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Abstract

Functional synaptogenesis and network emergence are
signature endpoints of neurogenesis. These behaviors
provide higher-order confirmation that biochemical
and cellular processes necessary for neurotransmitter
release, post-synaptic detection and network propagation
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of neuronal activity have been properly expressed and
coordinated among cells. The development of synaptic
neurotransmission can therefore be considered a defining
property of neurons. Although dissociated primary
neuron cultures readily form functioning synapses
and network behaviors /7 vitro, continuously cultured
neurogenic cell lines have historically failed to meet these
criteria. Therefore, /in vitro-derived neuron models that
develop synaptic transmission are critically needed for a
wide array of studies, including molecular neuroscience,
developmental neurogenesis, disease research and
neurotoxicology. Over the last decade, neurons derived
from various stem cell lines have shown varying ability to
develop into functionally mature neurons. In this review,
we will discuss the neurogenic potential of various stem
cells populations, addressing strengths and weaknesses
of each, with particular attention to the emergence
of functional behaviors. We will propose methods to
functionally characterize new stem cell-derived neuron
(SCN) platforms to improve their reliability as physi-
ological relevant models. Finally, we will review how
synaptically active SCNs can be applied to accelerate
research in a variety of areas. Ultimately, emphasizing
the critical importance of synaptic activity and network
responses as a marker of neuronal maturation is anti-
cipated to result in /n vitro findings that better translate
to efficacious clinical treatments.

Key words: Synapses; Neurotransmission; /n vitro
techniques; Induced pluripotent stem cells; Neuronal
networks; Neurogenesis; Neural stem cells; Embryonic
stem cells; Induced neurons
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Core tip: During stem cell neuronal differentiation,
functional synaptogenesis and the emergence of
coordinated, networked activity are critical behaviors
in confirming that cells have developed into a relevant
neuronal population. As the number of stem cell-derived
neuron (SCN) models continues to proliferate, the use
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of specific functional readouts to evaluate SCN maturity
will become increasingly important compared to mor-
phological or proteomic characterization of neuronal
maturation. The review provides diverse options
for reliably assaying the development of synaptic
neurotransmission in derived neurons and describes
the strengths, weaknesses and potential applications of
several stem cell-based neuron models.
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activity and functional relevance in stem cell-derived neurons.
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INTRODUCTION

Over the last few decades a large variety of in vitro
models have been developed for use in basic and applied
neuroscience. These neurogenic models originate
from diverse sources, including dissociated primary
neurons, immortalized cell lines derived from neuronal
and non-neuronal tissues and, most recently, stem
cells. The predictive value of these models is critically
dependent on their ability to recapitulate fundamental
neuronal behaviors exhibited by primary neurons. This
is particularly important given the profound effects that
subtle changes in neuron development or maturation
can have on emergent network properties.

In vivo, the differentiation of neural precursors into
synaptically active, post-mitotic neurons involves a
complex developmental cascade of gene expression and
morphological changes™™. These changes ultimately
orchestrate synaptic, neuronal and network behaviors to
produce the emergent properties responsible for sustained
central nervous system (CNS) function. Given the complex
cellular behaviors involved in producing synaptically
active neurons, it is not surprising that synaptogenesis
and maintenance of synaptic activity are highly sensitive
to genetic and environmental perturbation**. While
many dissociated primary neuron cultures reliably form
functioning networks that exhibit physiological behaviors,
their use is limited by several factors, including the
difficulty of dissection, variability among cultures, poor
viability for longer-term studies and the regulatory,
administrative and ethical burdens imposed by animal
studies. In contrast, while immortalized cells have been
extensively used as a replacement for primary neurons,
they uniformly fail to recapitulate many neurotypic
properties’®,

The advent of neurons derived from stem cells
offers the potential for a unique experimental platform
that combines the relevance of primary neurons with
the flexibility and scalability of immortalized cells™.
Stem cell-derived neuron (SCN) models that produce
functionally mature neurons have multiple characteristics
that render them exceedingly well-suited to the study
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of neural development, neuron function and human
disease. For example, SCNs can recapitulate functional
behaviors that are characteristic of primary neurons,
such as synaptic neurotransmission and network
emergence. Many stem cell lines can be maintained
in culture for prolonged periods prior to differentiation,
enabling scalable expansion to accommodate the
demands of high-throughput approaches and endowing
differentiated neurons with reduced inter-experimental
phenotypic and genetic variability. The ability to convert
primary cells to patient-specific induced pluripotent stem
cells (iPSCs) has kindled the extraordinary potential of
personalized medicine, in which iPSC-derived neurons
(i-neurons) expressing cellular correlates of particular
neurological pathologies can be studied in vitro in the
context of the patient’s genome!”’. Finally, SCNs have
also been proposed to have a direct application in cell-
based therapies, whereby partially differentiated neural
progenitor cells or post-mitotic immature neurons can be
directly injected into the CNS to integrate into existing
architecture, supplement endogenous neurogenic
processes and promote the repair of damaged neural
tissues®®), However, SCN models must be shown to
be competent to form context-appropriate, functioning
neurons before these approaches can be used as
intended.

The signature characteristic of CNS neurons is action
potential (AP)-induced synaptic neurotransmission that
synchronizes neuron firing to give rise to emergent circuit
behaviors. Since synaptic activity is a principal endpoint
of neurogenesis, detection of synaptic events and/or
synaptically driven network behaviors serves as a higher-
order readout that confirms the proper elaboration of the
full range of biochemical, proteomic and morphological
properties that are required for neuron function. However,
in many cases the rigor and specificity of techniques used
to characterize the physiological relevance of SCNs have
been highly variable™ ", Frequently, characterizations
have been limited to expression of small sets of
neurotypic genes or electrophysiological assessment
of intrinsic electrical excitability, without evaluation of
functional synaptogenesis or network formation!**>**,
SCNs are frequently described as physiologically relevant
based on insufficient or incomplete characterizations,
therefore producing data of uncertain value. These
inconsistencies illuminate a critical need for the identi-
fication of appropriate assays to evaluate the functional
maturity and physiological relevance of derived neuron
models.

In this review we will discuss methods to characterize
the progression of in vitro neurogenesis and propose
specific functional assays to confirm the physiological
relevance of SCNs. We will focus on SCNs derived from
four sources (summarized in Figure 1): embryonic
stem cells (ESCs); restricted-potency neural stem cells
(NSCs); iPSCs; and direct conversion of post-mitotic
cells into induced neurons (iNs). Note that although iNs
do not explicitly incorporate a pluripotent phase, the
derivation of iNs uses principles and techniques involved
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Figure 1 lllustration of the sources of derived neurons. Embryonic stem cells (ESCs) are derived from the inner cell mass of blastocysts, whereas neural
stem cells (NSCs) are derived from several defined niches in the developing or adult brain. Both ESCs and NSCs are capable of neurogenesis without the forced
expression of induction factors. Induced pluripotent stem cells (iPSCs) and induced neurons (iNs) can be derived from various tissues, and proceed to neuronal states
via either reprogramming to a stem cell phenotype (iPSCs) or direct conversion using neuronal induction factors (iNs).

in production of other SCN models and therefore will
be addressed in this review. We will also describe the
current status of existing SCN models, and elaborate
on reasons why synapse and network formations are
critically important to SCN applications, even in cases
where applications may not directly rely on neuronal
function.

