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Modeling psychiatric disorders through
reprogramming
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Kristen J. Brennand1 and Fred H. Gage1,*
Psychiatric disorders, including autism spectrum
disorders and schizophrenia, are extremely heritable
complex genetic neurodevelopmental disorders. It is
now possible to directly reprogram fibroblasts from
psychiatric patients into human induced pluripotent
stem cells (hiPSCs) and subsequently differentiate these
disorder-specific hiPSCs into neurons. This means that
researchers can generate nearly limitless quantities of
live human neurons with genetic backgrounds that are
known to result in psychiatric disorders, without
knowing which genes are interacting to produce the
disease state in each patient. With these new humancell-based models, scientists can investigate the precise
cell types that are affected in these disorders and
elucidate the cellular and molecular defects that
contribute to disease initiation and progression. Here, we
present a short review of experiments using hiPSCs and
other sophisticated in vitro approaches to study the
pathways underlying psychiatric disorders.
Introduction
Psychiatric disorders are common yet debilitating conditions. Two
of these disorders, autism spectrum disorders (ASDs) and
schizophrenia (SCZD), combine to affect nearly 2% of the global
population. ASDs are complex neurodevelopmental disorders
characterized by severe impairments in social interactions,
communication and behavior (Kanner, 1943; American Psychiatric
Association, 2000). SCZD is characterized by three severe classes
of symptoms: positive (hallucinations and delusions), negative
(inability to speak, express emotion or find pleasure) and cognitive
(deficits in attention, memory and planning) (American Psychiatric
Association, 2000; Carpenter and Buchanan, 1994); it often leads
to premature death from poverty, homelessness, substance abuse
and poor health maintenance (Brown et al., 2000).
Of these two psychiatric disorders, twin studies estimate the
heritability of ASDs to be greatest, as high as 90% (Ritvo et al., 1985),
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whereas estimates of the heritability of SCZD range from 70-85%
(Tsuang et al., 2001; Sullivan et al., 2003). Genome-wide association
scans for ASDs and SCZD suggest that common genetic loci
influence susceptibility to many psychiatric disorders (Lewis et al.,
2003; Fanous et al., 2007). It is now believed that many rare but
penetrant mutations contribute to ASDs and SCZD, and that
hundreds of common variants with mild effects are shared by SCZD
and bipolar disorder (O’Donovan et al., 2008; Walsh et al., 2008;
Moskvina et al., 2009).
It is generally very difficult to obtain live neurons from patients
affected with ASDs or SCZD to study. In addition, because most
psychiatric disorders are polygenic, few relevant animal models
have been developed. Although transgenic mice demonstrate some
abnormalities in behavior in specific experimental conditions
(Clapcote et al., 2007; Hikida et al., 2007; Barros et al., 2009), it is
difficult to determine how well these mouse models recapitulate
the human condition because it is difficult to assess complex
phenotypes such as hallucinations and delusions in mice. To date,
human studies of these psychiatric disorders have relied primarily
on brain imaging of patients, postmortem studies of brains and
genetic studies of patient lymphocytes. Many notable insights have
been made through these methods, but the molecular and cellular
defects that contribute to disease initiation and progression in
neurons have been difficult to elucidate.
Although they are poorly understood at the molecular and
cellular levels, psychiatric disorders are now believed to be
developmental disorders. Therefore, human-cell-based models
representing genetic backgrounds known to develop these
neurological diseases might be the best method to identify the
neuronal defects associated with them. In this Commentary, we
review recent studies that use sophisticated human-cell-based
models to study the pathways underlying psychiatric disorders. We
limit our discussion to approaches that focus on neuronal cell types,
although non-neuronal cell-based approaches have also provided
useful information (Box 1).

