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PERSPECTIVE

Studying neurological disorders using 
induced pluripotent stem cells and 
optogenetics

Neurological disorders are amongst the most widely studied 
human aliments. Yet, they are also one of the most poorly 
understood. Although most of these disorders are polygenic, 
genotype still plays an important role in their etiologies. For 
example, in schizophrenia and autism spectrum disorders, 
there is a 40–60% concordance rate in monozygotic twins, 
with 60–90% heritability (Burmeister et al., 2008). However, 
the mechanisms by which multiple genes and their genomic 
variations influence the phenotypes of the disorders remain 
to be understood. The complexities of the disorders are fur-
ther compounded by the individual rarity of the genomic 
variations and their variable penetrance (Cook and Scherer, 
2008). Thus, conventional disease modeling, such as gene 
knockout in cells or in animals, to attain the desired disease 
genotype may not be the most suitable platform for tackling 
most neurological disorders.

With the advent of induced pluripotent stem cell (iPSC) 
technology, there presents a revolutionizing method for 
modeling complex human disorders. iPSCs are somatic cells 
that have been reprogrammed through the use of transcrip-
tion factors to restore pluripotency (Takahashi and Yamana-
ka, 2006). One of the ultimate goals for iPSC technology 
is to obtain somatic cells of specific lineages via directed 
differentiation. Cells differentiated from iPSCs can be used 
to model patient-specific disease mechanisms in vitro, for 
transplantation to replace lost cells, or for drug screening. 
This technology is especially crucial for neuroscience re-
search, where brain cells from human patients are not easily 
obtainable. Thus, human iPSC-derived neurons make an 
ideal model system for the study of neurological disorders 
and the development of neural functionality and plasticity 
(Johnson et al., 2007; Ladewig et al., 2008). In the event of 
neurodegeneration, they can act as a therapeutically rele-
vant source of cells for replacement purposes (Sonntag et 
al., 2005). In order for these ends to be met, several hurdles 
would have to be crossed (illustrated in Figure 1). Firstly, 
the iPSC colonies have to be generated via reprogramming 
and maintained for differentiation into the desired neuronal 
subtypes. Next, the functional maturity of the derived neu-
rons has to be verified. Lastly, the ability of the iPSC-derived 
neurons to integrate functionally into an existing neuronal 
network has to be probed.

In Takahashi and Yamanaka’s experiments, iPSCs were 
generated from retrovirus-mediated introduction of four 
transcription factors (Oct-3/4, Sox2, c-Myc, and Klf4) into 
mouse embryonic and adult fibroblasts (Takahashi and Ya-
manaka, 2006). The iPSCs exhibited morphology and growth 
properties similar to that of embryonic stem cells; they also 
expressed embryonic stem cell markers. The researchers then 
repeated the experiment to similar success with adult hu-
man dermal fibroblasts (Takahashi et al., 2007). Since then, 

other groups have jumped onto the iPSC bandwagon, either 
experimenting with the cocktail of transcription factors for 
inducing pluripotency, or tinkering with the generation of 
iPSCs from novel cell types, or trying to elucidate the exact 
mechanisms through which the transcription factors induce 
pluripotent stem cells. An important development in the 
reprogramming process is in the delivery of reprogramming 
factors into the somatic cells. Retroviral and lentiviral vectors 
have been widely used, while virus-free methods are catching 
on. The latter are preferred if one needs the iPSCs to be free 
of vector and transgene sequences. These virus-free methods 
include the use of episomes, RNA and protein transfection, 
small molecule carriers, and cell-penetrating peptides to de-
liver the reprogramming factors (Compagnucci et al., 2014).

In addition to skin fibroblasts, other cell types have been 
used for iPSC derivation. These include keratinocytes, neu-
ral cells, mature B and T cells, hepatocytes, amniotic cells, 
and hair follicular cells, and cells derived from adipose tissue 
(Compagnucci et al., 2014). Many of these somatic cells can 
be sampled with minimal invasiveness to patients. This is 
another plus point for the use of iPSC technology to model 
patient-specific diseases. On the other hand, iPSCs derived 
from different somatic cells may habour intrinsic potential 
to preferentially differentiate into specific cell lineages. Thus, 
further studies are needed to examine the differences be-
tween iPSCs derived from different cell types and how the 
different sources of somatic cells affect the efficiency of plu-
ripotency induction and subsequent directed differentiation. 

