is estimated that in 2015, the number of 
people aged 60 years and over will be 
approximately 900 million (Prince, et al., 2015). 
Among NDs, nearly 44 million people have 
Ahzheimer’s disease (AD), worldwide (Prince, et 
al., 2015).  
NSCs are the most primordial cells of the 
nervous system that can self-renewal and 
differentiate into neurons and glial cells, such as 
astrocytes and oligodendrocytes (Götz & Huttner, 
2005) (Zhao, et al., 2008). Neurons, functional 
components of the nervous system, are 
responsible for information processing and 
transmission (Vescovi, et al., 2006). NSCs are 
multipotent adult stem cells (Ratajczak, et al., 
2008), meaning that they are able to generate a 
specific number of cell types (Lodi, et al., 2011). 

In contrast with embryonic NSCs, adult NSCs 
remain for long periods in G0 (Orford & Scadden, 
2008), which is crucial to maintain tissue 
homeostasis and avoid exhaustion of stem cell 
function (Simons & H, 2011). NSCs can be 
derived from embryonic stem cells (ESCs), that 
are isolated from the inner cell mass of 
blastocysts; as well as from induced pluripotent 
stem cells (iPSCs), obtained by reprogramming 
from somatic cell; and from fetal or adult brain 
samples (Conti & Cattaneo, 2010). Reynolds and 
Weiss demonstrated that NSCs are able to form 
neurospheres in culture, which consist in floating 
clusters of committed progenitors, differentiated 
astrocytes, neurons, and very few NSCs 
(Reynolds & Weiss, 1992) (Gil-Perotin, et al., 
2013). This type of culture system leading to the 
formation of heterogeneous neurospheres also 
presents advantages compared with the 
monolayer culture system, including the ability to 
mimic physiological conditions and high density 
of cells (Weinberg, et al., 2015) (Jesen & Parmar, 
2006). 
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Adult neurogenesis, a complex neurobiological 
process by which functional neurons are 
generated from NSCs, occurs in two discrete 
regions of the mammalian brain: the 
subventricular zone (SVZ) of the lateral wall in 
the lateral ventricles, where new neurons are 
generated and migrate through the rostral 
migratory stream (RMS) (Lois, et al., 1996) to 
become interneurons in the olfactory bulb (OB) 
(Lledo, et al., 2006); and the subgranular zone 
(SGZ) of the DG in the hippocampus, where new 
dentate granule cells are generated and 
integrated (Ming & Song, 2011) (Zhao, et al., 
2006). 
During the past decades, several studies have 
been developed with the aim of generating the 
types of human-derived neurons required for cell 
replacement therapy based on the pathology of 
specific diseases. Many studies have confirmed 
that human and rodent NSC progenitors derived 
from umbilical cord blood, ESC, fetal brain, 
and/or adult stem and progenitor cells can be 
expanded in vitro or ex vivo, having a huge 
potential for the development of novel cellular 
and gene therapies (Lindvall & Kokaia, 2010) 
(Mimeault & Batra, 2006). 
Over the last few years, it has been 
demonstrated that several neural development 
processes, including neurogenesis, self-renewal 
and differentiation of NSCs, dendritogenesis and 
axon branching, depend on mitochondrial 
regulation (Xavier, et al., 2015) (Spillane, et al., 
2013) (Kasahara & Scorrano, 2014). One of the 
reasons why neurons rely on mitochondrial 
function is due to the fact that they require large 
amounts of oxygen.  Indeed, since these cells are 
highly differentiated, they need great amounts of 
adenosine triphosphate (ATP) for conservation of 
cell membrane gradients and neurotransmission 
(Spillane, et al., 2013). 
Interestingly, ROS have also been recently 
implicated in NSC lineage determination, 
influencing the choice between neuronal and 
astroglial differentiation (Xavier, et al., 2014b). 
Moreover, mitochondrial levels of both ATP and 
ROS have been shown to interfere with cell cycle 
progression (Xavier, et al., 2014b). 
Mitofusin (Mfn) 2 and dynamin-related protein 1 
(Drp1) are mitochondria-related dynamic proteins, 
which play a role in mitochondrial fusion and 
fission, respectively (Nisoli & Carruba, 2006) 
(Kasahara & Scorrano, 2014) (Fischer, et al., 
2012). They are involved in the organellar quality 
control system that governs the mitochondria 
integrity and dynamics. Another mitochondrial 
key regulator is the peroxisome proliferator-
activated receptor (PPAR) γ coactivator 1 (PGC1) 
α, which is involved in multiple biological 
responses, such as mitochondrial biogenesis 
(Handschin & Spiegelman, 2006). 