METHODS TO CHARACTERIZE
NEUROGENESIS AND NEURONAL
MATURATION

Measuring the maturation and relevance of neurogenic
models
Developmentally regulated changes in proteomic,
transcriptomic, biochemical and functional properties
during embryonic neurogenesis can be repurposed to
evaluate developmental progression in vitrot**, The
specific markers used may vary depending on the
ultimate application, but at a minimum should include
morphological characterization of neurotypic com-
partments; the development of electrical excitability;
the detection of post-synaptic responses to pre-synaptic
release of neurotransmitter; and, when appropriate,
network-level behaviors (Figure 2). While functional
confirmation of synaptic neurotransmission represents
indisputable evidence of synaptogenesis, supplemental
studies such as transcriptomic analysis, planar multi-
electrode array (MEA) analysis or protein expression
studies can also provide valuable contributions to the
overall understanding of the maturity and nature of
derived neuronal populations, as described below.
Although methods to validate the progression
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of neuronal maturation have been well-described in
dissociated cultures of primary neurons, it is important
to recognize that the source tissues for these neurons
are often comprised of functionally mature neurons
that are dissociated and plated!®. In these cases,
re-establishment of synaptic activity is primarily
contingent on the temporal re-elaboration of appropriate
morphological structures. In contrast, the differentiation
of pluripotent stem cells into mature SCNs requires
recapitulation of the full range of transcriptional, mor-
phological and proteomic changes involved in functional
neurogenesis. Neurogenic progression is an intricate
process that is susceptible to misdirection in vitro,
and unlike in dissociated primary neurons, there is a
lower correlation between expression of intermediate
developmental markers and the probability of functional
maturation. Inappropriate differentiation conditions can
cause neurogenic models to become developmentally
arrested, expressing immature neurotypic properties
but lacking the functional correlates of active synapses
and network emergence!’®. Dissociated primary neuron
cultures can also undergo developmental arrest if not
properly maintained, despite having been functionally
mature prior to dissociation!, Once neurons become
functionally mature, their survival continues to depend
on synaptic activity-induced neurotrophic signaling™ ",
as demonstrated by neurotoxicity following impaired
synaptic function in neurodegenerative diseases®**!,
Therefore, researchers characterizing SCN differentiation
should be careful to avoid phenomenologically conflating
the expression of intermediate developmental markers
with the eventual likelihood of producing functionally
mature neurons. For example, the ability to fire repeated
APs with hyperpolarizing after shoots in response to
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Figure 2 Neurotypic markers and passive membrane responses are not predictive of functional synaptogenesis. A: Representative fluorescent
immunocytochemistry of i-neurons from several protocols (A1-A4) imaged at 43 d after plating (DAP). SCNs display neurotypic morphologies, including distinct
dendrites (Map2) and axons (Tau) around cell nuclei [4',6-diamidino-2-phenylindole (DAPI)], with distributed and punctate synapsin (top panel) and PSD-95 or
gephyrin (bottom panel) often expressed in close proximity to synapsin (insets); B: Although all four i-neuron models displayed intrinsic excitability, including voltage-
gated currents, and produced action potentials following current injection, responses were smaller in amplitude and depolarization led to fewer repeated action
potentials compared to responses displayed by mouse embryonic stem cell-derived neurons (mESNSs, top row); C: Only one of four human i-neuron models displayed
synaptic activity on DAP35 or later as indicated by miniature post-synaptic currents in the presence of tetrodotoxin, and those currents were smaller in amplitude, less
frequent and slower to return to baseline when compared to mESNs; D: Transmission electron microscopy of single synapses in mESN and i-neuron models (D1)
indicates that pre-synaptic compartments of mESNs are densely loaded with vesicles, while i1 is not. This indicates that while the model is capable of producing the
morphology, synaptic markers and intrinsic characteristics of synaptogenesis, it lacks the capacity to maintain spontaneous activity and therefore is unable to model
physiological synaptic transmission or network activity.

Raishidenge ~ WJSC | www.wjgnet.com 902 July 26,2015 | Volume 7 | Issue 6 |



Bradford AB et a/. Synaptogenesis in stem cell-derived neurons

current injection is often associated with neuronal
maturity. This may be valid in many well-characterized
primary neuron cultures. However, there is no causal
requirement that SCNs with this intrinsic behavior will
exhibit functional synapses with synaptically driven
network responses.

As the number of SCN models continues to pro-
liferate, the deliberate use of specific functional readouts
to evaluate SCN maturity will become increasingly
important. By precisely and accurately associating
neurotypic behaviors with stage-specific markers,
researchers will be able to better ascertain the degree
of relevance and applicability of SCN populations.
Efforts to develop techniques to reliably determine the
neurogenic potential of SCN differentiation models are
currently underway™**1, However, in the absence of such
functional validation, claims of neuronal maturation and
therefore relevance should be reviewed with care.

Approaches for morphological and structural
characterization of neurogenesis

Much of the current understanding of neuronal maturation
comes from longitudinal studies of the formation of
specialized neuronal structures in dissociated primary
neurons™'. These studies established that the progressive
establishment of functionally specialized compartments
(e.g., axons, hillocks, dendrites, and pre- and post-
synaptic compartments) provided the cellular substrates
for polarized neurotransmission in vitro. Many of these
morphological features can be distinguished by the
localization expression of specific proteins and therefore
immunocytochemistry (ICC) is often used to characterize
developmental progression™®*”). Morphological charac-
terization may start with general neuronal markers,
such as NeuN (post-mitotic neuronal nuclei) or B
[I-tubulin (immature neuronal marker), and progress
to more specialized markers of cellular compartments,
such as synapsin (pre-synaptic), tau (axon), MAP2
(somatodendritic) and gephyrin or PSD-95 (inhibitory or
excitatory post-synaptic markers, respectively). It can
then extend to the use of well-described antibodies to
distinguish among neuronal subtypes, such as markers
of glutamatergic (vesicular glutamate transporter-1 or
-2), cholinergic (choline acetyltransferase), GABAergic
(glutamate decarboxylase 1), serotonergic (serotonin
transporter), aminergic (vesicular monoamine trans-
porters 1 or 2), or dopaminergic and/or adrenergic
(tyrosine hydroxylase) neurons. Longitudinal studies using
such markers are a regular feature of SCN differentiation
studies and are an important aspect of verifying neuronal
maturation, even though expression of specific markers
are not indicative of functional behaviors?®®*"\.

In addition to providing information on the estab-
lishment of synaptic compartments, the morphological
apposition of pre- and post-synaptic proteins can
provide clear evidence of synaptic assembly®®”. Synaptic
assembly begins with the contact of complementary
cell adhesion molecules between potential pre- and
post-synaptic compartments, which in turn requires
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the previous elaboration of axons and dendrites (with
the exception of axosomatic synapses®®’). From this
point, proteins necessary for synaptic architectures
and function are recruited to the site of contact in both
compartments®®, In mature neuron cultures and
in vivo, the establishment of new synapses can occur
very quickly, with synaptic activity apparent almost
immediately™***!, However, as demonstrated in Figure 2
and discussed above, SCNs can form synaptic structures
but fail to develop synaptic function. Based on this
positional apposition, ICC for synapsin and PSD-95 (for
example) have been used to provide a low-resolution
confirmation that pre- and post-synaptic compartments
are in close proximity. More recently, the mammalian
GFP reconstitution across synaptic partners (mGRASP)
method has been used as a fluorescent indicator of the
co-localization of synaptic adhesion proteins. mMGRASP
is based on functional complementation of split GFP
separately expressed from pre- and post-synaptic
membranes, and therefore is a highly specific marker
of synaptic proximity®®. Ultrastructural imaging using
transmission electron microscopy (TEM) can also be used
for advanced morphological analysis of synaptogenesis.
TEM enables a definitive visualization of pre- and post-
synaptic compartments, allowing researchers to search
for characteristic intra-synaptic structures, such as pre-
and post-synaptic densities, the presence of synaptic
vesicles in the pre-synaptic compartment and possibly
even vesicles docked or fused with the pre-synaptic
membrane, suggesting neurotransmitter release. It
is important to emphasize that positive confirmation
of synaptic architectures by any of these methods is
not prima facie evidence of synaptic function. Synapse
assembly precedes onset of synaptic activity and is
not indicative of the current or future development of
synaptic function®™ . However, pairing these types
of morphological studies with electrophysiology may
allow the identification of benchmarks that can be used
to correlate synaptic function with gene expression
(e.g., the onset of synaptic activity cannot precede
the localization of protein X, etc.). While structural
characterizations have rarely been used in the study of
SCN maturation, they have the potential to offer highly
specific and detailed correlations between structural and
functional synaptogenesis when combined with synaptic
activity assays.