Reprogramming patient fibroblasts to induced
pluripotent stem cells
In 2006, Takahashi and Yamanaka identified four factors (Oct3/4,
Klf4, Sox2 and Myc) whose transient expression was sufficient to
directly reprogram mouse adult somatic cells into an induced
pluripotent stem cell (iPSC) state (Takahashi and Yamanaka, 2006).
One year later, groups led by Shinya Yamanaka and James Thomson
(Takahashi et al., 2007; Yu et al., 2007) demonstrated for the first
time that it was also possible to reprogram human fibroblasts.
iPSCs can be generated from either mouse or human skin cells
and are nearly identical to embryonic stem (ES) cells with respect
to gene expression, DNA methylation and chromatin modifications.
Both mouse iPSCs (miPSCs) and human iPSCs (hiPSCs) are
dmm.biologists.org
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Box 1. Examples of existing cell-based models of psychiatric
disease
There is a long history of non-neuronal cell-based studies comparing
patients and controls, particularly in the study of SCZD. The best
established of these are studies of fibroblasts, lymphocytes and olfactory
neural stem cells. Non-neuronal cells typically express lower levels of
neuronal genes than do mature neurons, so it remains uncertain to what
extent findings from these studies generate insights into the mechanism
of disease.
Fibroblasts: skin fibroblasts have been used as cellular models of
SCZD (Mahadik and Mukherjee, 1996). Although some comparisons
between control and SCZD fibroblasts do not show robust patient-versuscontrol differences (Matigian et al., 2008), others find small differences
(Matigian et al., 2010).
Lymphocytes: a small number of microarray analysis studies using
immortalized lymphocytes derived from patients with SCZD have been
reported; however, whether immortalized lymphocytes are a relevant
alternative to neuronal tissue remains controversial (Matigian et al., 2010).
Lymphocyte studies have identified aberrant expression of DISC1,
serotonin transporter (5-HTT), dysbindin-1 and neuregulin-1 (NRG-1)
(Hranilovic et al., 2004; Maeda et al., 2006; Yamamori et al., 2011) in
samples from patients with SCZD.
Olfactory neural stem cells: Matigian et al. compared patient-derived
olfactory neural stem cells from nine patients with SCZD and 14 controls,
and identified SCZD-associated differences in gene expression and
protein levels in neurodevelopmental pathways, including cell migration
and axon guidance (Matigian et al., 2010).

believed to be capable of differentiating into every cell type found
in the adult (Maherali et al., 2007; Meissner et al., 2007; Takahashi
et al., 2007; Wernig et al., 2007; Yu et al., 2007). Because hiPSCs
can be derived from adult humans, after the development of disease,
hiPSCs represent a potentially limitless source of human cells with
which to study disease, even without knowing which genes are
interacting to produce the disease state in an individual patient.
It is important to note that genetic and epigenetic mutations
can and do occur during the reprogramming process. Sometimes
hiPSC lines contain abnormal karyotypes after reprogramming
(Mayshar et al., 2010), and large copy number variations (CNVs)
have also been associated with both the reprogramming and
differentiation of hiPSCs (Laurent et al., 2011). However,
significantly more CNVs are present in early-passage hiPSCs than
in higher-passage hiPSCs, fibroblasts or human ES cells;
apparently, most novel CNVs generated during early stages of the
reprogramming process are subsequently lost from the hiPSC
population (Hussein et al., 2011). Additionally, among the 22
hiPSC lines studied, an average of five protein-coding point
mutations were identified (Gore et al., 2011). Furthermore, hiPSCs
share megabase-scale differentially methylated regions proximal
to centromeres and telomeres that display incomplete
reprogramming (Lister et al., 2011). Importantly, whereas hiPSCs
do acquire genetic modifications in addition to epigenetic
modifications, and although extensive genetic screening should
become a standard procedure to ensure hiPSC safety before
clinical use, it is extremely unlikely that de novo mutations affect
disease-specific hiPSC lines in a meaningfully different way than
control hiPSC lines. Although spontaneous mutations can occur
during the reprogramming process, random mutations should not
interfere with the ability to draw meaningful conclusions from
hiPSC-based studies of psychiatric disorders when studies include
Disease Models & Mechanisms

comparisons of neurons generated from multiple hiPSC lines for
each control and diseased patient.