Ursodeoxycholic acid (UDCA), an endogenous 
hydrophilic bile acid, has been extensively used 
for the treatment of liver disorders (Hagey, et al., 
1993) (Lazaridis, et al., 2001). More recently, it 
has been shown that UDCA and its conjugated 
derivative, tauroursodeoxycholic acid (TUDCA), 
play a pivotal role in modulating apoptosis in 
distinctive cell types (Rodrigues, et al., 1998a) 
(Rodrigues, et al., 2000b) (Rodrigues, et al., 
1999) (Solá, et al., 2003a). Notably, TUDCA, a 
Food and drug administration (FDA)-approved 
molecule, has been shown to be orally 
bioavailable and able to cross the blood-brain 
barrier (Keene, et al., 2002). They demonstrated 
to be strong inhibitors of apoptosis by preventing 
depolarization of mitochondrial membrane, 
channel formation, ROS production, cytochrome 
c released, caspase activation, and cleavage of 
the nuclear enzyme poly(ADPribose) polymerase  
(Rodrigues, et al., 1998a) (Rodrigues, et al., 
1998b). Curiously, some of these events were 
shown to be typical of early stages of neural 
differentiation (Xavier, et al., 2014a). Moreover, 
DNA microarray analysis revealed that UDCA 
could significantly regulate the expression of 96 
different genes, involved not only in apoptosis but 
also in cell cycle regulation and proliferation 
(Castro, et al., 2005). Finally, TUDCA was shown 
to be neuroprotective in animal models of acute 
ischemic stroke (Rodrigues, et al., 2003b) and 
NDs (Keene, et al., 2002) (Ramalho, et al., 2008), 
while improving survival and function of cell 
transplants in Parkinson’s disease (Duan, et al., 
2002). These features make TUDCA a strong 
candidate in the treatment of many NDs as well 
as in ageing. 
Recent studies, using a mouse NSC line, 
revealed that TUDCA also increases the 
proliferation and self-renewal potential of NSCs. 
It was demonstrated that its effect on NSC 
proliferation and lineage determination depends 
on its role in modulating mitochondria integrity 
and function at early-stages of mouse NSC 
differentiation (Xavier, et al., 2014b). 
Based on the previous data, we decided to 
explore whether TUDCA would present same 
properties in another in vitro model as well as in 
vivo. In addition, we intended to better 
understand the influence of this bile acid in 
modulating the expression of certain 
mitochondrial  regulators. To accomplish this aim 
we defined three majors objectives: to further 
elucidate the potential involvement of TUDCA in 
proliferation, self-renewal and differentiation  
processes using rat primary cultured NSCs 
derived from SVZ and DG; to investigate the 
potential effect of TUDCA in regulating the 
expression levels of PGC1α, Mfn2 and Drp1 at 
latter time points of neural differentiation in this 
model; and to explore the influence of TUDCA in 
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endogenous proliferation and differentiation of 
NSCs, in vivo. 
 
Methods 
 
Ethics statement 
All animals used in the present study received 
humane care according to the criteria outlined in 
the Guide for the Care and Use of Laboratory 
Animals prepared by the national Academy of 
Sciences and published by the National institutes 
of health (NIH)  (NIH publication 86–23, revised 
1985). 

 
Neurosphere cultures 
SVZ and DG stem/progenitor cell cultures were 
obtained from postnatal (P1-3) Sprague-Dawley 
rats. This model is appropriate to mimic posnatal 
neurogenesis. Briefly, fragments of SVZ and DG 
were dissected out from the other brain sections 
and single cells were seeded and expanded in 
serum-free culture medium (SFM) composed of 
Dulbecco’s modified Eagle’s medium/Ham’s F-12 
medium with GlutaMAX-I supplemented with 100 
U/ml penicillin, 100 µg/ml streptomycin, 1% B27, 
20 ng/ml EGF (Invitrogen Corp., Carlsbad, CA, 
USA) (proliferative conditions) for SVZ, and an 
additional supplement of 10ng/ml FGF2 
(Invitrogen Corp.) to DG cultures. Cells were 
plated on uncoated 6mm-Petri dishes and were 
allowed to develop in an incubator with a 
humidified (5% CO2) and 95% atmospheric air at 
37°C. Six to 7 days or 8 to 10 days in culture, the 
initial SVZ or DG cells, respectively, divided and 
formed spheres of precursor cells in suspension. 
Neurospheres were collected and seeded on 
glass coverslips coated with 0.1mg/mL poly-D-
lysine in SFM medium devoid of growth factors, 
for immunocytochemistry or immunoblotting. 
Then, to investigate the effect of TUDCA (T0266; 
Sigma-Aldrich Corporation, St. Louis, MO, USA) 
on cell proliferation, differentiation and in the 
expression of mitochondrial proteins, 100 μM of 
this molecule was added or not (control) to the 
medium. Neurospheres were allowed to develop 
for 48 hours or 7 days with 5% CO2 and 95% 
atmospheric air at 37°C before in vitro assays. 
 