While morphological characterization provides
researchers with a visual confirmation of protein
expression and compartmentalization, some neuronal
markers (e.g., pII-tubulin®™, synapsin®" or NeuN*")
may also be expressed in non-neuronal or neoplastic
cells. Morphological characterization of neurogenesis
should therefore be used as a secondary method to
confirm neurogenesis and be corroborated by more
direct methods to measure the production of neurons.
For example, we have found transcriptomic analysis to
be invaluable in reconciling neuronal fate with expression
of neurotypic markers and evaluating neurotypic
responses, including: (1) longitudinal characterization
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of neurogenic progression; (2) identification of neuronal
subtypes; (3) determination of which neurotransmitter
receptors subunits are expressed; and (4) measurement
of activity-dependent responses to treatment with
pharmacological regulators of network activity™*.

Measurements of intrinsic excitability

Functional evaluation of neuron maturation begins with
electrophysiological characterization of intrinsic excitability,
which is the ability to undergo the rapid, defined changes
in ion flux that are necessary to repeatedly fire APs.
These include measurements such as quantitation of Na*
and K* voltage-gated responses, the ability to fire evoked
APs, membrane resistance, membrane capacitance, sag
(or In) currents, hyperpolarization-activated currents and
establishment of a stable resting membrane potential.
Another intrinsic neuronal characteristic that can be
used as a developmental marker of maturation is the
y-aminobutyric acid (GABA) reversal potential (Ecasa).
Immature neurons have high intracellular CI levels,
such that GABAa receptor activation triggers CI efflux*".
This excitatory GABA current has been proposed to
contribute to the developmental activation of nascent
excitatory synapses™®. Neuron maturation is associated
with increased expression of the potassium chloride co-
transporter KCC2, which is an electroneutral CI" exporter
that decreases intracellular CI" concentration, thereby
shifting Ecasa to a value that is close to the mature resting
membrane potential®. The developmental shift in Ecsea
potentiates a transition from excitatory post-synaptic
GABA currents to inhibitory GABA currents™’). While
the development of Ecrea is rarely used for neuronal
characterization because of the relative difficulty in
measuring ClI" reversal potentials, the shift in Ecaea is an
elegant marker of the developmental changes that are
required for the establishment of network-level activities
in many neuron subtypes.

Once neurons have been determined to exhibit
mature characteristics of intrinsic excitability, analysis
then expands to measuring cell behaviors under non-
evoked conditions, such as spontaneous production of
APs and miniature post-synaptic currents. It is important
to note that the mere presence of spontaneous APs
does not necessitate or signify synaptic function®®. For
example, dissociated primary neurons exhibit mature-
appearing intrinsic characteristics and spontaneously
fire APs prior to formation of active synapses®”. In fact,
spontaneous, non-evoked AP firing appears to be a
developmental phenomenon involved in the maturation of
ionic gradients™ ", Furthermore, the detection of APs can
reflect a neuron with a membrane potential that is near to
the threshold potential and therefore fires APs in response
to subtle changes in the conductance of membrane ion
channels, independent of synaptic activity®*?.. Since
APs may occur in the absence of synaptic function,
pharmacological antagonists of neurotransmitter
receptors must be used to experimentally confirm that
APs originate from synaptically driven events as described
below.
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Synaptic activity is a functional signature of successful
synaptogenesis

In some cases, SCNs produce morphological charac-
teristics of synapse formation, exhibit evidence of
intrinsic excitability and fire spontaneous APs, yet fail to
develop synaptic activity™®>*.. As discussed below, this
is currently a particularly vexing problem with human
iPSC-derived neurons, which exhibit a wide array of
morphological markers of neurogenesis, but often
appear to be developmentally delayed or even arrested
prior to the onset of synaptic activity. Consequently,
measurements of synaptic activity are critical to
providing unimpeachable confirmation of functional
synaptogenesis.

The production of excitatory and/or inhibitory post-
synaptic currents is a higher-order representation of the
spatiotemporally precise elaboration of a large number
of developmental processes required for synaptic
activity, such as juxtaposition of pre-synaptic and
post-synaptic compartments; loading and docking of
neurotransmitter vesicles; and the appropriate localization
and function of voltage-dependent ion channels. The
two dominant modes of synaptic neurotransmission
are spontaneous release and AP-evoked release. Under
physiological conditions stochastic Ca®* currents trigger
synapses to spontaneously release neurotransmitter
at approximate rates of 10 quanta per second (Hz)
per CNS synapse®*** and 0.79 Hz per motor neuron
synapse™®.. In a typical central neuron, which has 10°-10*
synapses, monosynaptic release probabilities result in a
post-synaptic current detection rate of 0.1-10 Hz"*"*%,
Similar rates have been reported in mouse SCNs
In contrast, AP-induced pre-synaptic depolarization
increases instantaneous quantal release rates increase
to 10° Hz®***1, While either spontaneous or AP-evoked
neurotransmission can be used to identify the presence of
synaptic neurotransmission, the large currents generated
by AP propagation can complicate rigorous characte-
rization of post-synaptic behaviors, as described below.
Consequently, detection and characterization of spontane-
ous post-synaptic events often provides a more reliable
and quantifiable indicator of synaptic function than
detection of synchronized release from many synapses
following an AP.

Detection of post-synaptic events using whole-
cell patch-clamp electrophysiology can involve charac-
terization of excitatory post-synaptic potentials (EPSPs)
in current-clamp mode or spontaneous miniature
post-synaptic currents in voltage-clamp mode. For a
number of technical reasons related to quantitation and
characterization that will not be addressed here, we
recommend the latter approach. Spontaneous release
is a salient feature of all synapses in vivo and in vitro
and direct measurement of spontaneous monosynaptic
activity via detection of miniature excitatory or inhibitory
post-synaptic currents (mEPSC or mIPSC, respectively)
in the presence of tetrodotoxin (TTX) is an unambiguous
indicator of synaptic function in neuron subtypes that
utilize ionotropic neurotransmitter receptors (Figure

[59]
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2)B*+80€2 77X blocks voltage-gated Na* channels,
eliminating the large whole-cell currents caused by AP
firing and enabling the detection of small post-synaptic
currents resulting from the spontaneous activation of
individual synapses. The addition of pharmacological
agonists or antagonists for specific neurotransmitter
receptors allows the contributions of different neuron
subtypes to post-synaptic responses to be precisely
determined.

Characterization of miniature post-synaptic currents
(aka, minis) should include analysis of event rates
and kinetics; functional responses to the addition of
pharmacological modulators of post-synaptic function;
and current:voltage relationships for well-characterized
receptors®. Much is known about the functional
mechanisms of synaptic neurotransmission in primary
CNS and peripheral neurons and an extensive phar-
macopeia is available to manipulate and characterize
post-synaptic responses for most synapse subtypes.
Thus, there is a wide array of resources to identify and
develop electrophysiological approaches to evaluate
synaptic function in SCNs.

