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a b s t r a c t

Reactive oxygen species (ROS) and oxygen (O2) have been implicated in neurogenesis and self-renewal of 
neural progenitor cells (NPCs). On the other hand, oxidative unbalance, either by an impairment of anti- 
oxidant defenses or by an intensified produc tion of ROS, is increasingly related to risk factors of neuro- 
developmental disorders, such as schizophrenia. In this scenario, human induced pluripot ent stem 
cells (hiPSCs) emerged as an interesting platform for the study of cellular and molecular aspects of this 
mental disorder, by complementing other experimental models, with exclusive advantages such as the 
recapitulation of brain developm ent. Herein we discuss the role of O2/ROS signaling for neuronal differ- 
entiation and how its unbalance could be related to neurodevelop mental disorders, such as schizophre- 
nia. Identifying the role of O2/ROS in neurogenesis as well as tackli ng oxidative stress and its disturbances 
in schizophrenic patients’ derive d cells will provide an interesting opportunity for the study of neural 
stem cells differentiation and neurodevelopmental disorders. 

� 2012 Elsevier Inc. All rights reserved. 

Introductio n

The importance of O2/ROS signaling for neurogenesis 

The culture of neural progenitor cells (NPCs)2 is an essential tool 
for assessing mechanisms controlling differen tiation in the nervous 
system [1]. Human NPCs can be obtained from a brain biopsy or dif- 
ferentiated from pluripotent stem cells. Regardless of their source, 
one of the main challenges in this field is to mimic in vitro neural
developmen t as similar as possible to the in vivo situation. Much 
has been done in order to confirm similar ities between cells growing 
in dishes and within the brain, while in vitro models have evolved as 
reliable tools for studying cellular and molecula r aspects of neural 
differentiat ion [2].

During early developmen t, oxygen (O2) levels, which are low in 
embryo, control important events, such as formation of placenta, 
vascular system and skeleton [3,4]. After birth, O2 demands, con- 
sumption and flow vary amongst organs, affecting its dissolved 
concentr ation, despite the fact that they are usually much lower 
than values expected in the atmosph eric air (�20.8% or 21 kPa)
[1]. Likewise, in spite of being conserved amongst the central ner- 
vous system (CNS) of mammalian species, values of partial oxygen 
pressure (pO2) are also known to vary in brain regions [5].

Actually, this variation seems to occur since the beginning of 
developmen t, and may influence cell fate in a gradient manner. 
Conseque ntly, O2 has been considered as a morphogen, which pro- 
motes regulatory roles in diverse pathways controlling also neural 
different iation [4]. During the early stages of neurodevelopm ent, as 
it happens with the embryo as a whole, the brain is also submitted 
to a hypoxic condition. This is extremely important, as low-O 2 lev-
els regulate several essential genes that govern diverse physiolog- 
ical events [6]. On the other hand, in an abnormal range, hypoxia 
could induce an incorrect regulation of neural genes, leading to a
pathologi cal condition that is also evidenced by epidemiologica l
data, which correlate hypoxia with neuronal dysfunction or subtle 
damage [6].

Although the exact mechanism involved in ROS-mediat ed neu- 
rogenesis remains unclear, reactive oxygen species (ROS) genera- 
tion could be closely related to alteration s in O2 levels and 
growing evidences also indicate them as hub regulators of various 
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processes and pathways during neurodevelop ment [7,8]. Indeed, it 
was shown that endogenously produced ROS activate PI3 k/Akt, 
p38 MAPK and ERK signaling during neural differentiation 
in vitro [7,8]. Factors related to neuronal maturati on, such as nerve 
growth factor (NGF), neuregulin (NRG), fibroblast growth factor 2
(FGF2) and retinoic acid (RA), are also known to increase ROS gen- 
eration [9–12]. Moreover, administ ration of antioxidant s or ROS 
inhibitors could abrogate different iation, suggesting an important 
role of these reactive species [9,10,12,13]. However, data suggest- 
ing an influence of pO 2 and ROS in neurogenes is are not exclusive 
to early stages of development. 

It has been demonst rated that pO 2 may also vary in postnatal 
neurogenic niche so as to regulate quiescence and differentiation 
of those cells. In the subventri cular zone (SVZ), a close association 
between neural stem cells and vasculature is believed to facilitate 
the traffic of O2, which in turn influences stem cell renewal and 
neurogenes is. It is proposed that quiescent stem cells are activated 
to self-renew when there is a reduction in O2 tension, giving rise to 
transit-amp lifying cells that eventually differentiate in regions 
where this tension is higher. This can be modulated by cellular 
properties that control the transfer of this gas or by the release 
of growth factors that integrate with O2 response [1]. Accordingly 
to in vivo observations (reviewed by [1,14]), conditions of low-O 2
tension in vitro can also stimulate NPCs to prolifera te and self-re- 
new [7,15].