Cell proliferation assay 
To investigate the effect of TUDCA on NSC 
proliferation, cells were exposed to 10 µM  
Bromodeoxyuridine (BrdU) (Sigma-Aldrich), a 
synthetic thymidine analogue able to substitute 
thymidine in the DNA double chain synthesis 
occurring in dividing cells (Wojtowicz & Kee, 
2006), for the last 4 hours of 24 hours of TUDCA 
treatment. Then, cells were fixed for 30 minutes 
in Paraformaldehyde (PFA) 4%, which was 
washed with PBS, at room temperature (RT). 

After this process, the immunocytochemistry for 
BrdU labeling was performed. Fixed cells were 
incubated in PBS 1% Triton X-100 to 
permeabilize the cellular membrane and, blocked 
for non-binding sites for 1 hour with 0.5% Triton 
X-100 (BDH Chemicals Limited, London, UK) and 
3% bovine serum albumin (BSA, NZYTech, 
Lisbon) dissolved in PBS. Cells were then 
subsequently incubated overnight at 4°C with the 
conjugate anti-BrdU-Alexa Fluor-594 (1:100 and 
from Life Technologies Ltd., Carlsbad, CA, USA). 
Nuclei were stained with Hoechst 33342 
incubation (12 μg/ml in PBS) (Invitrogen Corp.) 
and the preparations were mounted using Mowiol. 
The resulting fluorescent signals were imaged 
using fluorescence microscopy assessments 
performed with a Zeiss AX10 microscope (Carl 
Zeiss, Corp., Jena, Germany), equipped with a 
40x plan-apochromat objective and a Leica 
DFC490 camera (Leica Microsystems, Germany). 
In each experiment, the number of cells was 
calculated through the average obtained in three 
random fields (0.09 mm2) per chamber in 
triplicates, using the ImageJ software. 
 
Neuronal differentiation assay 
To investigate the effect of TUDCA on neuronal 
differentiation, cells remained for 7 days at 37°C 
in a 5% CO2 and 95% air humidified atmosphere 
after treatment. At day 7 the medium was 
removed and the cells were fixed and washed, as 
mentioned before. Plates were saved in the 
fridge at 4°C. Following this procedure, the 
immunocytochemistry assay was performed 
against Neuronal nuclei (NeuN). NeuN is a 
neuron-specific nuclear protein, whose 
expression is commonly presented in most 
neuronal cell types throughout the adult nervous 
system (Mullen, et al., 1992). Then, the fixed 
cells were incubated in 0.5% Triton X-100 and 
6% BSA to permeabilize the cellular membrane 
and blocked for non-binding sites. Cells were 
then subsequently incubated overnight at 4°C 
with the conjugate rabbit anti-NeuN (1:200) (Cell 
Signalling Technology, Danvers, USA) and for 1h 
at RT with the appropriate secondary antibody 
donkey anti-rabbit Alexa Fluor 568 antibody 
(1:200) (Life Technologies Ltd). Nuclei were 
stained with Hoechst dye and the preparations 
were mounted using Mowiol. Cell count was 
determined by the aforementioned method. 
 
Western blot analysis 
Steady-state levels of mitochondrial proteins, 
PGC1α, Mfn2 and Drp1, were determined by 
Western blot analysis. The protein extracts were 
obtained from SVZ neurosphere cultures after 7 
days in differentiation medium. Cells were 
collected and lysed for isolation of total protein 
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extracts using ice-cold lysis buffer (10mM Tris-
HCl, pH7.6, 5mM MgCl2, 1.5mM KAc, 1% 
Nonidet P-40, 2mM dithiothreitol) supplemented 
with protease and phosphatase inhibitors 
(Thermo Fisher Scientific, Waltham, MA, USA.) 
for 30 min. After sonication, samples were then 
centrifuged at 3,200 g at 4°C for 10 min. Protein 
content was measured by the Bradford Method 
using the Bio-Rad protein assay kit (Bio-Rad 
Laboratories, Hercules, CA, USA) accordingly to 
the manufacturer’s specifications. BSA was used 
as a control sample to perform a calibration curve. 
Samples were denatured in the presence of a 5x 
denaturating/loading buffer (0.2M Tris-HCl, pH6.8, 
20% glycerol, 2% SDS, 10mM β-
mercaptoethanol, H2O, bromophenol blue) at 
95ºC during 5 min. Eighty  µg of protein extracts 
and the protein size marker (Precision Plus 
ProteinTM Standards Dual Color, BioRad) were 
separated on 7.5% sodium dodecyl sulfate-
polyacrylamide electrophoresis gels (SDS-PAGE). 
After electrophoresis, samples were transferred 
to a Hybond-C nitrocellulose membrane 8.5 cm x 
6.5 cm by electroblotting and blocked with 5% 
milk during 1 hour at RT. Immunolabeling of the 
blots occurred overnight at 4°C with the primary 
mouse monoclonal antibodies reactive to PGC1α 
(ST1202; Calbiochem), Mfn2 (ab56889; Abcam); 
primary rabbit polyclonal antibody reactive to 
Drp1 (sc-32898; Santa Cruz, Tec.). After washing, 
membranes were incubated with the secondary 
antibodies anti-mouse and anti-rabbit (1:5000, 
BioRad) for 2 hours at RT. Finally, membranes 
were processed for protein detection using 
Immobilon (Millipore Corp.). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (sc-32233; 
Santa Cruz Biotechnology, Inc.) and heat shock 
protein (Hsp) 90 (sc-13119; Santa Cruz 
Biotechnology, Inc) were used to as loading 
control. 
 