While the kinetic analysis of minis can be used to
unambiguously distinguish between synaptic and non-
synaptic neurotransmission, in some instances (e.g.,
synaptic potentiation studies) it would be valuable to
simultaneously evaluate both pre- and post-synaptic
behaviors. Paired recordings offer one means to do so.
In paired recordings, two synaptically connected neurons
are simultaneously patched, such that stimulation of
one neuron elicits post-synaptic responses in the other.
While this is a highly rigorous and reliable indicator of
connectivity, it is a technically difficult method. Paired
recordings are relatively feasible under conditions in
which neuronal connectivity is well defined and the
polarization of synaptic connections are known, such
as in hippocampal slices™®”. In contrast, trans-synaptic
connectivity and polarization are stochastic in dissociated
neuron cultures, making it difficult to identify and record
from synaptically coupled neurons, even when plated
at very low densities’®’. Thus, while paired recordings
are an effective method to characterize evoked synaptic
neurotransmission, it is technically challenging to ac-
complish in neuron cultures and should be anticipated to
have a high failure rate. Alternatively, the use of bipolar
stimulating electrodes allows for the repeated stimulation
of specific local synapses in vitro without requiring
multiple patches’®. However, this approach relies on the
stimulation of multiple processes in proximity to a patched
neuron and therefore may result in field stimulus-like
artifacts and difficult to interpret post-synaptic responses.

The use of post-synaptic miniature currents to
measure synaptic neurotransmission is not feasible in
neuron subtypes that rely on metabotropic neurotrans-
mitter receptors, such as dopaminergic or serotonergic
neurons. While methods such as ultrafast voltammetry or
the use of fluorescent false neurotransmitters can directly
measure synaptic release of neurotransmitters’®>®®, they
are not a confirmation of synaptic neurotransmission,
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but rather are limited to providing information about the
pre-synaptic release of neurotransmitter. Alternatively,
indirect measurements of the activation of metabotropic
synapses in cultures containing multiple neuron subtypes
can be conducted based on changes in network behavior,
as described in the next section.

Table 1 lists exemplar SCN models that have been
evaluated for the existence of spontaneous post-
synaptic currents in the absence of co-cultured primary
neurons. The latter were excluded due to the difficulty in
disambiguating neurotransmission and neuro-exception
between SCNs and primary neurons'®”., Table 1 does
not include references for putative SCNs that have only
been characterized for morphological markers or for
intrinsic excitability, since as described above these are
poor surrogates for assaying functional synapses.

Network behaviors as higher-order signatures of neuron
function

Similar to synaptic activity, emergence of network activity
confirms successful elaboration of the developmental
processes required for functional synaptogenesis. We
define “network potential” as the ability of derived
neurons to integrate post-synaptic events into APs
(excitability), to transmit outgoing synaptic signals to
other neurons (neurotransmission), and to elicit activity-
dependent post-synaptic behaviors (adaptability).
While the emergence of network activity is a function
of the neuronal subtypes present, and therefore is
not a required feature of mature neuron cultures, it
does provide unambiguous confirmation of synaptic
activity. Ideally, neuron cultures will incorporate both
excitatory and inhibitory neuron subtypes whose activity
is modulated by feedback mechanisms to produce an
excitatory/inhibitory (E/I) balance. This condition is
maintained by adaptation of pre- and post-synaptic
properties and can be considered functional evidence of
synaptic plasticity™®, Alternatively, monotypic cultures
comprised of excitatory or inhibitory neurons will result
in unbalanced signaling and network inactivity™ or
seizurogenic bursting”®, conditions in which long-term
neuronal viability may be compromised”*"2.

Mature network activity is typically observed in SCNs
as synchronous AP propagation among multiple neurons,
a phenomenon often referred to as network bursting.
Since AP production is a stochastic process caused by
the near-simultaneous occurrence of a sufficient number
of excitatory EPSPs to exceed the firing threshold, in
vitro quantitation of APs is influenced by a number of
factors which determine neuron connectivity, such as the
number, weight and type of functioning synapses. Several
methods are available to quantify network activity. The
most specific is the use of electrophysiological methods
to directly measure AP production™”*’%, This can occur
via simultaneous, multiple patch-clamp experiments,
where the synchronicity of spontaneous AP production
is compared among patched neurons. Alternatively,
the effects of network modulators (e.g., bicuculling,
aminopyridine or CNQX, as described below) on the
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Table 1 Stem cell-derived neurons characterized for synaptic activity

Cell type Source Technical approach Post-synaptic measurement Additional notes Ref.
(days after differentiation)
ESC Human (BG01, BG03) Stromal cell factors applied mEPSCs (21) Also dopaminergic [254]
Continued expression of NPC
marker Msx1
Human (WiCell H9, H1) SHH application on ESCs or mEPSCs, mIPSCs (30) Also dopaminergic [110]
NPCs
Human (H9 and SA121)  Dual SMAD inhibition, variable sEPSCs, sIPSCs (35) SHH concentration- [240]
SHH, several additional dependent GABAergic
neurotrophic factors and glutamatergic, or
dopaminergic fates
Mouse (R1) RA treatment, suspension mEPSCs, mIPSCs (21) [6,59,226]
culture
Mouse (J1) FACS sorting for dopaminergic sEPSCs (22) Also dopaminergic [255]
NPCs, SHH treatment
NSC Human (NSI-566RSC from 9 component differentiation mEPSCs (12-48) [256]
fetal spinal cord) media
Mouse (Adult C57/Bl6 SEZ) BDNF treatment mEPSCs, mIPSCs (11-28) Perforated patch recording  [171]
iPSC Human (normal and ALS  Dual SMAD inhibition, RA and sEPSCs (21-42) sEPSCs only detected [86]
fibroblasts) purmorphamine treatment with picrotoxin and
4-aminopyridine
Human (normaland AD ~ FACS sorting of NPCs, BDNF, mIPSCs, mEPSCs (26) Currents detected in [148]
fibroblasts) GDNF and cAMP treatment approximately 40% of cells
iN Human (postnatal and adult Two-stage Dox, bFGF, Noggin, mEPSCs (30) Currents detected in 25%-43% [158]
fibroblasts) GDNF, BDNEF, forskolin of converted cells
treatments
Mouse (perinatal tail tip Glial co-culture, FACS sorting sEPSCs (15-27) [156,157]
fibroblasts)
ESC + iPSC Human (HES3, BioTime 5 morphogenic factors, FACS sIPSCs (42-84) % of cells with currents [28]
ESI, and WiCell H9 ESCs + sorting, glial co-culture increases over time
melanocyte hiPSCs)
Implanted neurons also
received EPSCs
Human (HUES9 ESCs + Noggin and dorsomorphin mEPSCs (35) Currents detected in 33% of [111]
fibroblast hiPSCs) treatment, recombinant human differentiated ESCs and 46%
Dkk1 treatment of hiPSC EBs, of differentiated iPSCs tested
glial co-culture
Human (WiCell H9 and 3% O2 mEPSCs (35) Mature AMPA and GABA  [47,116]
SHEF4 ESCs + fibroblast profiles
hiPSCs)

ESC: Embryonic stem cell; NSC: Neural stem cell; iPSC: Induced pluripotent stem cell; ALS: Amyotrophic lateral sclerosis; AD: Alzheimer’s disease; SHH:
Sonic hedgehog; NPC: Neural precursor cell; SMAD: Sma and Mad related proteins; RA: Retinoic acid; FACS: Fluorescence-activated cell sorting; BDNF:
Brain-derived neurotrophic factor; GDNF: Glia-derived neurotrophic factor; iN: Induced neuron; cAMP: Cyclic adenosine monophosphate; bFGF: Basic
fibroblast growth factor; mEPSC/mIPSC: Miniature excitatory/inhibitory post-synaptic current; sEPSC/sIPSC: Spontaneous excitatory/inhibitory post-
synaptic current; GABA: Gamma aminobutyric acid; AMPA: Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid.

frequency or nature of synaptically driven APs can be
evaluated in a single neuron in current-clamp mode,
providing indirect evidence of the contribution of synaptic
activity to AP production. A relatively new approach
is the use of MEAs to quantify synchronized bursting
behavior in two- and three-dimensional cultures, which
provides a unique method for characterizing the effects
of neuromodulatory compounds on longitudinal network
responses”>’%, A more limited alternative to MEAs is the
use of live-imaging assays to quantify bursting behavior
using fluorescence-based detection of neuronal activity
reporters, such as fluorescent genetically encoded
calcium indicators (GECIs) or voltage-gated dyes!””7,
Calcium imaging is particularly useful for studying network
activity, as it is capable of simultaneously monitoring
up to thousands of neurons and their associated pro-
cesses™. While the temporal resolution and sensitivity
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of calcium imaging can be limited by fluorophore
kinetics, level of gene expression or equipment, it is an
excellent complement to electrophysiology™". Recently
described GECIs have been found to be able to detect
individual APs®: however, improved detection of the
small potential differences driven by sub-threshold
events is still needed before calcium imaging can
approach the resolution offered by whole-cell patch-
clamp electrophysiology. The development of optical
electrophysiology techniques that offer the throughput of
GECIs with the sensitive of whole-cell recordings would
represent a transformative approach in large population
analyses that would be immediately applicable to
synaptically active SCN models.

