1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Mol Psychiatry. Author manuscript; available in PMC 2022 March 31.

-, HHS Public Access
«

Published in final edited form as:
Mol Psychiatry. 2022 January ; 27(1): 249-258. doi:10.1038/s41380-021-01288-7.

IPSC toolbox for understanding and repairing disrupted brain
circuits in autism

Simone Chiolal, Nico Edgarl, Aleksandr Shcheglovitov?!
1Department of Neurobiology, University of Utah, Salt Lake City, UT 84112

Abstract

Over the past decade, tremendous progress has been made in defining autism spectrum disorder
(ASD) as a disorder of brain connectivity. Indeed, whole-brain imaging studies revealed altered
connectivity in the brains of individuals with ASD, and genetic studies identified rare ASD-
associated mutations in genes that regulate synaptic development and function. However, it
remains unclear how specific mutations alter the development of neuronal connections in different
brain regions and whether altered connections can be restored therapeutically. The main challenge
is the lack of preclinical models that recapitulate important aspects of human development for
studying connectivity. Through recent technological innovations, it is now possible to generate
patient- or mutation-specific human neurons or organoids from induced pluripotent stem cells
(iPSCs) and to study altered connectivity /n vitro or in vivo upon xenotransplantation into an
intact rodent brain. Here, we discuss how deficits in neurodevelopmental processes may lead

to abnormal brain connectivity and how iPSC-based models can be used to identify abnormal
connections and to gain insights into underlying cellular and molecular mechanisms to develop
novel therapeutics.

Introduction

Autism spectrum disorder (ASD) represents a group of neurodevelopmental disorders
characterized by impaired social communication [1]. ASD has an estimated prevalence of
1in 59 children in the USA [2] and affects approximately four times more males than
females [3, 4]. Phenotypic heterogeneity significantly complicates the study of ASD, and the
neurobiological abnormalities responsible for ASD remain largely unknown [5].

Clinical observations of complex impairments in ASD patients suggested the involvement
of multiple brain regions, leading to a prevailing hypothesis that the neurobiological
abnormalities in ASD are caused by altered brain connectivity [6-11]. Consistently, whole-
brain imaging studies have detected abnormally decreased or increased connectivity in local
and distal brain networks in the autistic brain [12]. More imaging studies are underway to
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identify altered connections [13, 14]. Imaging studies have the strengths of being performed
in individuals with ASD and the potential to identify new diagnostic biomarkers, but an
important weakness of providing no or very limited insight into the underlying pathology.

Anatomical studies of postmortem brain tissue from individuals with ASD have revealed
potential causes of disrupted brain connectivity, including altered cell numbers [15-18];

a thinned corpus callosum [19]; disorganized neurons [20]; deficient axons, dendrites,
and/or dendritic spines [21-23]; and molecular changes in specific cortical neuron and

glial subtypes [24]. Thus, multiple neurodevelopmental processes, including proliferation
(altered cell numbers), migration (focal disorganization), neurite outgrowth (corpus callosum
abnormalities), morphogenesis (altered dendrites and dendritic spines), and synaptogenesis
and gliogenesis (altered connections), may cause disrupted connectivity in the autistic brain.

ASD mouse models, with modifications in ASD genes, have allowed mechanistic
experiments to identify cellular and molecular abnormalities associated with ASD.
Interestingly, multiple mouse studies detected connectivity-related synaptic abnormalities
[25, 26] and demonstrated that both synaptic and ASD-related behavioral deficits can be
compensated by targeted drug therapies [27-31]. These encouraging results led to clinical
trials of mGIuRS5 inhibitor for Fragile X syndrome (FXS) and insulin-like growth factor 1
(IGF1) for Rett syndrome, which, unfortunately, were terminated due to the lack of clinical
improvements [32-34]. These failures suggest that effective translation of results obtained
in mice to humans requires a thorough understanding of the differences between the human
and mouse brains [35, 36].