Animal models and TUDCA delivery 
Miniosmotic pumps (Alzet, Cupertino, CA, USA) 
were implanted in 6-week-old male Wistar rats for 
intraventricular infusion of 300 µM TUDCA 
dissolved in artificial cerebrospinal fluid (aCSF) or 
aCSF alone, as vehicle, for continuous dosing of 
unrestrained laboratory animals. During this 
process the rats were anesthetized with 
isoflurane (Esteve Farma Ltd, Lisbon). The 
delivery rate was 0.25 µl/hour for 28 days. To 
evaluate cell migration and differentiation, the 
animals were injected intraperitoneally with BrdU 
two times per day during the first three days of 
the experience. To assess proliferation, the rats 
were injected two times, 4 and 2 hours before 
scarification. Animals were perfused with saline 
solution (NaCl 0,9%) and fixed with PFA 4% in 
PBS. Therefore, they were killed by 

exsanguination, under isoflurane anesthesia. The 
scarification of the anesthetized animals was 
made by decapitation and the brains immediately 
removed. Contralateral hemisphere was 
submitted to the sectioning process to performed 
immunohistochemistry assays. 
 
Tissue processing and 
immunohistochemistry  
Brains were postfixed for 1 day in 4% PFA, and 
then cryopreserved in 30% sucrose. For 
immunohistochemistry of NSC markers, brains 
were coronally processed in 30-μm-thick cryostat 
sections that were collected in series of 10 slides. 
Each series contained an anterior-posterior (AP) 
reconstruction of four brains sections separated 
300 μm between them. For doublecortin (DCX) 
quantification, a microtubule-associated protein 
expressed by neuronal precursor cells and 
immature neurons in embryonic and adult brain 
structures (Vukovic, et al., 2013), were used the 
goat primary antibody (1:500) (Santa Cruz 
Biotechnology, Dallas, Texas, USA) and 
subsequently the secondary antibody donkey 
anti-goat 488 (1:500, Invitrogen Corp.). For ki67 
labeling, a nuclear protein that is associated with 
cellular proliferation (Scholzen & Gerdes, 2000), 
tissue sections were incubated with the primary 
monoclonal rabbit antibody anti-ki67 (1:200) 
(Abcam, Cambridge), for 2h at RT. Then, slices 
were incubated with Dako EnVision conjugated 
w/ HRP (anti-rabbit) for 1 hour at RT. Thymus 
slice was used as positive control. For negative 
controls, the primary antibody was omitted during 
the staining. The immunohistochemistry of ki67 
was performed by Histology and Comparative 
Pathology Laboratory, a technical facility of 
Instituto de Medicina Molecular (iMM). The 
quantification of DCX- and ki67-positive cells was 
performed in every series of the reconstruction. 
Thus, the distance between the sections 
analyzed was 300 μm. At least six SVZ and eight 
DG consecutive sections per animal were 
included in the analysis. The distribution of DCX- 
and ki67-positive cells in SVZ and DG was 
calculated as the average number of positive 
cells in two random fields (0.02 mm2 for DCX and 
0.20 mm2 for ki67) per slide (n=3 animals).  In the 
case of DCX, to better visualize the cells for 
quantification, nuclei were counterstained with 
Hoechst 33342 (12 μg/ml in PBS) (Invitrogen 
Corp.). Tissue sections labeled with DCX were 
captured in Zeiss LSM 510 META, a Confocal 
Laser Point-Scanning Microscope, equipped with 
a 63x/1.4 oil DIC plan-apochromat objective. For 
ki67 labeling, the slides were scanned and 
magnified with a 20X objective lens, using the 
viewer software NDP.view2. In both cases, 
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positive cells were counted using ImageJ 
software. 
 