In all cases the presence of network activity must be
confirmed by treatment with pharmacological modulators
that alter synaptic activity without directly activating
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post-synaptic receptors. This is particularly important
for MEAs and calcium imaging, in which it is currently
impractical to directly measure synaptic function. Such
treatments could include bicuculline, which disinhibits
the network by blocking GABAergic inhibitory activity;
aminopyridines, which prolong APs by blocking K*
efflux; or CNQX, which blocks AMPAR activation and
therefore eliminates excitatory signaling in glutamatergic
networks'®®. Depending on neuron maturity and the
relative proportions of neuron subtypes in SCN cultures,
the use of network modulators may be the only possible
means to reveal excitatory synaptic activity exceeding
the threshold of AP detection®®. Thus, the inability to
detect APs by methods such as fluorescent calcium
imaging or MEAs should not be considered evidence of
the absence of synaptic activity.

Activity-dependent responses as an indirect measure of
synaptic function

A signature in vivo characteristic of network function
is the elaboration of activity-induced changes in post-
synaptic neurons. In healthy networks a variety of
mechanisms are used to balance excitatory and inhi-
bitory inputs, producing circuits that can respond to
increases or decreases in input®®®!, The best-described
of these is Hebbian plasticity, which allows for the
constant formation and strengthening of synchronously
active synapses and weakening of asynchronous
synapses and is mediated by altered phosphoproteomic
signaling, changes in receptor function and expression
and differential gene expression®®®°!, Functional
Hebbian plasticity can be indirectly evaluated in cultured
neurons by measuring changes in the biochemical
correlates of plasticity under conditions that up- or
down-regulate network activity. Molecular correlates of
plasticity include the surface localization of glutamate-
responsive AMPA receptors, which can be measured by
surface biotinylation or antibody labeling of extracellular
residues”*”, or the phosphorylation state of post-
synaptic kinases such as CaMKII, Akt or CREB, which
can be quantified using routine immunoblot methods™* %,
Activity-induced changes in the expression of plasticity-
related immediate early genes (IEGs) can be monitored
by transcriptomic and/or proteomic methods, including
Arc, the EGR family, c-Fos, Jun and Homer-1a/®7%9+%¢,
However, it is important to note that many of these
genes have multiple functions and are regulated during
development and other neuromodulatory treatments®®”*%,
Thus, researchers should be careful to ensure they are
evaluating IEG expression under conditions that precisely
modulate network activity without inducing acute
cytotoxicity or other forms of neuronal stress. Synaptic
plasticity can be directly measured by whole-cell patch-
clamp electrophysiology in neuron cultures using trans-
synaptic patch clamping or bipolar stimulating electrode
techniques'®®. Plasticity- and activity-related assays
have rarely been described in SCN models or in primary
neuron cultures, but do represent relevant physiological
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correlates of network function and they should be
considered to be a valuable confirmatory tool when
characterizing and validating activity in SCNs.

SCNS: TYPES AND CHARACTERISTICS

Approaches to SCN differentiation

The vyield, neuronal subtype(s) and purity of SCNs are
heavily influenced by an array of biochemical factors
that affect the differentiation process by modulating
progression through neurodevelopmental stages.
In some cases these factors can be controlled very
precisely, such as by the addition of small molecules
to promote exit from the pluripotency state, whereas
others are less amenable to rational control, such as
longitudinal changes in neurogenic potential caused by
the spontaneous emergence of mutated subpopulations
during routine culturing of stem cell lines. Thus identifying
confirmatory markers of neurogenic progression is
critically important to validate that differentiation
of specific stem cell lines successfully results in the
desired neuronal products. Derivation of neurons from
human and mouse stem cells lines has been shown to
recapitulate many ontological markers described during
in vivo neurogenesis'*’. These include markers of the
different stages of neurodevelopment, starting from
a stem cell state and expressing characteristics of a
NSCs stage, neural progenitor cell (NPC) stage and an
immature neuron stage before ultimately developing into
functional mature neurons.

Neuronal differentiation typically starts with the
induction of a neuroepithelial NSC phenotype by
withdrawal of pluripotency factors, such as LIF (mouse
stem cells) or FGF-2 (human stem cells). The resulting
NSCs may be expanded in culture for a limited
number of passages to increase neuronal yield®* ™Y,
Identifying compounds that sustain the neurogenic
competency of NSCs in culture will be valuable for
manufacturing purposes, since this will both streamline
the differentiation process and increase the total yield.
Methods of neural patterning vary wildly. Many protocols
involve the use of retinoic acid (RA), which is an early
developmental signal for rostral-caudal patterning
of the embryonic braint®**°", Differentiation can be
further enhanced or directed by a variety of techniques,
including supplementation with growth factors, such
as brain-derived neurotrophic factor or glia-derived
growth factor™®'%'%"1: forced expression of transcription
factors that control neuronal fates!®'®!: or addition of
small molecules such as Noggin, Sonic Hedgehog or
dorsomorphin”#*®! Neural patterning can also be
influenced by secreted factors, such as the increased
production of motor neurons by co-culture of NSCs with
muscle cells™?., While neuronal maturation can proceed
without the deliberate addition of conditioned media or
the presence of support cells, some studies suggest that
synaptogenesis is significantly enhanced by co-culture
with astrocytes!**3**],
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ESCs

ESCs are derived from totipotent cells collected from the
inner cell mass of embryos at the blastocyst stage!''®..
Mouse ESC are frequently differentiated to neurons via
the 4/4 method, which involves neural induction by the
withdrawal of LIF and neural patterning by the addition of
RAM7] The resulting ESC-derived neurons (e-neurons)
have been shown to produce highly active glutamatergic
and GABAergic synapses with emergent network
responses™ and activity-dependent gene expression”.
ESC differentiation protocols can be modified by the
addition of exogenous growth factors to generate
other neuronal phenotypes, ranging from a mixture of
dopaminergic, glutamatergic, cholinergic and andrenergic
neurons'*®! to a homogenous GABAergic neuron
population with immature, excitatory GABA signaling™'®.
Mouse e-neurons have been found to reliably form
functioning synapses and robust emergent networks
within weeks, whereas methods to produce comparable
levels of network activity in human e-neurons are still
under investigation®. It has recently been suggested
that many extant human ESC lines exhibit epigenetic
markers of partially differentiated epiblasts rather than
naive ESCs, which could provide a plausible mechanism
for their relatively poor and inconsistent neurogenic
potential™®. In contrast, neurons derived from monkey,
canine, pig, chicken, worm or fly ESCs!*""*"! have been
found to develop neurotypic morphologies, although
characterization of the resulting neurons has not included
functional measure of synaptic activity and network
emergence to date.