Patient and genetically engineered induced pluripotent stem cell (iPSC)-derived neurons
offer an /in vitro human model for studying the cellular and molecular deficits in ASD
(reviewed in [5]). The key advantage of patient iPSC-derived neurons is that they carry
patient-specific mutations and genetic background, while the main limitation is that
phenotypes detected /n vitro may deviate substantially from those present /n vivo. Thus,
more advanced stem cell-based platforms that mimic the diversity and organization of brain
cells are also needed.

In this review, we discuss when and how connectivity deficits may arise during human brain
development (Fig. 1) and how human iPSC-derived neurons and organoids can be used to
investigate the underlying mechanisms (Fig. 2) as well as potentially develop novel gene-,
cell-, and network-based therapies for patients.

From disrupted neurodevelopment to altered connectivity in ASD

Human brain development involves several dynamically-regulated stages: proliferation and
neurogenesis; migration and morphogenesis; apoptosis; and synaptogenesis, gliogenesis,
and myelination (Fig. 1). In the earliest stages, proliferation and neurogenesis, neural

stem cells (NSCs), or neural progenitors (NPs), divide symmetrically and asymmetrically
to expand the pool of NPs and produce different neuronal subtypes [37]. Multiple
high-confidence ASD genes, including MECPZ2, FMR1, TSC1, TSC2, PTEN, CDHZ,
DYRKIA, KMT2B, ARID1B, MYTIL, ASCL1, and PAXS, are implicated in cell-cycle
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and differentiation regulation, suggesting both proliferation and neurogenesis may be altered
in ASD. Some genes may influence brain connectivity through region- or progenitor type-
specific patterns of expression. For example, PAX6 is predominantly expressed in dorsal
telencephalic progenitors [38]; ASCLI (a.k.a. MASHI) regulates neurogenesis in the ventral
telencephalon [39]; and other genes, including the mTOR pathway genes, are enriched

in outer radial glia (0RG) [40]. Thus, mutations in these genes may cause imbalanced
production of dorsal or ventral telencephalic neurons, disrupting brain connectivity in the
cortex or between the cortex and striatum.

Newly-born neurons in the ventricular or subventricular zone migrate to the cortical

plate and extend processes, axons and dendrites to establish anatomical connections with
neurons in other regions. Many ASD-associated genes, including FOXG1, TBR1, SATBZ,
FOXP1, DSCAM, ANK2, MAPIA, CACNAIC, CNTNAPZ, and SHANKS, play roles in
neuronal migration and morphogenesis. Given the cell type-specific expression patterns
of some genes, including FOXGI (telencephalic progenitors and neurons), 7BR1 (deep-
layer cortical neurons), SA7B2 (superficial-layer cortical neurons), and FOXPI (striatal
projection neurons), it is conceivable that disrupted region- or cell type-specific migration
and/or morphogenesis could alter brain connectivity. Consistently, Satb2 deletion in mice
alters neuronal migration and identity, disrupting cortico-cortical connectivity [41], and
disorganized cortical lamination and corpus callosum abnormalities are observed in the
postmortem ASD brain [19, 20].

Cell numbers within brain regions are regulated via programmed cell death (PCD) [42],
which may be affected in ASD, as many high-confidence ASD genes, including PTEN,
TSC1, TSC2, GRINI, GRINZA, GRINZB, and CHDS, regulate this process [43, 44].
However, because most of these genes regulate multiple neurodevelopmental processes,
the specific contribution of PCD to ASD and altered brain connectivity is unclear. One
possibility is that over- or under-production of specific cell types could influence brain
wiring, an idea supported by the observation of neuron overproduction in the prefrontal
cortex of the postmortem ASD brain [45].

During synaptogenesis, gliogenesis, and myelination stage, differentiated neurons establish
functional synaptic connections and glial cells provide support synapse development and
fast signal propagation. Disturbances in these later neurodevelopmental processes are
likely in ASD, as mutations in synaptic and glial genes, including SHANK3, SYNGAPFI,
GRINZB, and GFAR, are observed in individuals with ASD [46]. Additionally, neuroimaging
studies have identified aberrant development of white matter tracks, particularly the corpus
callosum, in ASD [47, 48]. Finally, ASD-related behavioral deficits in mice can be
compensated by small molecules or trophic factors that increase synaptic transmission

[25, 26]. Synaptic genes including SHANK3 and GRINZB exhibit developmental stage-
and cell type-specific expression patterns [49, 50]; therefore, their disruption may diminish
specific functional connections in the developing brain. Indeed, mouse and primate models
of SHANKS3 deficiency exhibit functional connectivity deficits [51-55].
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In summary, connectivity deficits in ASD may arise from impairments in multiple
neurodevelopmental processes (Fig. 1), and further research is needed to characterize the
relationships between specific impairments and connectivity deficits.