Densitometry and statistical analysis 
The relative intensities of protein bands were 
analyzed using the Quantity One Version 4.6.3 
densitometric analysis program  (Bio-Rad 
Laboratories). Results from different groups were 
compared using the Student’s t test, 2-way 
ANOVA or one-way ANOVA followed by 
Bonferroni’s or Dunnett’s multiple comparison 
tests. Values of p < 0.05 were considered 
statistically significant. All statistical analysis was 
performed with GraphPad Prism 5 software 
(GraphPad Software, Inc.). 
 
 
Results and Discussion 
 
TUDCA increases proliferation of SVZ- 
and DG-derived NSCs 
In a mouse NSC line, TUDCA was shown to 
modulate NSC proliferation and differentiation 
through mechanisms dependent on mitochondrial 
retrograde signals (Xavier, et al., 2014b). In the 
present work, we began to clarify whether 
TUDCA would have a similar effect in rat primary 
cultured NSCs, including SVZ- and DG-derived 
NSCs. Cell proliferation was evaluated by 
counting the number of BrdU-positive NSCs and 
neural progenitors, treated or untreated with 
TUDCA. In fact, immunocytochemistry analysis 
revealed that, in both neurogenic niches, 
treatment with TUDCA significantly increased 
BrdU incorporation (p < 0.05), when compared 
with untreated cells, (Figure 1).   
Our results are in accordance with the previous 
study on NSC lines showing that TUDCA 
increases proliferation by retarding cell cycle 
arrest, namely by decreasing the expression of 
p21 and p27. In that work, the authors have also 
demonstrated that treatment with TUDCA 
decreases NSCs in G0-G1 phase, while 
increases S/G2-M phase (Xavier, Morgado and 
Rodrigues, et al. 2014b). More importantly, 
TUDCA effect was shown to be dependent on 
mitochondrial ROS and ATP levels (Xavier, 
Morgado and Rodrigues, et al. 2014b).  Moreover, 
Castro et al showed that the unconjugated form 
of this bile acid promotes cell proliferation in liver 
cells by upregulation of the microRNA-21 (Castro, 
Ferreira, et al. 2010). In agreement, negative 
regulators of cell proliferation, such as cadherin 1 
(Cdh 1) and E-cadherin, decreased after UDCA 
exposure (Castro, Solá, et al. 2005). Therefore, it 
is possible that the effect of TUDCA observed in 
primary cultured NSCs might be dependent on 
both mitochondria and microRNA-21 expression. 

 
Figure 1. TUDCA increases proliferation of NSCs in both SVZ and 
DG niches. NSCs were expanded, induced to differentiate in the 
presence or absence of TUDCA, and then collected for 
immunocytochemistry to detect BrdU incorporation, as described in 
Methods. A) Representative quantification data of BrdU positive cells 
after 24h under differentiation medium, for SVZ (left) and DG (right) 
niches. B) Representative images of immunofluorescence detection of 
cells labeled with anti-BrdU antibody. Nuclei were staining with 
Hoechst 33342. Results are expressed as mean ± SEM fold change 
for three different experiments. *p < 0.05. Scale bar, 10μm. 

 
 
TUDCA enhances neuronal fate of SVZ- 
and DG-derived NSCs 
 
To further explore the impact of TUDCA in 
regulating NSC differentiation in our cell model, 
neurospheres were cultured and allowed to 
differentiate in an optimized neuronal 
differentiation-inducing medium, as described in 
the Methods. Our results showed an increase in 
the percentages of NeuN-labeling cells after 
TUDCA treatment, indicating that this 
endogenous bile acid is able to induce a 
significant increase of neuronal population, in 
SVZ (p < 0.05) and DG (p < 0.01) niches 
compared to controls (Figure 2). However, its 
effect was more evident in SVZ than in DG NSC 
populations. In fact, TUDCA doubled the number 
of NeuN-positive cells in SVZ-derived NSCs, 
while in DG-derived NSC culture, the increase 
was by approximately 1.5-fold, compared with 
respective controls. The fact that TUDCA was 
able to increase both proliferation and 
neurogenesis in our cell model was not surprising. 
Indeed, it has already been shown that, by 
regulating mitochondrial stress and function, 
TUDCA increases the ratio of neurons versus 
glial cells (Xavier, et al., 2014b). It has been 
reported that cyclosporin A (CsA), an inhibitor of 
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mtROS scavenger MnSOD, and oligomycin A 
(OligoA), an inhibitor of F1F0-ATP synthase 
complex, were able to revert TUDCA effects in 
increasing the proportion of neuronal vs glial-
differentiating NSCs (Xavier, et al., 2014b). In 
fact, mtDNA damage has been largely associated 
with the elevated of astrogliogenesis and lack of 
neurogenesis during repair of neuronal injury 
(Wang, et al., 2011). Although gliogenesis was 
not evaluated in our model yet, we would also 
expect to observe a significant reduction of glial 
markers in both SVZ- and DG-derived cultures 
treated with TUDCA. 
 