Differentiating iPSCs to neurons
Work with ES cells first demonstrated methods to efficiently
differentiate pluripotent stem cells into neurons (Tropepe et al.,
2001). During embryonic development, embryonic neuroepithelia
are believed to be first specified to a forebrain fate and are then
subsequently transformed with caudalizing signals to
midbrain/hindbrain and spinal cord fates in a gradient manner
(Stern, 2001). Similarly, through the addition of various morphogens
in vitro, ES cells and iPSCs can be directed to differentiate into
regional identities including forebrain (Watanabe et al., 2005),
midbrain/hindbrain (Kawasaki et al., 2000; Perrier et al., 2004) and
spinal cord (Wichterle et al., 2002; Li et al., 2005). Owing to an
excellent characterization of the transcription factors used to
specify fate in embryonic mice, the best-characterized hiPSC
differentiation protocol is generally accepted to be one for motor
neurons (Di Giorgio et al., 2008; Dimos et al., 2008), although a
highly efficient method for generating midbrain dopaminergic
neurons was recently published (Chambers et al., 2009). Much of
the developmental potential that is present in vivo seems to be
maintained in vitro.
The choice of specific subtypes of neurons to be compared using
hiPSC-derived neurons warrants careful consideration because the
brain regions and cell types affected differ between diseases.
Magnetic resonance imaging (MRI) studies have observed
structural differences in the brains of many patients affected by
psychiatric disorders compared with those of the normal
population. For example, patients with SCZD often have decreased
brain volume, particularly in the hippocampus, thalamus and
cortex (Vita et al., 2006; Ellison-Wright et al., 2008), whereas
patients with ASDs show transient increases in brain volume from
ages 2 to 4 years, notably in the cortex, cerebellum and amygdala,
coinciding with the onset of symptoms (Courchesne et al., 2007).
Notably, although these MRI studies provide information regarding
the brain regions that seem to be affected by these disorders, they
do not reveal the cell types implicated in disease, but some insights
have been provided through pharmacological studies. With respect
to SCZD, for example, dopamine receptor antagonists, and perhaps
also glutamate receptor (GLUR2/3) agonists, alleviate psychosis
(Patil et al., 2007). Conversely, when administered to healthy
human subjects, dopamine agonists (such as amphetamine) and
glutamate antagonists (such as ketamine) induce hallucinations and
cognitive deficits similar to those associated with SCZD (Krystal
et al., 1994). Pharmacological studies of ASDs have been less
successful in identifying abnormalities in the activity of a specific
neurotransmitter.
Although the specific cell subtypes that should ideally be
examined to provide insight into these diseases remain uncertain,
it is generally believed that cortical neurons are a relevant cell type
for the study of many psychiatric disorders. Rigorous validation of
the neurons that are ultimately generated from hiPSCs is crucial
for establishing the maturity and identity of the neuronal cultures
that are generated in vitro. Electrophysiological characterization
should verify that hiPSC neurons have membrane potentials,
undergo induced action potentials and show evidence of
spontaneous synaptic activity. Specific markers should be used to
27
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Phenotypes of psychiatric disorders can be identified in
hiPSC-derived neurons
The first hiPSC-based models of psychiatric disease have now been
reported. This strategy permits study of the innate neuron-specific
deficits in psychiatric disease in a manner that is not confounded
by environmental factors that typically plague studies of SCZD, such
as treatment history, drug and alcohol abuse or poverty. These
reports have all been published within the last year; each supports
our contention that hiPSC-derived neurons from patients with
psychiatric disorders show significant aberrations compared with
those of healthy controls.
hiPSCs differentiate robustly to forebrain neurons and, by coculturing hiPSC forebrain neurons with HEK293T cells, Kim et al.
showed that HEK293T cells expressing wild-type NLGN3 and
NLGN4, but not those containing ASD-associated mutations in
these genes, can induce presynaptic differentiation in hiPSCderived neurons (Kim et al., 2011). Although this work used only
hiPSCs derived from the cells of healthy controls, these findings
did establish that these cells are a viable model for the study of
synaptic differentiation and that they function under normal and
disorder-associated conditions.
Using Rett syndrome (RTT) as an ASD genetic model, we
generated hiPSCs from patients with RTT and found early
alterations in developing hiPSC-derived neurons (Marchetto et al.,
2010). Compared with controls, neurons derived from RTT hiPSCs
had fewer synapses, reduced spine density, smaller soma size,
altered Ca2+ signaling and electrophysiological defects (Fig. 1B,C).
We also used RTT-hiPSC-derived neurons to test the capacity of
drugs to rescue synaptic defects (Marchetto et al., 2010).
Subsequently, a second group repeated the finding of reduced
neuronal soma size in RTT-hiPSC-derived neurons (Cheung et al.,
2011) (Fig. 1A). Together, these studies established that assays of
neuronal size, synaptic structure and synaptic function can detect
differences between control and disordered hiPSC-derived neurons
in vitro, demonstrating that neurodevelopmental diseases can be
modeled in this manner. Notably, RTT is usually associated with
the complete loss of function of a single gene (MECP2) and shows
rapid disease progression within the first years of life; the first
studies of complex genetic forms of ASD have not yet been
reported.
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confirm neuronal identity. For example, mature dopaminergic
neurons express tyrosine hydroxylase (TH) and aromatic L-amino
acid decarboxylase (AADC) (Ang, 2006), whereas mature cortical
neurons express CTIP2, a transcriptional repressor that is required
for the maturation of cortical axons, and OTX1, a transcription
factor that is highly expressed in layer 5 cortical neurons (Frantz
et al., 1994; Weimann et al., 1999; Arlotta et al., 2005).
It is important to note that researchers cannot generate artificial
brain structures in vitro, such as specific brain regions implicated
in neurological disease – for example, the prefrontal cortex for
studies of ASD or the hippocampus for studies of SCZD.
Furthermore, the neural populations generated through directed
differentiation protocols are invariably extremely heterogeneous.
Although the relative frequency of a specific neuronal cell type
might be favored, differentiated populations generally contain
several types of neurons, as well as astrocytes, oligodendrocytes,
neural precursors and even non-neural cells.