Connectivity-related deficits in human iPSC-derived neurons

Human iPSC-derived neurons produced from patients, control individuals, and engineered
stem cell lines offer several advantages for studying ASD-associated neurodevelopmental
deficits, including: 1) patient-specific mutations and genetic background, 2) human-specific
cells, and 3) opportunities for mechanistic experiments and drug discovery. Here, we
summarize connectivity-related neurodevelopmental deficits identified using iPSC-derived
neurons from patients with rare genetic abnormalities.

MECP2 (Rett syndrome):

The transcription regulator MECP2 (methyl CpG-binding protein 2) controls the expression
of multiple genes important for normal brain development [56]. MECP2 mutation

is detected in >95% of Rett syndrome patients [56]. Several studies have employed
telencephalic iPSC-derived neurons from patients and/or engineered lines [57-62].
Consistent with disrupted connectivity, MECP2-deficient neurons show abnormalities in
excitatory synaptic transmission, somatic and dendritic morphologies, dendritic spines,

and excitability. Additionally, deficits in MECP2-deficient neurons can be reversed by
MECRPZ2 overexpression or treatment with IGF1 [62], choline [57], and chemicals that
modulate cholinergic responses [61]. Further research is needed to understand the effects
of the identified neurodevelopmental abnormalities and pharmacological treatments on brain
connectivity.

SHANK3 (Phelan-McDermid syndrome [PMDS]):

PMDS is a genetic neurodevelopmental disorder associated with severe intellectual disability
and ASD [63]. Hemizygous SHANK?3 deletions and mutations are considered primarily
responsible for these deficits [64], but loss of other genes in the 22q13 region may also
contribute [65]. SHANKS3 is a postsynaptic protein that regulates important signaling
cascades at excitatory synapses [66]. Telencephalic iPSC-derived excitatory neurons
produced from PMDS patients show elevated intrinsic excitability and excitatory synaptic
deficits [67]. Additionally, SHANK3-deficient neurons with cortical-like identities have
fewer dendrites and dendritic spines [68—70]. Interestingly, the excitatory synaptic deficits
in SHANKS3-deficient human neurons are at least partially attributable to elevated intrinsic
excitability caused by reduced expression of hyperpolarization-activated Iy, channels [70].
IGF1 treatment compensates excitatory synaptic transmission deficits in patient neurons
[67], but the underlying mechanisms and side effects remain to be determined [71].

CACNAI1C (Timothy syndrome [TS]):

TS is a congenital disorder involving cardiac arrhythmia and ASD. It is caused by de
novo missense mutations in CACNAIC [72]. Telencephalic iPSC-derived neurons from TS
patients exhibit elevated depolarization-induced calcium influxes, altered neuronal identities,
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and defective dendritic arbors [73, 74]. This example illustrates that disruption of a single
gene can cause multiple neurodevelopmental abnormalities in ASD.

FMR1 (Fragile X syndrome [FXS]):

FXS is a genetic neurodevelopmental disorder involving severe intellectual disability and
ASD [75]. It is caused by CGG-repeat expansions in FMR1 that completely silence

or significantly reduce expression of fragile X mental retardation protein, an important
regulator of protein translation [76]. FMR1-deficient human stem cell-derived excitatory
neurons with cortical-like identities have deficits in differentiation, neurite outgrowth,
intrinsic excitability, and homeostatic synaptic plasticity [77-79]. Importantly, removal of
the pathogenic CGG repeats rescues the homeostatic synaptic deficits in FMR1-deficient
patient neurons. Homeostatic plasticity is considered important for the establishment of
stable functional neuronal connections during brain development [80].