Besides optimizing the procedure for iPSC generation, 
different protocols have been conceived for the induction of 
specific cell types. There are various well-established proto-
cols for obtaining specific cell types, as well as customized 
ones that have been fine-tuned by individual research groups 
for obtaining specific neuronal cell types (reviewed in Com-
pagnucci et al., 2014). These protocols vary in several param-
eters, such as the types and amounts of growth factors and 
supplements added to direct differentiation, the frequency 
and length of time for which they are used, or the type of 
culture media used. It has also been reported that the pres-
ence of other cells, such as astrocytes and oligodendrocytes, 
can affect differentiation efficiency and neuronal matura-
tion. All the aforementioned factors affect the differentiation 
efficiency of the iPSCs and the length of time required to at-
tain the desired cell type. Given that differentiation efficien-
cy is sensitive to the slightest variation in culture conditions, 
obtaining a robust differentiation reproducibly is considered 
to be the most challenging obstacle in establishing an iPSC 
culture protocol.

After obtaining an iPSC-differentiated neuron culture, 
the next step is to establish neuronal identity and functional 
maturity. Morphological analyses, RNA and protein profil-
ing, as well as immunostaining for neural cell markers are 
normally used to confirm neuronal identity. Subsequently, 
electrophysiological techniques and analysis are essential to 
demonstrate functional identity and maturity. For instance, 
the ability to fire action potentials and the presence of post-
synaptic currents (PSCs) typically indicate that the new-
ly-derived neurons have matured functionally and are capa-
ble of communicating with other neurons. The functional 
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properties of iPSC-derived neurons should then be com-
pared to the intrinsic properties of the neuronal subtypes 
that they aim to model or replace, to ensure the generation 
of relevant cell types from the iPSCs.

To more accurately mimic the complexity of in vivo con-
ditions when modeling neurological disorders, a co-culture 
system of iPSC-derived neurons and other cell types should 
be used. It is then possible to assess the ability of iPSC-de-
rived neurons to physically interact with or synaptically 
connect to the other cell types in the system, and if these 
synapses are functional. There are at least four possible ways 
for cell-cell interactions and connections in the co-culture 
system. First, the iPSC-derived neurons communicate only 
with each other, and not with the other cell types. Second, 
they receive input from the other cell types, but do not send 
any reciprocal output. Third, the iPSC-derived neurons give 
input to the other cells, but do not receive any reciprocal 
input. Fourth, the signal transmission between the iPSC-de-
rived neurons and the other cell types in the system can be 
bidirectional. Under most normal circumstances, only the 
iPSC-derived neurons described in the fourth instance are 
considered functionally integrated into the circuitry.

The degree of functional integration of iPSC-derived 
neurons to their co-culture systems is still largely unknown. 
Conventionally, evaluation of functional synaptic integration 
is based on morphological parameters and receptor binding 
studies (Tønnesen and Kokaia, 2012). Electrophysiological 
characterization remains the gold standard for determining 
functional integration, but it can be relatively complex since 
identification and selective activation of specific cell types 
in a co-culture system can be problematic. Extracelluar field 
stimulations have been used to investigate synaptic integra-
tion in several studies involving grafts of stem cell-derived 
neurons (Tønnesen and Kokaia, 2012). However, data from 
such stimulations do not allow for identification of the 
origin of synaptic inputs recorded, due to the nonspecific 
nature of the stimulation. Another possible solution is dual 
whole-cell recordings, but such an approach is limited by its 
difficult technique and the low probability of synaptic cou-
pling between recorded cells. Since the probability of the two 
recorded cells being contacted by a common third cell is cer-
tainly higher than locating two directly connected cells, co-
incidence detection of postsynaptic events may be employed 
to test for functional integration. Unfortunately, it can be a 
time-consuming endeavor due to the trial-and-error process, 
and there remains the issue of it being an indirect way of ex-
amining functional integration.