iPSC modeling of psychiatric disorders

Time (frames at 28 Hz)
Fig. 1. Cellular phenotypes of RTT. (A)hiPSC-derived neurons from RTT
patients show decreased soma size. *P<0.0001, Student’s t-test. Adapted from
Cheung et al. (Cheung et al., 2011), with permission. (B)RTT-hiPSC-derived
neurons have reduced density of excitatory synapses along dendrites
compared with neurons derived from healthy controls. The staining shows
that hiPSC-derived neurons from RTT patients have fewer VGLUT1-positive
glutamatergic synaptic puncta interspersed along MAP2-positive dendrites.
(C)Tracking fluorescence intensity changes representing intracellular Ca2+
fluctuations provides evidence of reduced synaptic activity in RTT-hiPSCderived neurons relative to controls. B and C are adapted from Marchetto et al.
(Marchetto et al., 2010), with permission. ROI, region of interest; WT, wild type.
Scale bar: 5 mm.

Mutations in DISC1 result in an extremely rare monogenic form
of SCZD. Chiang et al. recently reported the generation of
integration-free hiPSCs from SCZD patients with a DISC1 mutation
(Chiang et al., 2011), but have not yet reported a characterization
of neurons differentiated from these hiPSCs.
These first reports of hiPSCs generated from patients with
psychiatric disease studied monogenetic disorders. Given that
mouse models of RTT (Mecp2 null) and mutated DISC1 (dnDISC)
exist, these early studies allow a direct comparison between in vitro
hiPSC studies and in vivo animal experiments. It will be interesting
to learn whether DISC1-hiPSC-derived neurons recapitulate the
cellular phenotypes observed in dnDISC mice as faithfully as RTThiPSC-derived neurons recapitulated findings in Mecp2-null mice.
With these important proof-of-principle validations of hiPSC
models completed, future hiPSC-based studies must begin to take
full advantage of the ability of hiPSCs to model complex genetic
cases of psychiatric disease, in which interactions between as-yetunidentified genes result in the disease state.
dmm.biologists.org
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We recently reported the use of hiPSCs to model a complex
genetic psychiatric disorder in which hiPSC-derived neurons from
four patients with SCZD were compared with those from controls.
SCZD-hiPSC-derived neurons had reduced neuronal connectivity,
reduced outgrowths from soma, reduced PSD95 dendritic protein
levels and altered gene expression profiles relative to controls (Fig.
2); defects in neuronal connectivity and gene expression were
ameliorated following treatment with the antipsychotic drug
loxapine (Brennand et al., 2011). Nearly 25% of genes that showed
altered expression compared with controls had been previously
implicated in SCZD, although the expression profiling data also
suggested that a number of pathways not previously implicated in
SCZD might contribute to the disorder, such as Notch signaling,
cell adhesion and Slit-Robo-mediated axon guidance. We predict
that, as future studies increase the number of SCZD-patient-derived
neurons, core pathways of genes that contribute to this disorder
will be identified.
hiPSC-based studies show great potential use to model complex
genetic disorders for which the genes responsible for producing
the disease state differ between individuals. We hope that hiPSCs
will permit direct evaluations of several hypotheses that are not
easy to address in psychiatric disease research, such as:
Does severity of clinical outcome predict magnitude of cellular
phenotype?
Do genetic lesions correlate with neuronal gene expression
differences?
Is clinical pharmacological response predictable by hiPSC
neuronal drug response?
To discover the answers to these questions, substantially
increased numbers of patient-specific hiPSC-derived neurons
must be generated. Furthermore, hiPSC-derived neurons must
be derived from better-characterized patient cohorts. By moving
forward with cohorts of patients for whom clinical outcome,
pharmacological response, MRI imaging and genotype data are
available, hiPSC-based models of psychiatric disorders will enable
direct correlations of clinical, cellular and molecular phenotypes
in psychiatric disease.