In summary, studies of patient and engineered iPSC-derived neurons have identified several
cellular deficits that may lead to altered brain connectivity in ASD.

Xenotransplantation and organoid models for studying connectivity

To overcome the limitations of iPSC-derived neurons, xenotransplantation and organoid
models have been developed [81-84], with the key advantages of modeling long-term
development under more physiological conditions and possessing relevant cells and neural
networks.

Xenotransplantation:

Transplantation of human stem cell-derived neurons into the mouse brain allows the

study of anatomical and functional connections between human and mouse neurons in
different brain regions (Fig. 2A-B). Thus, human iPSC-derived cortical excitatory neurons
transplanted into the mouse frontal cortex acquire proper identities, establish expected
efferent connections with mouse neurons in different brain regions, and receive synaptic
inputs [81]. Human iPSC-derived neurons with visual-like cortical identities efficiently
integrate into the lesioned mouse visual cortex, but not the motor cortex, suggesting

that regional identity match is important for successful integration of transplanted human
neurons [85]. An optimization of cell dissociation and delivery into the lateral ventricle

of neonatal mice further improves human neuron integration in the mouse cortex [86];

such that the xenotransplanted neurons develop elaborated dendrites, spines, and synapses
capable of undergoing plasticity. Remarkably, the xenotransplanted neurons also integrate
into physiological circuits in the mouse visual cortex and respond to visual stimuli similarly
to host mouse neurons. This research provided a blueprint for using xenotransplanted human
neurons to study connectivity.

Xenotransplantation of human stem cell-derived neurons has been used most often to study
neurodegenerative disorders and develop cell-based therapies for Parkinson’s disease [87],
Alzheimer’s disease [88], stroke [89], epilepsy [90], and spinal cord injury [91]. Fewer
studies have used xenotransplantation to investigate connectivity in neurodevelopmental
disorders [92, 93]. Upon transplantation of iPSC-derived cortical excitatory neurons from
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Down syndrome (DS) patients into the somatosensory cortex of adult mice, longitudinal /n
vivo GCaMP6 imaging showed that DS neurons develop more stable dendritic spines and
significantly increased spine density than isogenic control neurons [92]. Although excitatory
synaptic transmission remains unchanged, DS neurons exhibit increased somatic calcium
oscillations. Overall, this research identified cellular deficits that could lead to altered brain
connectivity in DS [94].

Transplantation of SHANK3-deficient human cortical neurons into the mouse prefrontal
cortex revealed that SHANKS deficiency causes different synaptic deficits at different
developmental stages [93]. Initially, the strength of excitatory AMPA receptor-mediated
synaptic currents is reduced. Later (13-18 months post-transplantation), reduced numbers of
excitatory synapses and spines and underdeveloped dendritic arbors are observed. Further
research is needed to determine how SHANKS deficiency affects different types of neuronal
connections in the brain.

Human stem cell-derived brain organoids are self-organized, three-dimensional tissues
produced from PSCs or multipotent NSCs. Cortical organoids recapitulate early stages

of human cortical development, including oRG production in the subventricular zone,
sequential generation of cortical neurons, synaptogenesis, and gliogenesis [95-98].
Importantly, organoids can be cultured for extended periods (up to 2 years) [99-101],
develop functional neuronal connections [102, 103], and exhibit spontaneously oscillating
neural networks responsive to external stimuli [104].

To study interregional neurodevelopmental processes, such as migration and connectivity,
brain organoids with different regional identities can be fused for co-development
(assembloids) (Fig. 2). For example, cortical inhibitory interneuron migration was studied
in pallial-subpallial assembloids [105-107], and cortico-thalamic connections in cortico-
thalamic assembloids [108]. More recently, unilateral cortico-striatal connectivity was
recapitulated using cortico-striatal assembloids [109].

Furthermore, studies of iPSC-derived cortical organoids co-cultured with mouse spinal cord
explants containing intact peripheral nerves and muscles [102] or with human iPSC-derived
spinal cord organoids and skeletal muscle cells [110] provided proof-of-concept that fusion
of central nervous system components enables the formation of neural circuits that can be
manipulated to understand their development under normal and pathological conditions.