NSCs

NSCs are proliferating stem cells that are restricted to
neural lineages. NSCs are isolated from fetal and adult
CNS, and therefore their availability and use is limited
and subject to ethical concerns™®™*!), One advantage of
NSCs is that they appear to replicate in vivo mechanisms
of adult neurogenesis and therefore may represent a more
physiologically appealing model than neurons derived
from pluripotent cell lines™?. In the brain, slow cycling
NSCs in the sub-ventricular zones and in the subgranular
zone of the dentate gyrus produce neurogenic progeny
that pass through sequential developmental stages with
structurally and functionally distinct cellular properties™?,
For example, in the well-studied rodent hippocampal
subgranular zone, GFAP" NSCs progressively differentiate
into Trb2" transiently amplifying NPCs, DCX" migratory
neuroblasts and finally into post-mitotic NeuN*-neurons
which functionally integrate into existing hippocampal
circuits within 3 wk and adopt mature dentate gyrus
characteristics within 6-8 wk™*., A similar developmental
progression has been shown to occur in cultured NSCs
based on morphological analysis'™>?. Some NSCs have
been observed to be restricted to specific neural lineages
in vitro, such as lines that only generate astrocytes and
oligodendrocytes!*****!, The mechanisms underlying
this limited potency are unknown, and whether this is a
consequence of culture conditions or representative of

Raishidenge ~ WJSC | www.wjgnet.com

in situ behaviors is unclear. As with iPSC- or ESC-derived
NSCs, primary NSCs have a limited ability to proliferate in
culture before losing their neurogenic competence!*¥’**®,
Despite the potential value of NSC models, few functional
assays have been performed on neurons differentiated
from these sources, making it unclear whether they
reliably produce active synapses. Furthermore, the
collection of human NSCs is only possible under limited
conditions, such as from aborted fetuses, during brain
surgery or immediately post-mortem, and consequently
their use is likely to have limited clinical utility™>®.

iPSCs

iPSCs are reprogrammed from differentiated tissues
through the exogenous expression of pluripotency
genes, such as the original Yamanaka reprogramming
factors Oct4, Sox2, KIf4 and cMyc or subsequently
described variants™*®**!1, While neurogenic iPSCs have
been generated from a wide variety of animals and
tissues, this review will specifically focus on human
iPSCs, predominantly derived from fibroblasts. For
reasons that appear to be attributable to stochastic
variability in epigenetic changes that occurs during
reprogramming, even iPSC clones derived from the same
tissue typically exhibit a range of neurogenic potentials,
requiring neurogenesis to be characterized from each
individual line****!, As with human ESCs, there has
been a recent focus on converting human iPSCs to a
naive epigenetic state (aka, ground-state), with the
objectives of establishing a truly pluripotent phenotype
that exhibits greater reliability and reduced variability
during differentiation™*****), Despite their current
technical limitations, two characteristics of iPSCs render
iPSC-derived neurons (i-neurons) highly valuable for
clinical research. First is the ability to generate patient-
specific i-neurons that express the specific genotypic
and phenotypic characteristics for a given disease in
the context of the patient’s own genome. Second, the
decreased risk of immunoreactivity following engraftment
of autologous cells back to the patient renders iPSCs a
viable model for cell replacement therapies. The clinical
implications of these characteristics are described further
in next section.

The production of i-neurons is relatively new and
protocols to reliably generate synaptically active i-neurons
are not yet currently available™”. For example, neurons
differentiated from both normal and Alzheimer’s disease
patient iPSCs display neurotypic intrinsic electrophy-
siological properties within a week after differentiation
from NPC cultures, but derived neurons were unable
to fire repetitive APs following current injection, so
they were considered immaturet*®. Similarly, iPSCs
differentiated for 10 wk with standard stem cell derivation
and differentiation directed towards cortical neurons
were found to express abundant synaptic markers, but
electron micrographs indicated sparse vesicles in pre-
synaptic compartments, and no activity was reported™®.
In another example, the ability to fire repeated APs
was not observed in differentiated iPSC neurons until
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about 12 wk after plating™®. These findings suggest
that i-neurons produced using current methods tend
to be developmentally arrested or undergo functional
synaptogenesis much less quickly than rodent SCNs.
In contrast, there are reports suggesting the robust
production of synaptically active i-neurons; however,
reproducible protocols have not been published nor have
other labs validated these findings, making it unclear
exactly what element(s) of the differentiation protocols
promoted functional synaptogenesis™*¢],

Rationally designed improvements to the speed
and efficiency of i-neuron differentiation would be
exceedingly valuable for a wide variety of uses, including
pharmaceutical screening and cell replacement strategies.
The ideal approach would enable the reproducible yield of
large quantities of synaptically active neurons of defined
lineages in a relatively short period of time. Recent
experiments have focused on the ability of transgenic
transcription factors and/or small molecules to increase
the speed and efficiency of differentiation. For example,
overexpression of neurogenin (Ngnl or 2) transcription
factors accelerates maturation of intrinsic neuronal
characteristics in i-neurons, but has mixed results on the
appearance of post-synaptic currents, with one study
finding such currents at 2-3 wk™**! while another did not
find any until 7 wk™®., The addition of small molecules
to iPSCs during neuronal differentiation increases the
efficiency of differentiation into intermediate neuronal
precursors'®’), Small molecules may also be used to
influence neuronal pattering, but to date this approach
has only been successful in directing cells towards
dopaminergic populations, and the resulting neurons
have not been assessed for network activity!*****!, While
these approaches are still immature, the identification
of methods that improve the speed and efficiency/
specificity of neuronal differentiation has the potential
to render i-neurons a transformative tool in basic and
clinical sciences.

iNs

Recent work suggests that a neuronal phenotype can
be differentiated directly from non-neuronal tissue by
the expression of specific genes. Direct conversion,
or trans-differentiation, works on many of the same
principles as iPSCs, involving the forced expression
of transcription factors associated with the target
neurons or neuronal intermediates. As with iPSCs, a
variety of transcriptional and biochemical factors have
been used as neural induction factors for iNs. Initially,
the transcription factors Ngn2, Ascll (Mashl), and
DIx2 were found to directly convert non-proliferative
mouse astrocytes into populations of glutamatergic
and GABAergic neurons!******, Ascl1, along with the
factors Brn2 and Mytl1 (collectively BAM), can convert
mouse fibroblasts into active neuronal populations™***",
Human postnatal and adult fibroblasts appear to require
expression of Brn2, Mytl1l and microRNA-124 to produce
active glutamatergic synapses™®. Alternatively, Nurri,
Lmx1la, Ngn2, Sox2 and Pitx3 have been found to induce
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fibroblasts to express dopaminergic markers™***", while

BAM plus Lhx3, Hb9, Isl1, and Ngn2 promotes expression
of motor neuron markers™?, Like iPSC models, iNs can
be used to replicate functional pathologies. For example,
neuroligin-3 mutations associated with autism cause
post-synaptic dysfunction in iNs when co-cultured with
primary neurons™™*¥,

The iN field is still new, and many of the challenges
facing iPSC-based neuronal differentiation are likely to
affect iN approaches as well. Only a small percentage
of cells are successfully converted to neurons and most
iNs retain epigenetic features of their non-neuronal
origins*®*!, Unlike differentiation of iPSCs which can
be expanded during the stem cell stage iN conversion
has frequently proven to have low efficiency, with only
1%-20% of starting cells successfully reprogrammed
to become neurons, although some more recent work
indicates conversion rates that exceed 200% (indi-
cating a period of proliferation during the conversion
process)™®?', |Low success rates may complicate
functional neurogenesis, leading to a sparser neuron
population, variable intrinsic properties and little to no
network activity, as demonstrated in electrophysiological
profiling of iN populations with as few as five neuron-
like conversions per coverslip!'®®, Conversely, the limited
scalability may also render iNs less likely to become
tumorigenic following implantation or conversion in vivo.
One potential way around limited scalability might be to
induce differentiated cells into neuronal precursor cells
rather than directly into neurons. While this approach has
been used to produce presumptive precursors (based on
gene expression studies and morphology), it remains to
be seen if induced progenitors cells can differentiate into
functionally mature neurons™®*¢”),