 
 

	
Figure 2. TUDCA increases neuronal differentiation of NSCs. Rat 
NSCs were expanded, induced to differentiate in the presence or 
absence of TUDCA, and then collected for immunocytochemistry to 
detect NeuN expression, as described in Methods. A) Representative 
quantification data of NeuN-positive cells at 7 days of differentiation in 
SVZ- (left) and DG- (right) derived NSCs. B) Representative images of 
immunofluorescence detection in cells labeled with anti-NeuN antibody. 
Nuclei were staining with Hoechst 33342. Results are expressed as 
mean ± SEM fold change for at least three different experiments. *p < 
0.05 and **p < 0.01. Scale bar, 10μm. 

 
It is important to refer that the length of G1 phase 
of the cell cycle also influences cell lineage 
determination of neural precursors (Salomoni & 
Calegari, 2010). In this regard, Quian et al 
showed that glial cells are formed after neurons 
because glioblasts are generated after the 
neuroblasts and undergo a sequence of 
proliferative divisions that effectively delay the 
appearance of differentiated progeny (Quian, et 
al., 2000). They also demonstrated that glial cells 
take more time to re-enter cell cycle than neurons, 
having a more prolonged G1 phase (Quian, et al., 
2000). Taking together, we think that the effect of 
TUDCA in increasing neurogenesis might not rely 

in increasing differentiation process per si, but 
rather in modulating NSC-lineage shift toward 
neurogenesis. Of note, previous experiments in 
the laboratory using flow cytometry revealed that 
TUDCA does not change the percentage of 
astrocyte-positive cells in both SVZ- and DG-
cultured NSCs, but rather significantly decreases 
the percentage of oligodendrocyte markers (data 
not shown). In the future, it would be interesting 
to confirm the effect of TUDCA on 
oligodendrocyte cells by other techniques. 
Nevertheless, these findings corroborate the 
potential therapeutic relevance of TUDCA in 
augmenting NSC proliferation and neuronal fate. 
 
 
TUDCA does not affect the expression of 
mitochondrial regulators  
Several processes, namely neural differentiation 
and survival largely relies on mitochondria 
biogenesis, integrity and function (Xavier, et al., 
2015). Therefore, the number of mitochondria 
should be preserved existing a balance between 
elimination of dysfunctional mitochondria and its 
synthesis. To further explore the role of TUDCA 
in modulating the expression of mitochondrial 
dynamic proteins and other regulators, we 
performed Western blot analysis to detect the 
total levels of PGC1α, Mfn2 and Drp1 in SVZ-
derived NSC culture. Nevertheless, we did not 
observe any significant change in the expression 
of these three proteins by TUDCA incubation 
(Figure 3).  
 
	

	
Figure 3.	 TUDCA does not change the expression of 
mitochondrial-related proteins in SVZ-derived NSCs. NSCs were 
induced to differentiate up to 7 days and collected for immunoblotting 
analysis. Representative immunoblots of PGC1α, Mfn2 and Drp1 
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levels in total protein extracts and respective quantification data, at 7 
days of NSC differentiation. Results were normalized to GAPDH 
protein levels. Results are expressed as mean ± SEM fold-change for 
three different experiments for PGC1α and Mfn2 and two different 
experiments for Drp1. 

	
These unexpected results were obtained after 7 
day of NSC differentiation. Indeed, the absence 
of alterations by the bile acid does not exclude a 
potential effect of TUDCA in the total levels of 
these mitochondrial-related proteins. As already 
stated, TUDCA was shown to prevent 
mitochondria apoptotic events at early stages of 
neural differentiation, such as at 6h in 
differentiation medium (Xavier, Morgado and 
Rodrigues, et al. 2014b). Therefore, in the near 
future, similar Western blot experiments should 
be performed at early time-points, such as at 6h 
of SVZ- and DG-derived NSC differentiation. 
Moreover, it is also possible that TUDCA might 
only affect the subcellular distribution of Mfn2 and 
Drp1, not influencing the total expression levels 
of these mitochondrial-related proteins. 
 