Neural oscillations have also been measured in organoids [103, 104]. Cerebral organoids
consisting of cells with diverse regional identities, including forebrain, midbrain, hindbrain,
and retina, exhibited organized patterns of spontaneous electrical activity [104]. Remarkably,
some neurons showed attenuated firing rates upon light exposure, suggesting the formation
of functional networks responsive to physiological sensory stimuli. In another study, bursts
of synchronous activity appeared in organoids already after 2 months post-plating on
two-dimensional multi-electrode arrays [103]. This activity became increasingly regular

and transitioned into robust oscillations by 4-6 months. Notably, 6-month-old organoids
displayed coupling between oscillations at different frequency bands (cross-frequency
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coupling), possibly representing functional neural network communication. Although plated
cerebral organoids lack other brain regions important for oscillatory rhythm generation and
the unique organization present in three-dimensional tissue, this proof-of-principle study
showed that stem cell-derived human neural tissue can generate a wide range of electrical
activities.

More recently, cortico-subcortical assembloids were shown to develop functionally active
neural networks with robust interneuron-dependent oscillatory rhythms of varying frequency
[111]. Using this system, hypersynchronous and hyperexcitable network activity was
detected in organoids from Rett syndrome patients, and Pifithrin-a., a putative inhibitor of
TP53, reduced spike frequency and suppressed high-frequency oscillations in these patient
organoids. These results demonstrate the feasibility of using human organoids to study
oscillatory rhythms and disease pathophysiology.

Several studies have used brain organoids to study cellular and molecular deficits in human
neurodevelopmental disorders associated with ASD [84, 107, 109, 112-114]. Telencephalic
organoids produced from individuals with idiopathic ASD showed increased production of
GABAergic inhibitory NPs and neurons compared with organoids produced from unaffected
parents [112]. Although no ASD-related genetic abnormalities were identified in patient
cells, inhibitory deficits were attributed to elevated FOXG1 expression. In pallial-subpallial
assembloids produced from TS patients, impaired migration of MGE-derived inhibitory
interneurons was detected and rescued by an L-type calcium channel inhibitor, nimodipine
[107]. Together, these studies suggest that abnormal development of inhibitory neurons
could be responsible for some ASD-related deficits.

Connectivity deficits in PMDS were investigated using iPSC-derived cortico-striatal fusion
organoids produced from patients and unrelated controls [109]. The patient-derived
organoids exhibited increased frequency of spontaneous calcium spikes in the striatal region
but dramatically reduced network synchronization, a phenotype consistent with the elevated
intrinsic excitability and reduced excitatory synaptic transmission detected in cultured
PMDS neurons [67].

The molecular mechanisms disrupted by PMDS-related hemizygous SHANK3 deletion were
investigated in cortico-striatal organoids generated from stem cell-derived single neural
rosettes (SNRs) [113]. This research confirmed the presence of synaptic and intrinsic
excitability deficits in SHANKS3-deficient organoids and identified impaired expression of
several clustered protocadherins as potentially responsible. Further research is needed to
understand how SHANK3 regulates these genes and how their altered expression contributes
to the observed deficits.

The cellular and molecular deficits caused by CDKLS5 deficiency were investigated using
iPSC-derived neurons and organoids from patients and engineered lines [115]. CDKL5-
deficient neurons exhibit increased dendrites, intrinsic excitability, and excitatory synaptic
transmission. Consistent with these phenotypes, CDKL5-deficient organoids show increased
electrical activity and overly synchronized networks at early developmental stages. A
high-throughput drug-screening assay targeting excitability deficits identified the inhibitors
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of I, channels (lvabradine), muscarinic receptors (Solifenacin) and GSK3 (AZD1080) as
promising therapeutic compounds. The same group found that treatments with chemicals
that modulate cholinergic signaling, Nefiracetam and PHA543613, rescued morphological
and synaptic deficits in iPSC-derived neurons with MECPZ mutation and improved
functional activity in mutant organoids [61]. Collectively, these results suggest that cortical
organoids can be used as a drug screening platform.