Fig. 2. Cellular phenotype of SCZD. Rabies virus transmission between
neurons can be used to assay neuronal connectivity. SCZD-hiPSC-derived
neurons show decreased transmission of a genetically engineered rabies virus
designed specifically to indicate monosynaptic neuronal connectivity (RabiesEnvAG-RFP). Adapted from Brennand et al. (Brennand et al., 2011), with
permission. LV-SYNP-HTG, lentivirus expressing a fusion protein comprising
histone 2B and green fluorescent protein, TVA and elements of the synapsin
(SYN) promoter; used to label neurons for microscopic analysis. Scale bar:
80 mm.
Disease Models & Mechanisms
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Limitations of hiPSC-based modeling of psychiatric
disease
The limitations of hiPSC-based approaches for studying psychiatric
disease are mainly (1) neuron-to-neuron variability, (2) hiPSC-tohiPSC variability and (3) patient-to-patient variability. Neuron-toneuron variability encompasses differences between individual
hiPSC-derived neurons from a single patient; it often reflects
heterogeneity of neuronal subtypes within a neural population.
Uniquely among the hiPSC reports discussed, Kim et al. attempted
to direct the regional identity of their hiPSC neurons, and determined
that treatment with a sonic hedgehog (SHH) agonist increased
expression of the forebrain marker BF1 (also known as FOXG1),
repressed the expression of the dorsal markers PAX6, EMX2 and
GLI3, and increased the expression of the ventral markers SHH and
NKX2.1 at the neural progenitor cell (NPC) stage, suggesting that
some of their hiPSC neurons acquired an anterior ventral forebrain
fate (Kim et al., 2011). Universally, hiPSC-based studies of psychiatric
disorders to date have all been performed on mixed populations of
neuronal subtypes, which are generally described as predominantly
glutamatergic with a significant fraction of GABAnergic neurons and
only rare dopaminergic neurons, as assessed by expression of
VGLUT, GAD67 and TH, respectively. None of the reports described
compares pure neuronal populations. The use of heterogeneous
neuronal populations increases neuron-to-neuron variability in
experimental assays, a limitation that could be overcome by studying
fluorescence-activated cell sorting (FACS)-purified populations of
neurons of a defined identity.
A second limitation of hiPSC studies is variability in hiPSC lines
from a single patient. This variation might reflect differences in
the integration of viruses used for gene delivery in reprogramming,
variation in the extent of epigenetic reprogramming, spontaneous
mutations resulting from reprogramming and expansion,
differences in hiPSC culture technique, and even differences in the
cell type of origin. Just as non-trivial differences in developmental
potential exist among human ES cell lines and within subclones of
individual ES cell lines cultured in different ways, substantial
variability exists between the neural potency of individual hiPSC
lines (Hu et al., 2010). For example, when the differentiation
potential of 17 human ES cell lines was compared (Osafune et al.,
2008), some lines exhibited a marked propensity to differentiate
into specific lineages, in some cases showing greater than 100-fold
differences in lineage-specific gene expression. This highlights the
importance of comparing multiple hiPSC lines per patient.
A third major issue in hiPSC-based studies is the number of
patients that are compared in each report and whether they are
representative of the patient populations, particularly for complex
diseases such as SCZD and ASDs. Moving forward, it is crucially
important to recruit patients with well-defined clinical features as
well as carefully matched healthy controls. Although we believe
that effect sizes will be large enough to measure differences
between controls and patients, it remains to be seen whether it will
be feasible to carry out synaptic assays of hiPSC-derived neurons
on a large scale.
Because the number of neuronal differentiations, hiPSC lines and
patients studied varies between published reports, we summarize
the various methods in Table 1. Kim et al. included differentiations
from one hiPSC line from each of two individuals in their models
of synaptic disorders (Kim et al., 2011), whereas we generated RTT
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Table 1. Summary of hiPSC-based studies of ASD and SCZD