APPLICATIONS OF SCNS FOR
NEUROSCIENCE AND THERAPEUTICS

General properties of SCN models that facilitate
research applications

In addition to the clinical potential, SCNs have extensive
potential for basic and applied neuroscience studies. In
many cases, stem cells are genetically tractable, typically
clonal and amenable to culturing in large numbers,
facilitating the production of scalable quantities of
synchronized SCNs that are genetically homogenous and
amenable to forward and reverse genetics approaches
as well as functional engineering for biotechnological
studies!'?"*%®1%1 While the stem cell stage of SCN
differentiation is the most obvious target for genetic
manipulation, allowing for isolation and expansion of
genetically identical clones, post-mitotic neurons can
also be modified using a variety of techniques that are
well-described in primary neuron cultures™’”. Genetic
manipulations have been used for a variety of studies.
For example, exogenous expression of developmentally
regulated transcription factors has been used to explicate
the genetic regulators that influence neuronal patterning
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and neuron subtype specification™”'’?!, In addition
to influencing cell type or development, functionality
can be added to SCNs by the expression of transgenic
proteins. These functional modifications enable a
particular readout, such as fluorescent reporters of
gene expression, synaptic assembly, synaptic activity, or
metabolic function”””"*>*”*), Recent advances that provide
control over neuron activity via biologically orthogonal
inducers, such as biophotonic or chemogenetic approa-
ches, make it possible to measure and control synaptic
activity in networked neuron cultures!’®'””), For example,
expression of channelrhodopsin under the control of a
dopaminergic promoter allows for the light-activated
stimulation of grafted dopaminergic neurons'®. The
effects of these controlled stimuli on in vitro network
behavior could be measured by whole-cell patch clamp
or in MEAs, providing an indirect electrophysiological
measure of the function of metabotropic synapses.
Genetic manipulation may also be used to improve the
therapeutic potential of SCNs. Targets include repairing
the mutated huntingtin protein in models of Huntington’s
disease!’®'”! or expressing factors enhancing neuron
growth and repair in implanted SCNs™**'*", Despite the
utility of genetic modulation of stem cells, care must be
taken in characterizing the resultant lines. For example,
genetic modifications may alter differentiation outcomes,
potentially producing cells that are morphologically
and structurally neuronal, but lack intrinsic or synaptic
electrophysiological characteristics!*®*”. Although below
we will focus on applications that are not dependent on
genetic modification, it is important to remember that
in most applications the incorporation of genetically
modified SCNs would complement basic and clinical
studies.

Study of disease mechanisms in personalized SCN
models

The in vitro analysis of i-neurons produced from patient-
derived iPSCs is expected to be one of the early successes
of personalized medicine. Autologous SCN models are
already in use for applications such as population-wide
phenotypic comparisons and drug screening studies!'®*,
Shortly after protocols became widespread to generate
iPSCs, laboratories rushed to establish cell banks of
iPSCs derived from patients with a wide variety of
neurodevelopmental and neurodegenerative disorders,
with the goal of developing diagnostics and assessing
treatment efficacies in vitro!*®****, This approach has the
distinct advantage of studying the phenotypic disease in
the native genetic environment and avoiding confounds
that may influence disorder penetrance and prognosis.
One example of a disease-specific approach is i-neurons
derived from a patient with Dravet syndrome epilepsy,
which is caused by a single protein mutation in the
Nav1l.1 sodium channel. Dravet SCNs exhibited altered
excitability, with reductions in evoked AP amplitude and
probability of firing!®”). Autologous iPSCs also facilitate
the study of neuropsychiatric diseases with complex
polygenic or unknown genetic origins, something
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difficult or impossible by the rational introduction of
mutations!'®¥, For example, i-neurons derived from
schizophrenia (SZ) patients have fewer post-synaptic
markers and less neurite growth than controls, despite
similar intrinsic electrophysiological profiles™®. When
maintained in an immature NPC-like state, SZ cells were
also found to have abnormal cytoskeletal development,
increased oxidative stress, and aberrant migration,
indicative of developmental abnormalities!*™, These
discoveries would have been considerably more difficult
without access to a developmental SCN model.

Many neurodegenerative disorders originate from
multiple genetic loci, including Alzheimer’s disease,
Parkinson'’s disease and other dementias''®"). They often
exhibit variable penetrance, which is further compounded
by a lifetime of unknown environmental interactions.
Patient-derived iPSCs offer the potential to study the
effects of complex and subtle genetic contributions to
these variable disease phenotypes by replicating the
genomic context from which the disease is expressed. In
some cases, disorders have displayed relatively consistent
pathophysiologies in SCN models, enabling high resolution
characterization of the disease pathophysiology. For
example, i-neurons derived from Parkinson’s disease
patients from diverse genetic backgrounds exhibit
initial morphological characteristics of synaptogenesis,
but subsequently degenerate in vitro, accumulating
a-synuclein and other toxic intermediariest®****!, Other
disorders have shown inconsistent pathophysiology in
vitro, including iPSCs derived from Huntington’s disease
patients™*****! and multiple sclerosis patients'*®!, However,
while sometimes confounding, this inconsistent pathology
may also contribute to an improved understanding of
disease mechanisms. For example, iPSC-derived motor
neurons from a subset of amyotrophic lateral sclerosis
(ALS) patients exhibit pathophysiological characteristics,
while others ALS patient-derived motor neurons appear
normal®'**¥ Derived ALS motor neurons cocultured
with astrocytes have suggested that some ALS neuro-
pathology is due to aberrant glial function®***?, Together,
these studies suggest that ALS may originate from the
interactions of multiple cell types and genetic loci, with
potentially tissue-specific diagnoses and treatment
requirements.

Two potential caveats to the general appeal of iPSCs
for disease modeling are the possibility of selecting a
non-representative line during reprogramming and
increased risk of genomic changes during maintenance of
reprogrammed iPSCs. For example, cultured iPSCs have
been found to exhibit increased copy number variation,
which is associated with a wide range of neuropsychiatric
diseases®®. Unfortunately, while a variety of assays
have been used to characterize the phenotype of
neuropsychiatric i-neuron models, few have emphasized
differences in synaptic and network activity, in large part
because reproducible protocols to generate synaptically
active i-neurons are not widely available. In fact, recent
reviews have noted that functional assays, such as
calcium imaging or electrophysiology are infrequently
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performed compared to gene expression studies*. This
lack of rigor in characterizing SCN models may further
contribute to discrepancies in translational interpretation.
While i-neurons are not likely to be viable models for all
neuropsychiatric diseases, particularly those that rely on
multi-tissue interactions, the pathophysiological relevance
of patient-specific SCN models has extraordinary
potential to explicate complex disease mechanisms.

Neuro-reparative studies

Unlike the comparatively robust reparative mechanisms
of the peripheral nervous system, intrinsic regenerative
processes in the CNS do not appear to be capable of
repairing damaged nervous tissue and restoring normal
brain function in cases of severe or large-scale neural
disease or injury™*. Consequently, clinical management
of traumatic brain injury or degenerative neurological
diseases is predominantly limited to supportive or
palliative care. One of the most promising treatment
strategies for regeneration of neural function is targeted
cell replacement (TCR), in which exogenously derived
cells are administered to the CNS to ameliorate the
disease or injury process, protect from further decline of
function and possibly facilitate repair of lost capacity. In
one aspect of TCR, in vitro-derived neural cells of defined
maturity and fate are delivered to specific CNS locations,
where in theory they will appropriately integrate into
existing circuits. This approach is complicated by several
factors, including the intricate and poorly understood
physiology of the nervous system; the fact that ontogenic
processes such as axonal pathfinding and circuit
formation may not be appropriately recapitulated in
adult brains; and the difficulty in specifying the character
of the grafted cells. Nonetheless, in preliminary studies
centrally administered SCNs have exhibited potential as
a regenerative CNS therapy. Administration of human
NSCs, such as the NSI-566RSC line, have proven safe
and effective in animal models of ALS, spinal cord injury,
and ischemia®®!, and are currently undergoing clinical
trials'®!, These NSCs appear to form functioning neurons
that integrate into existing neuronal networks in vivo™".
Studies using more mature dopaminergic neurons
derived from fetal NSCs have also found that long-
term integration and transplanted neurons conferred
resistance to PD in mouse models®®®,