To investigate organoid development under more physiological conditions, iPSC-derived
cortical organoids were transplanted into the cortex of immunodeficient mice [116].
Remarkably, these organoids became functionally and anatomically integrated into the
mouse brain and developed a functional vasculature system. Moreover, neuronal activity
in the transplanted organoids was influenced by environmental stimuli.

In summary, xenotransplanted iPSC-derived neurons and organoids can integrate into the
mouse brain and form proper connections with mouse neurons in different brain regions.
Fused organoids can recapitulate inter-regional migration and connectivity. Both systems
can be used to study disrupted connections in ASD and the underlying neurodevelopmental
mechanisms (Fig. 2).

Quality control considerations

Sample size and isogenic lines:

Most ASD patients carry genetic variants of low penetrance with unclear etiopathogenesis
[26]. To account for heterogeneity in ASD, iPSCs and iPSC-derived neurons should be
generated from male and female patients as well as unaffected siblings or age- and sex-
matched control individuals. The sample size required for studying idiopathic ASD using
iPSC-derived neurons or organoids is prohibitively large, reaching hundreds of lines from
unrelated individuals [117]; therefore, most studies have focused on syndromic ASDs or
genetic abnormalities in “high-confidence” ASD genes [46]. The state-of-the-art approach
for modeling syndromic ASD uses 2—4 pairs of isogenic lines with mutations introduced on
different genetic backgrounds of both sexes with differentiation and transplantation repeated
3-5 times. New collaborative consortiums that can handle large sample collations and big
data acquisition and analysis are needed identify the cellular and network mechanisms
disrupted in idiopathic ASD using iPSC-based models.

Neuronal maturation and identity:

Although multiple differentiation protocols have been developed for producing human
neurons with cortical identities from PSCs, none generates a pure neuron population with a
well-defined and physiologically-relevant identity. Cultures of human iPSC-derived neurons
typically contain multiple cell types, including NPs, neurons, and glial cells, at different
developmental stages. Despite the importance of knowing the developmental stage and
identity of differentiated cells, few studies have assessed these properties [118].

For neuron enrichment, cytosine arabinoside, which inhibits DNA synthesis, can be used to
eliminate proliferative cells [119]. Additionally, neurons can be labeled using lenti- or AAV-
based reporters carrying a fluorescent protein under control of a neuronal promoter [62, 67].
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Also, a combination of small-molecule inhibitors can be applied during neural induction

to accelerate the production of functionally mature cortical neurons [120]. Alternatively,
directed reprogramming of stem cells into neurons using neurogenic transcription factors
can produce a relatively uniform population of functionally mature neurons [121, 122].
However, several caveats of directed reprogramming include the unclear identities of
generated neurons that co-express a mix of neuronal and stem cell-related genes [121,
123], low-to-no expression of NMRA receptor subunits [123], and omission of early
developmental stages potentially critical for ASD-associated deficits [124]. A common
limitation of differentiation and reprogramming approaches is that they do not allow
efficient production of later-specified neurons, such as superficial-layer cortical excitatory
neurons and fast-spiking parvalbumin-expressing inhibitory interneurons, which could be
disrupted in ASD [24, 46, 112].

Dual-color genotype labeling:

Transplantation of human cells into a specific brain region of neonatal mice is technically
challenging. Injection precision can be improved by using a stereotactic apparatus and
well-defined coordinates, but is still limited by experimenter skill and inter-animal brain
size variation. To overcome these challenges, a dual-color fluorescent labeling scheme
can be used [67, 125], in which control and patient iPSC-derived neurons labeled with
different fluorescent proteins are co-injected [93]. This approach is only suitable for
studying cell-autonomous deficits; the study of non-cell autonomous deficits requires
separate transplantations or organoids.

SNR-derived organoids:

One limitation of organoids for connectivity studies is the unpredictable organization of
cells and germinal zones, which may create conflicting gradients of secreted morphogens,
affecting neuronal migration and maturation [126]. To overcome this limitation, we
developed a method for generating telencephalic organoids from SNRs [113]. Each SNR

is a neural tube-like structure containing neuroepithelial cells radially organized around the
lumen [127]. To a certain extent, this mimics neural tissue development from a singular
neural tube. Indeed, NPs and neurons in SNR-derived organoids are predictably organized
around the lumen [113]. However, the potential advantages for studying connectivity remain
unknown.