Disease
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ASD

SCZD

Genetic
mutation

Primary cell
type used to
derive hiPSCs

Number of
patients

Reprogramming
method

Neural
differentiation

Relevant
phenotype
Unclear: HEK293T
cells expressing
ASD-associated
NLGN mutations
cannot induce
presynaptic
differentiation in
hiPSC-derived
neurons

Reference

None (cells
from healthy
controls
were used)

Fibroblasts

0 (cells from
healthy controls
were used)

4-factor retrovirus
and 5-factor
tetracyclineinducible
lentivirus

1 (from healthy
control)

Yes

MECP2
(1155del32,
Q244X,
T158M, and
R306C)

Fibroblasts:
Coriell
GM11272,
GM16548,
GM17880 and
GM11270

3

4-factor retrovirus

1-2

Yes

MECP2
( 3–4,
T158M,
R306C)

Fibroblasts:
patient biopsy
and Coriell
GM17880 and
GM11270

2, but only one
was phenotyped

4-factor retrovirus

3: random Xinactivation led to
2 RTT lines and
1 isogenic control

Yes

Yes: smaller soma
size

Cheung et al., 2011

DISC1 (4bp deletion
at exonintron 12
region)

Fibroblasts

2

4-factor episomes

2

No

No

Chiang et al., 2011

Sporadic

Fibroblasts:
Coriell
GM02038,
GM01792,
GM01835 and
GM02497

4

5-factor
tetracyclineinducible
lentivirus

1-3

Yes

hiPSCs from four patients, and our synaptic assays compared one
or two hiPSC lines from four control and three RTT patient lines
(Marchetto et al., 2010). Cheung et al. generated three hiPSC lines
from each of two female RTT patients, but analyzed hiPSC-derived
neurons from only one RTT patient (Cheung et al., 2011). Of these
three RTT hiPSC lines, random X-inactivation led to two MECP2mutant lines and one isogenic control hiPSC line to which they were
compared. In studies of SCZD, Chiang et al. generated at least two
hiPSC lines from each of one control and two SCZD patients carrying
DISC1 mutations, but did not perform any neuronal differentiations
or synaptic assays (Chiang et al., 2011). Although we generated one
to three hiPSC lines from each of five controls and four SCZD
patients, we generally used two or three neural progenitor cell lines
derived from one hiPSC line per individual in most neuronal assays
(Brennand et al., 2011). To date, no studies of psychiatric disease
have been able to compare synaptic maturation and/or function of
neuronal differentiations from three hiPSC lines for each individual.
Although these nested comparisons are extremely laborious, they
will ultimately demonstrate the predominant source of variability in
hiPSC experiments.
To produce meaningful data, each hiPSC experiment should
ideally compare multiple neuronal differentiations from multiple
independent hiPSC lines from multiple patients. However, owing
to issues of cost and time, particularly when characterizing synaptic
30

Number of
hiPSC lines per
subject

Kim et al., 2011

Yes: smaller soma, Marchetto et al., 2010
reduced synaptic
density and
electrophysiological
defects

Yes: decreased
Brennand et al., 2011
neurite number and
neuronal
connectivity

maturation and function, it is not yet feasible to complete such large
experiments. The development of more scalable assays will be
essential in advancing this field. hiPSC-based studies will not
replace MRI, postmortem and genetic studies of psychiatric
disorders. Rather, we suggest that they are a new tool that will
provide complementary approaches and insights for the study of
a wide range of complex genetic disorders.