TCR has been made more technically feasible by
the recent development of autologous iPSCs, which are
less likely to evoke undesired immune responses. The
development of autologous SCN-based TCR therapies
would be immensely valuable for traumatic CNS injury as
well as for neurodegenerative diseases such as Parkinson’
s disease and ALS. However, despite the promise of SCN
therapies, early studies suggest that implantation of stem
cells and stem cell-derived tissue suffers from several
complications, most notably cell survival and functional
integration into target circuits®®*'%, For example,
inappropriately integrated cells may disrupt existing
circuits while cell death may trigger counterproductive
inflammatory responses that further degrade central
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function®"*"?, More severe complications may arise

if mitotically active donor cells proliferate to form non-
neuronal, neoplastic tissues®**! or otherwise damage
the engraftment site, provoking responses that impair
the function of implants over time™®'****). Despite these
complications, SCN therapies have transformative
potential now, and as protocols are established for
improved graft survival and integration with reduced
adverse host responses, such therapeutic modalities will
be realized.

In vitro neurotoxicology
One of the most attractive uses of SCNs is as a
scalable, relevant cell model of neuronal responses
in pharmacological and toxicological testing™'®. For
example, the physiological relevance imparted by SCNs
for in vitro toxicology is anticipated to significantly reduce
dependence on the use of animals to detect, diagnose
or study lethal toxins, such as with the mouse lethality
assay, or to conduct initial efficacy testing of candidate
therapeutics”**®!, Neuron-like immortalized cell lines,
such as neuroblastomas and pheochromocytomas,
have historically been used in in vitro toxicity studies
and countermeasure screening protocols for the Tier
1 select agents collectively known as botulinum toxins
(BoNTs)??**??], However, as described above, these cell
lines have poor neurogenic competence and thus are not
suitable to study neurotoxic substances whose modes
of action are mediated by neurotypic behaviors, act in
specific neuronal compartments or are evidenced through
altered neurotransmission?”?**, The various BoNT
serotypes are good examples of neuron specific agents,
as they are internalized at the pre-synaptic compartment
and then specifically target and cleave SNARE proteins
responsible for neurotransmitter release®®, In the
absence of a functioning pre-synaptic compartment, it
is doubtful that non-neuronal models faithfully reflect
the biochemistry and host interactions involved in
intoxication. In contrast, mouse e-neurons differentiated
into a synaptically active population of glutamatergic and
GABAergic neurons with emergent network behavior
undergo synaptic blockade within hours after intoxication
with femtomolar concentrations of botulinum neurotoxins
serotype A®?**??] This represents the first in vitro-
derived, cell-based model to manifest the functional
pathophysiology responsible for the clinical symptoms
of botulism, enabling novel in vitro studies on host:
toxin interactions. This e-neuron model has also been
shown to be highly sensitive to other neurotoxins, such
as glutamate and latrotoxin, with mechanisms of injury,
toxin sensitivities and cellular responses that are identical
to those of primary neurons®. Similar glutamate
excitotoxicity has been demonstrated in human e-neurons
and i-neurons®®., As these models are shown to be
increasingly relevant neurotoxicological models, they are
anticipated to rapidly become the primary approach for
target discovery, drug screening and detection/diagnosis
of neurotoxins and neurotoxic effects.

Another valuable application of SCNs in neurotoxin
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studies is the modeling of developmental neurotoxicity.
While primary neuron cultures may not recapitulate
developmental vulnerabilities that occur during early
stages of differentiation, SCNs are well-suited for studying
specific mechanisms of early developmental toxicity,
such as the effects of reactive oxygen production and
alterations to specific cell signaling pathways during
early stages of neurogenesis®*****, SCNs can also be
used to evaluate toxicant-induced changes to relative
neurogenic and gliogenic outcomes during neural diffe-
rentiation, as well as to test for persistent changes in
synaptic function, such as the chronic functional deficits
resulting from developmental exposure to ethanol*****),
Taking advantage of the scalability of SCN models and
high throughput detection platforms such as MEAs or
calcium imaging, multiple neurotoxic compounds can be
screened and compared in SCN systems over multiple
stages of development to assess vulnerable stages and
mechanisms****®], In addition, the use of MEAs facilitates
high-throughput monitoring of the development and
interruption of network activity”>’***¥, Finally by combin-
ing scalability with transgene expression, moderate-
to-high throughput assays can be developed to rapidly
assess the efficacy of candidate therapeutics on injury or
disease at various stages of neurogenesis.

Histogenic models: A step beyond networks
Relevance is a key goal of neuronal models. In addition to
functional relevance of neuronal monolayers, a relevant
histotypic model can be generated by simultaneously
producing or combining multiple nervous tissue types
in two- or three-dimensional cultures. Depending on
the differentiation protocol, multiple neural types,
including glia and oligodendrocytes, can be produced
simultaneously with neurons™’**, Multiple neuronal
subtypes are generated in many SCN differentiation
protocols™'1%742% The introduction of physicobiological
techniques to differentiation methods may further enable
the defined production of diverse neural cell types, such
as the three-dimensional culture of neocortical-like
organoids”***! and use of chemical or physical micro-
patterning of plates, including microfluidics?®*”2,
Histogenic neuronal models are anticipated to
produce more complex neuronal circuits by facilitating
synaptic interactions among multiple neuron types. For
instance, complex retinal tissue has been generated from
iPSCs**%% including the formation of three-dimensional
superstructures that facilitate the development of
photoreceptor cells, multiple neuron types and other cells
in the retina. The cells themselves respond to incident
light with electrochemical and biochemical responses that
are similar to those produced in vivo. Further elaboration
of this retinal model would require optic nerve tissue as
well as visual cortex tissue to more comprehensively
model the circuits involved in sight. It may be that in
producing SCN models with multiple active neuronal and
glial types, researchers have incidentally begun to form
specific regional patterning and developmental forms of
neuroectodermal tissue that essentially produce many
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of the outcomes of a histogenic model. For example,
the rosettes formed during neurogenesis in vitro may
be patterned similar to neural tubes or cortical plates in
vivo®”", Similarly, three-dimensional cultures of some
ESCs allow for the formation of stratified structures
similar to fetal cortex!®?, and even recapitulates the
folding of neuroepithelium!®*3, The functional generation
of complex tissues such as retina and multi-layered
cortex and neuroepithelium solely from stem cells
suggests that generation of other complex CNS tissues
may soon be feasible.

CONCLUSION

With available stem cell derivation and SCN differentiation
techniques growing rapidly, researchers must be able to
critically analyze and compare these models to in vivo
neurons and circuits. Many SCN models, particularly
those derived from human origins, still require optimized
protocols to reproducibly generate synaptically active
neurons. It may be a challenge for some researchers
to functionally validate SCN models, but validation is
essential for physiological relevance and to increase
the translatability of findings regarding neurological
development, function and dysfunction. It is encouraging
to see newer research in the literature recognizing that
functional endpoints, such as the establishment of a
neuronal network, are highly sensitive and powerful tools.
This review presents some variations in the approaches
used to establish synaptic and network activity, but for
now it should be apparent to those pursuing electro-
physiological approaches that post-synaptic activity must
be measured alongside intrinsic characteristics, followed
by assays for networked activity. It is hoped that as
techniques improve, the means of proving functional
synaptogenesis and networked activity in SCNs will also
expand. With expanding collections of validated models
available, researchers will have excellent options for both
basic neuroscience and therapeutic applications.
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