Since it is known that low-O 2 stimulates ROS generation [7,16],
it is expected that a reduction of O2 levels associated to self-renew 
stimulus will happen concomitan tly to an increase of ROS. In vivo 
observations detected higher ROS status in the SVZ of postnatal 
mice, which is probably related to a proliferative characterist ic of 
NPCs within the neurogenic niche [7]. Similarly, in vitro studies
using different models of neural developmen t, including embry- 
onic stem cells (ESCs), teratocarcinoma stem cells and neuroblas- 
toma cells, point ROS as a key factor in neural differentiation ,
while the impairment of ROS formation prevents differentiation 
(reviewed by [14]). In addition, more recently, Le Belle and col- 
leagues [7] described differences between NPCs derived from hu- 
man ESCs (hESCs): a sorted population characteri zed by high 
(ROShi) and another one, with lower levels of ROS (ROSlo). They 
showed that ROS hi population has a greater proliferative and self- 
renewal capacity when compared to ROS lo or unselected cells. 
Accordingly , unselected NPCs acquired the same characterist ics 
as the ROS hi population when exogenous ROS was administered 
in vitro . Moreove r, after sorting primary adult SVZ cells through 
sets of neural stem cell markers, the authors identified that this 
population presente d also significantly high endogen ous ROS lev- 
els, which indicate that the ROS hi population is composed of neural 
stem cells. Finally, they showed that ROS generation in NPCs could 
be induced by specific growth factors, such as brain-derive d neuro- 
trophic factor (BDNF), and that it is highly depende nt on PI3 k/Akt 
signaling and NADPH oxidase (NOX) [7]. Thus, low-O 2 levels and 
high-ROS levels could be associated to a prolifera tive state of NPCs. 
However, within the neurogenic niche, a portion of the stem cells 
remains quiescent and only divides when they receive some stim- 
uli. Those cells are expected to maintain a lower level of ROS until 
they are required to divide. 

Due to the importance of O2/ROS signaling in the formation of 
the nervous system, its impairment or modulation may contribute 
to abnormal brain development that can be perpetuated into adult 
life. Several neurodevelopm ental disorders were related to altered 
energy metabolism and/or oxidative stress during early develop- 
ment [17,18]. Moreove r, a large number of genetic and environ- 
mental factors considered as risk factors for these disorders are 
known to alter O2/ROS levels or interfere with ROS-mediat ed sig- 
naling. Thus, understanding the role of O2/ROS signaling during 

neurogen esis will help to identify novel aspects of neurodevelop -
mental disorders , such as schizophrenia. 

Schizoph renia 

Schizophr enia is a mental disorder that affects one in a hundred 
individua ls [19]. In spite of many efforts to define general charac- 
teristics of this disorder, schizophren ia is a very heterogeneous 
syndrom e and manifests itself quite peculiarl y in each individual 
[20]. Neverthel ess it can be characterized by three types of symp- 
toms: (i) positive symptom s (hallucinations, delusions and abnor- 
mal thinking), (ii) negative symptoms (apathy, difficulty in 
expressing emotions and poverty of thought), and (iii) cognitive 
deficits (affecting attention, working memory, learning, problem 
solving and social cognition).

In contrast to the incidence of the disorder (1%), this number 
could reach 17% for close relatives of a patient [19], suggesting 
the involvement of a strong genetic component. A great variety 
of genes have been already correlated to increased risk to schizo- 
phrenia outcome [21], and some of them are suggested to be influ-
enced by O2/ROS levels as discussed below [6]. On the other hand, 
the co-occurr ence of schizophrenia in identical twins happens in 
almost 50% of the cases [22], indicating that environmental factors 
are also related to its pathogenesis. 

Infectiou s insults and toxic or traumati c stress during preg- 
nancy or childhoo d are some examples of environmental factors 
that were already identified to have an important role in the path- 
ogenesis of schizophrenia through subtle changes in nervous sys- 
tem developmen t [18]. Most of all factors that have been related 
somehow with the etiology of schizoph renia, including genetic 
and environmental ones, are revealed during the maturation of 
developing brain circuits. Accordingly, there are several evidences 
suggestin g that schizoph renia is indeed a neurodevelopm ental dis- 
order [20], in spite of being usually diagnosed in the adolescence 
[23,24].

The identification of pathophysiol ogical changes related to 
schizoph renia is essential to better understa nd cellular aspects of 
the disorder. Unlike other diseases that affect the nervous system 
such as Parkinson and Alzheimer, there are not many reports link- 
ing schizophren ia to progressive neurodegen eration or cell death, 
instead, it is best characterized by changes in GABAergic, dopami- 
nergic, serotoner gic and glutamatergic brain circuits [25]. Recently, 
alteration s in ROS balance and metaboli sm have also been associ- 
ated to schizophren ia [17].

The main challenge is to correlate cellular phenotypes in vitro 
with the symptom s of the disorder, in order to facilitate transla- 
tional studies and also high-throughp ut screening (HTS) of new 
drugs.

Induced pluripot ent stem cells as a new model to study 
neurodev elopmental disorders 

Due to difficulties in obtaining live neurons from schizophren ic 
patients, most of the knowledge about this mental disorder has 
been acquired with brain imaging or postmort em neural tissue 
[26]. As the latter represents the final stage of the disorder, infor- 
mation could frequently be a secondary effect, such as a conse- 
quence of chronic treatment with a medicine or even aging [27].
Finally, postmortem brains are not elusive for a causative descrip- 
tion of neurodevelop mental disorders [28].

In order to overcome these limitations, research has been done 
in non-neural cells (e.g. blood cells); however, it is still not deter- 
mined whether studies with these cells are informative enough 
regarding clinical aspects of schizophrenia [29].
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