Direct reprogramming of fibroblasts to neurons
An alternative approach for generating patient-specific neurons to
study complex psychiatric disorders has recently been reported.
Starting from a pool of 19 candidate genes, researchers identified a
combination of three factors – ASCL1 (also known as MASH1),
BRN2 and MYT1L – that convert adult mouse fibroblasts into
functional induced neurons (iNeurons) in vitro (Vierbuchen et al.,
2010). The process is incredibly rapid, generating neurons that are
capable of spontaneous action potentials and with functional
synapses within 14 days. The conversion is also relatively efficient,
occurring at an estimated rate of 1.8% to 7.7%. Direct reprogramming
of human cells to iNeurons has also recently been demonstrated using
several different combinations of NEUROD (Pang et al., 2011; Yoo
et al., 2011) and/or the microRNAs miR-9 (Yoo et al., 2011) and/or
miR-124 (Ambasudhan et al., 2011; Yoo et al., 2011). Additionally,
expression of ASCL1 and two transcription factors that are crucial
dmm.biologists.org
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for dopaminergic differentiation, NURR1 and LMX1A, is sufficient
to directly reprogram functional dopaminergic neurons from mouse
and human fibroblasts (Caiazzo et al., 2011). The rapid experimental
timeframe of iNeuron generation and the potential to reprogram to
specific neuronal subtypes make this an appealing experimental
strategy for in vitro models of neurological disease. However, a key
limitation of iNeurons should be noted: unlike iPSCs, iNeurons do
not have an inherent capacity for self-renewal. Therefore, large
numbers of patient-derived fibroblasts (which have a finite capacity
for replication) will probably be necessary to enable experimental
analyses of iNeurons.
Two important additional issues must be considered when
contemplating modeling psychiatric disorders in this manner. First,
it remains to be determined whether bypassing neuronal
differentiation and maturation will ‘shortcut’ the cellular phenotype
of these neurodevelopmental disorders. For example, if ASDs
ultimately result from abnormal synaptic maturation, it is possible
that direct reprogramming would bypass the developmental
window in which the ASD cellular phenotype can be observed in
vitro. Second, if aberrant ASCL1, BRN2 or MYT1L activity were
to contribute to psychiatric disorders, the persistent overexpression
required for reprogramming might be sufficient to mask cellular
phenotypes in vitro. Given that mutations disrupting MYT1L
expression and binding have been linked to SCZD (Vrijenhoek et
al., 2008; Riley et al., 2010), that BRN2 is known to regulate
expression of KCNN3, a conductance calcium-activated potassium
channel strongly implicated in SCZD (Sun et al., 2001), and that
ASCL1 has been linked to Parkinson’s disease (Ide et al., 2005), it
is not unreasonable to predict that overexpression of one or more
of these key neuronal genes might affect the initiation or
progression of a neurological disease.
A reasonable course of action to address this issue would be to
determine whether the cellular and molecular phenotypes observed
in RTT- and SCZD-hiPSC-derived neurons are recapitulated
following the reprogramming of fibroblasts from the same patients
directly to iNeurons. With this validation in place, we predict that
many studies of psychiatric disorders using iNeurons will begin.

Conclusion
It is now possible to generate hiPSC-derived neurons from the
fibroblasts of patients with psychiatric disorders. Defects in neuronal
connectivity, synapse maturation and synaptic function have recently
been reported in hiPSC-derived neurons from patients with RTT
and SCZD. In addition, it might soon be possible to reprogram patient
fibroblasts directly to iNeurons as an alternative in vitro model of
psychiatric disorders. By combining these new cell-based human
models with better-characterized cohorts of psychiatric patients,
scientists will be able to more easily study the relationship between
clinical, cellular and molecular phenotypes. We predict that future
in vitro studies will help to elucidate not only the precise cell types
affected in these disorders but also the cellular and molecular
defects that contribute to the diseases.
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