 
TUDCA stimulates NSC proliferation in 
vivo 
Our in vitro experiments have indicated that 
TUDCA promotes the proliferation of SVZ- and 
DG-derived NSCs, contributing to an increase of 
the NSC pool. Moreover, as previously 
mentioned, this effect was also observed in a 
NSC line (Xavier, et al., 2014b). Hence, we 
decided to clarify whether this bile acid would 
have the same impact in in vivo NSC proliferation. 
For that, we have used a rat animal model to 
assess endogenous neurogenesis. After 28 days 
of TUDCA administration in rat brains by mini-
osmotic pumps, the animals were sacrificed and 
the brains collected for cryostat sectioning. Brain 
slices were then used to immunohistochemistry 
analysis against ki67. It is important to refer, that 
although BrdU was administrated at different time 
points in all animals, in the present work we could 
only assess TUDCA effect on NSC proliferation 
at the exact time of animal scarification, by 
counting ki67-positive cells. Interestingly, 
analysis of SVZ and DG sections revealed an 
increased number of ki67-positive cells in the 
presence of TUDCA, being significantly higher in 
DG region (p<0.05) (Figure 4).  
Comparing the proliferation levels in both niches, 
the rise seemed to be more evident in DG region 
where the number of ki67-positive cells almost 
doubled by TUDCA. These results corroborate 
those obtained from our in vitro experiments, 
indicating that TUDCA is able to enhance the 
NSC pool.  Future work is now required to assess 
the impact of TUDCA on BrdU incorporation in 
these in vivo experiments and also to establish 

the time window in which this acid acts. 
Nevertheless, these results demonstrate the 
potential relevance of TUDCA in increasing the 
number of NSCs in vivo, during long periods of 
time, reinforcing its promising therapeutic role for 
ageing and other impaired neurogenesis 
diseases. 
 
 

 

	
Figure 4. TUDCA promotes NSC proliferation in vivo. 
Immunohistochemistry against the cell proliferation marker ki67 was 
performed in both SVZ and DG regions of rat brains treated with or 
without TUDCA as described in Methods. Sagittal diagram of the rat 
brain exhibiting a frontal plane that represents the tissue section in 
SVZ (A) and DG (D) regions. Frontal views of the SVZ (B) and DG (E) 
brain regions (left).  Representative images of ki67-positive cells, in the 
absence (control) and presence of TUDCA in a frontal section of SVZ 
and DG are also represented (right). Quantitative analysis of ki67-
positive cells with and without TUDCA treatment in SVZ (C) and DG 
(F) regions. Nuclei were staining with Hoechst 33342. Results are 
expressed as mean ± SEM per field for two different experiments for 
SVZ and three for DG. *p < 0.05. Scale bars = 100 μm in (B) left; 50 
μm in (E) left; and 20 μm in (B) right and (E) right. 

 
 
TUDCA increases early NSC 
differentiation in vivo 
In addition to the ability to increase proliferation in 
vivo, we also investigated the effect of TUDCA in 
neural differentiation in vivo. In fact, our previous 
in vitro studies have demonstrated that this bile 
acid increases neurogenesis, specifically the 
mature neurons generated from primary culture 
of SVZ- and DG-derived NSCs. In addition, the 
enhancement of neurogenesis was also 
observed in other in vitro model (Xavier, et al., 
2014b). Therefore, to clarify the ability of this 
endogenous bile acid to enhance neurogenesis 
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in vivo, we have also used rat animal models 
treated for 28 days with TUDCA by mini-osmotic 
pumps. The animals were sacrificed and the 
brains collected for cryostat sectioning as 
previously described above. Brain slices were 
then used to performed immunohistochemistry 
against DCX. Notably, our results showed an 
increase of newly generated DCX-positive 
immature neurons and neuroblasts, in both 
neurogenic regions (Figure 5). In SVZ region, the 
increase was significant (p < 0.05) and 
approximately doubled with TUDCA exposure, 
while in DG, the effect of this bile acid resulted in 
an increase of 1.3-fold in DCX-positive cells, 
when compared with control rats. Curiously, the 
rise rates observed after TUDCA treatment have 
a similar pattern to those observed in our in vitro 
model where we assessed the mature neuronal 
marker NeuN. Thus, these results corroborate 
our previous data, showing an enhancement of 
differentiating cells into neuronal lineage by 
TUDCA.  
 

 
 

	
Figure 5.	 TUDCA treatment increases early NSC differentiation in 
rat models. Immunohistochemistry against the NSC early 
differentiation marker DCX was performed as described in Methods. 
Sagittal diagram of the rat brain exhibiting a frontal plane that 
represents the tissue section in SVZ (A) and DG (D) regions. Frontal 
views of the SVZ (B) and DG (E) brain regions (left).  Representative 
confocal images of DCX-positive cells, in the absence (control) and 
presence of TUDCA in a frontal section of SVZ and DG are also 
represented (right). Quantitative analysis of DCX-positive cells with 
and without TUDCA treatment in SVZ (C) and DG (F) regions. Nuclei 
were staining with Hoechst 33342. Results are expressed as mean ± 
SEM per field for three different experiments. *p < 0.05.Scale bars = 
100 μm in (B) left and (E) left; 10 μm in (B) right and (E) right. 