Recent developments in the optogenetics field have pro-
vided reasonable solutions to the conundrum of functional 
integration of iPSC-derived neurons with the other cells in a 
co-culture system. The genetic introduction of optically-gat-
ed membrane proteins into cells allows the alteration of 
membrane potentials with high temporal resolution. Thus, 
control over activity in selected cell populations can be at-
tained (Boyden et al., 2005; Zhang et al., 2007). Therefore, 
it becomes relatively uncomplicated to establish functional 
integration between iPSC-derived neurons and other cell 
types, given the selective control allowed for activating or 
silencing different cell populations independently of each 

other. 
One of the most widely used in the optogenetics toolbox 

is channelrhodopsin-2 (ChR2), a blue light (around 470 
nm)-activated depolarizing cation channel protein (Boyden 
et al., 2005). Numerous studies have used the light-gated 
channel to enable stimulation of cells in complex neuronal 
networks, both in vitro and in vivo. ChR2-based stimulation 
allows for specificity, as only cells expressing the light-gated 
channel would respond to the light stimulus. Such a re-
sponse consists of light-induced depolarization of the neu-
ronal membrane. The depolarization would have to reach 
the firing threshold in order to elicit an action potential. For 
reliable and robust action potential induction, ChR2 expres-
sion level in the cell has to be high, in order to compensate 
for its small single-channel conductance. As expression 
levels may vary between individually transfected cells, some 
ChR2-expressing neurons may experience only subthreshold 
depolarization during light stimulation. Hence, it is import-
ant to introduce ChR2 to neurons using methods that render 
high efficiency in transduction and protein expression. Using 
variants of ChR2, such as the H134R mutant which enables 
enhanced photocurrents, can circumvent weak action poten-
tial firing due to low ChR2 expression levels.

An integrated approach combining iPSC and optogenetics 
technologies is essential for interrogating functional synap-
tic connections in vitro (Figure 1). One such example of an 
in vitro optogenetics system is a triple co-culture consisting 
of iPSC-derived neurons, primary cortical neurons, and 
astrocytes differentiated from neural progenitor cells (Su 
et al., 2015). The presence of primary neurons can enhance 
differentiation and maturation of human iPSC-derived 
neurons, while the astrocytes support the growth of the 
neurons. The primary neurons were transduced with len-
tivirus that expresses ChR2 and thus, they can be optically 
activated. Whether the iPSC-derived neurons that are also in 
the co-culture form functional synapses with these primary 
neurons can be investigated by detecting for PSCs upon blue 
light stimulation (Figure 1). iPSC-differentiated neurons 
were shown to exhibit an increase in PSC frequency upon 
photostimulation of the ChR2-expressing primary neurons 
(Su et al., 2015). With such a system for the study of neuro-
logical disorders, any patient- or disease-specific iPSC-de-
rived neurons can be used to investigate their respective dis-
ease mechanics. The disease status of any of the component 
cell types can be manipulated to examine their contributive 
effects to the neurological disorder in question. In addition, 
it would be possible to modify the components of the system 
in a mix-and-match manner to permit unique questions to 
be addressed. Furthermore, the co-culture may be a better 
representation of a system than lone cell types for the study 
of pharmacodynamic effects in the screening of drug com-
pounds.

Both the iPSC and optogenetics technologies have been 
established for over a decade, but their combined potential 
is only starting to be realized. The integrated in vitro ap-
proach combining both technologies provides the means to 
understand and resolve underlying mechanisms in complex 
neurological disorders. It is also hoped that advancements 
in both these technologies continue to shed light towards 
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the understanding and therapeutics of complex neurological 
disorders.
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Figure 1 An integrated in vitro approach of induced pluripotent stem cell (iPSC) and optogenetics technologies for studying neurological 
disorders. 
First, an optimized protocol is established to reprogram patient-specific somatic cells, such as fibroblasts, into the desired neuronal cell types. 
Second, the iPSC-derived neurons are examined for functional maturity. Third, synaptic integration of iPSC-derived neurons is interrogated via 
recording of PSCs upon selective photoactivation of channelrhodopsin-2 (ChR2)-expressing neurons in a co-culture system. 