Other considerations:

Control experiments using fetal human brain tissue are needed to validate results obtained
using organoids. Most studies have used bulk and/or single-cell RNA-sequencing for
validation [107, 128, 129], but this approach is limited by transcript degradation and loss of
cell in dissociation. In addition, similarities in cellular compositions and/or gene expression
profiles do not guarantee similarities in functional network activity. Network activity in
organoids can be evaluated using extracellular field potential recording and compared to
electroencephalographic recording in the human brain [103].
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Finally, questions remain regarding the ethics of research with patient iPSC-derived neurons
and organoids, including the measure of consciousness in organoids, the use of human-
animal chimeras, and informed consent and ownership [130-133].

Future applications

Xenografted human iPSC-derived neurons or organoids /n vivo and brain region-specific
organoids assembled /n vitro can be used to study the disrupted connections and underlying
mechanisms (Fig. 2).

In xenotransplantation models, iPSC-derived neurons or organoids can be delivered to

a specific location in the mouse brain for integration into developing brain networks,

and anatomical and functional inputs/outputs on/from transplanted human cells can be
evaluated using optogenetics, chemogenetics, implanted multielectrode arrays, and rabies
virus-based tracing approaches. The main advantage of this platform is the ability to assess
multiple connections under physiological conditions. A disadvantage is that interactions
between human neurons and mouse cells in the immunodeficient mouse brain could differ
substantially from those in the human brain. In addition, the absence of human brain-specific
connections in the mouse brain could further complicate the interpretation of obtained
results.

Fused organoids or assembloids consisting of two or more brain region-specific organoids
are another innovative platform for studying connectivity deficits in ASD. Assembloids

can be maintained in culture for long periods to allow establishment of enter- and
inter-regional functional neural networks and investigation of specific connections using
anatomical and functional assays (Fig. 2B). The main advantage of this approach is its
modularity. Assembloids can be generated using different brain region-specific organoids
with and without ASD mutations. Such experiments should facilitate discovery of the origins
of disrupted connections and the underlying cellular and molecular deficits. The main
disadvantages of this system are the absences of other non-ectodermal cell types, brain-like
organization, and inputs from sensory organs known to regulate proper anatomical and
functional connections. Thus, both xenotransplantation and assembloid platforms are likely
needed to identify connections disrupted in ASD.

Understanding connectivity deficits in ASD may support novel therapeutics. For example,
activity in specific brain circuits can be modulated using electrical, magnetic, or ultrasound
stimuli [134], as tested for treatment of Parkinson’s disease, major depression, certain
migraine types, and obsessive-compulsive disorder [135, 136]. Interestingly, high-frequency
stimulation of the subthalamic nucleus alleviates excessive grooming deficits in Mecp2- and
Shank3-deficient mice [137], and optogenetic stimulation of dopaminergic neurons in the
ventral tegmental area enhances social preference in Shank3-deficient mice [138].

Cell- or gene-based therapies represent additional avenues for correcting disrupted
connectivity. For example, transplantation of inhibitory neurons into the cortex alleviated
behavioral deficits in animal ASD models [139-141]. Furthermore, gene-based therapies,
including AAV-based gene replacement [142], gene activation or inhibition using the dead
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Cas9 system (CRISPRa/i) [143], and synthetic antisense oligonucleotide use to control gene
expression [144], have shown encouraging results in mouse models of Rett, Fragile X,
Angelman and Dravet syndromes [145-150]. Organoid and xenotransplantation models may
facilitate the optimization of gene-based therapies for use in humans.