The protective effect of this bile acid was already 
studied in different animals models of 
neurodegenerative diseases (Keene, et al., 2002) 
(Duan, et al. 2002) (Ramalho, Viana, et al. 2008). 
However the contribution of TUDCA in enhancing 
endogenous neurogenesis has never been 
explored yet. These studies add significant new 
information on the role of TUDCA in increasing 
NSC pool and neurogenesis in both primary 
cultured NSCs and in vivo, which may prove 
useful in the development of NSC-based 
therapeutic strategies. 
 
 
Conclusions and Future Perspectives 
 
During development of the central nervous 
system, an extensive proliferation is demanded to 
produce the required number of progenitor cells 
for correct tissue and organ formation, followed 
by differentiation in order to generate functional 
neuronal cells at the correct time and place 
(Hardwick, et al., 2015). During adulthood, NSC 
proliferation markedly diminishes and 
neurogenesis declines. Indeed, the production of 
neurons, in the adult mammalian brain, is 
restricted to only a few brain regions (Lledo, et al., 
2006). The balance between proliferation and 
differentiation gives rise to differential growth as 
well as cellular diversity (Hardwick, et al., 2015). 
Thus, it is crucial to have a solid scientific 
understanding about the mechanisms that 
regulate proliferation and differentiation potential, 
as well as survival and function of NSCs, to 
efficiently control and deliver clinically competitive 
therapies for neurological disorders. 
The work presented in this thesis showed that the 
endogenous bile acid TUDCA, previously 
described as a potent inhibitor of apoptosis-
mediated mitochondrial perturbations in neurons 
(Rodrigues, et al., 2000b), also raises 
proliferation of SVZ- and DG-derived NSCs, 
contributing for the enhancement of NSC pool, in 
vitro. Notably, our results also revealed that 
TUDCA increases the number of new-born 
neurons, highlighting its possible application in 
NSC-based therapies. Given these findings, we 
decided to investigate whether these effects are 
also maintained in vivo. Indeed, TUDCA 
appeared to increase the NSC pool and 
neurogenesis in vivo. Moreover, this bile acid 
demonstrated to retain its proliferative effect for 
long periods of time. In the near future we intend 
to confirm the impact of TUDCA in NSC 
proliferation by evaluating BrdU incorporation in 
the same rat brain slices. Notably, these effects 
of TUDCA open a new window of opportunities 
for therapeutic intervention in aging and other 
impaired neurogenesis diseases. Indeed, since 
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NSCs self-renewal potential decreases during the 
adulthood of mammalians, compromising the 
regenerative capacity of the brain in ways that 
tissue repair and maintenance become inefficient 
(Gage, 2000), novel strategies must focus not 
only in enhancing NSC commitment and 
differentiation, but also on the expansion and 
maintenance of functional NSC pools.  
As future work, it would be interesting to 
characterize the impact of TUDCA in increasing 
the NSC pool and function of new-born neurons, 
in animal models of neuronal loss, namely in 
ageing and AD, the major cause of dementia 
(Association, 2014). Further, similar in vitro 
studies should be performed in primary NSCs 
isolated from aged rat. 
Given our interest in exploring the role of TUDCA 
in regulating the expression of mitochondria 
regulators and dynamic proteins, In the future, we 
should explore the possible effect of TUDCA in 
the total levels of mitochondrial regulators at 
early stages of neuronal differentiation since this 
bile acid was shown to prevent apoptosis-
associated events at that time points (Xavier, et 
al., 2014b). In fact, preserving the number of 
mitochondria is crucial to arrest degenerative 
processes (Fischer, et al., 2012). Accumulation of 
dysfunctional mitochondria accelerates ageing as 
well as ND progression. Addressing these 
questions and understanding the potential impact 
of TUDCA on mitochondrial biogenesis, function 
and bioenergetics, can have a huge impact in 
age-associated impaired neurogenesis and 
cognitive decline.  
As a final note, it remains to be investigated 
whether the new generated neurons by TUDCA 
can efficiently restore brain functions. In fact, the 
low synaptic integrity of the new-born neurons 
observed in the adult human brain has been the 
main obstacle for the success of NSC-based 
therapies. 
In conclusion, our results confirm that the neural 
protective role of TUDCA goes beyond its anti-
apoptotic and antioxidant capacities. In fact, this 
bile acid is able to increase the NSC pool as well 
as neuronal differentiation, in both neurogenic 
regions of adult mammalian brain. This 
information together with the fact that this bile 
acid is non-toxic, safe and tolerable provides a 
new framework to further explore its use in the 
treatment of neurological disorders with 
neurogenic deficit as well as in ageing. 
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