Overall, there is hope that delivery of proper network stimuli, cells, or genes into specific
brain regions at defined developmental stages may correct connectivity abnormalities and
alleviate certain ASD-associated behavioral deficits.
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Figure 1: How ASD-associated connectivity deficits may arise during brain development.
A: Timeline of human brain development. Human cortical development begins early

in the embryo, in the first weeks post-conception (PCW 0-8), with proliferation and
neurogenesis. The time following the embryonic stage until birth can be divided into three
fetal developmental timeframes, early fetal (PCW 8-13), mid-fetal (PCW 13-24), and late
fetal (PCW 24-birth) stages marked by specific neurodevelopmental processes. These fetal
neurodevelopmental stages show enriched expression of genes implicated in ASD [46, 151].
Neurogenesis and proliferation, during which NPs divide to expand the pool and produce
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different subtypes of neurons, continue until the late fetal stage. Neuronal migration, the
process by which newly born neurons migrate to their destinations in the brain and establish
anatomical connections with other brain regions, begins at the end of the embryonic stage
and continues through the early and mid-fetal stages. Apoptosis, required for regulation of
brain cell type number, distribution, identity, and connectivity, occurs post embryonic stage
until birth. Lastly, gliogenesis, the process of glial cell formation, and synaptogenesis, when
neurons form synapses and establish interneuronal connectivity, initiate in the mid-fetal
stage and continue until after birth.

B: Neurodevelopmental processes and associated cellsduring early/mid and late

stages of fetal development. During the early/mid fetal stages of human cortical
development, apical radial glia (aRG) cells differentiate to give rise to apical intermediate
progenitors (alPC), migratory neurons (mN) and basal radial glia (bRG). bRG and alPC
proliferate, differentiate into migratory neurons and undergo apoptosis. mN migrate from the
subventricular zone (SVZ) through the intermediate zone to the cortical plate (CP) where
they form cortical layers in an inside-out fashion with deep land superficial layer excitatory
neurons (dEN and sEN, respectively). Inhibitory neurons (IN) tangentially migrate into

the cortex from the ganglionic eminence. During the late fetal stages of human cortical
development, RG differentiate in glial progenitors (GPs) that form microglial cells, such as
astrocytes (A) and oligodendrocytes (O). Neurons establish intra- and inter-regional synaptic
connections with other brain regions such as the striatum (STR) and thalamus (TH). Cellular
abnormalities that emerge during fetal neurodevelopment could cause connectivity deficits.
The potentially affected cortico-cortical, cortico-thalamic, and cortico-striatal connections
are labels in red. These connections can be studied using organoids and transplantation
models (Fig. 2).
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Figure 2: Application of iPSC-derived neurons and organoidsto study connectivity deficitsin
ASD.

A: Useof iPSC-derived neurons and organoidsto model connectivity. iPSC-derived
neurons and organoids can be produced from patients with ASD, control individuals, and
CRISPR/Cas9-engineered stem cells with ASD-associated mutations. Connectivity can be
studied by transplanting iPSC-derived neurons or organoids into immunodeficient mouse
brains and tracking their connectivity with the host brain. iPSCs can also be differentiated
into brain organoids of selective nervous system regions, such as the striatum, thalamus,
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spinal cord or cortex. Fusion of these organoids can be applied to form assembloids for
studying inter-organoid neural connections.

B: Methodsfor studying functional and anatomical connections. iPSC-derived neurons
and organoids can be engineered to express light- or chemical-activated receptors for
studying functional connectivity. Optical or chemical stimulations of iPSC-derived or host
neurons can reveal functional connections between human and mouse neurons in different
brain regions. Microelectrode arrays can be used to measure neuronal activity. Anatomical
connections can be probed using monosynaptic RV tracing. This approach can visualize
anatomical connections in both iPSC-derived organoids transplanted in the mouse brain and
fusion organoids.

C: Methodsfor probing cellular, molecular and functional mechanisms underlying
connectivity deficits. Single-cell RNA sequencing (scRNAseq) can provide unbiased
information about the abundance of different cell types, developmental stage and
developmental trajectories in organoids. Bulk RNAseq can identify molecular pathways
potentially disrupted in patient iPSC-derived organoids. Lastly, slices of organoids can

be used for time-lapse imaging of neuronal migration, electrophysiology measurement of
intrinsic and synaptic excitability, and measurement of calcium fluctuations using calcium
imaging to gain mechanistic insights into processes affected by ASD mutations.
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