
Vol:.(1234567890)

Neurochemical Research (2019) 44:714–725
https://doi.org/10.1007/s11064-018-2694-5

1 3

ORIGINAL PAPER

Scalable Measurements of Intrinsic Excitability in Human iPS Cell-
Derived Excitatory Neurons Using All-Optical Electrophysiology

Luis A. Williams1 · Vaibhav Joshi1 · Michael Murphy1 · John Ferrante1 · Christopher A. Werley1 · 
Theodore Brookings1 · Owen McManus1 · Johannes Grosse2 · Ceri H. Davies3 · Graham T. Dempsey1

Received: 2 May 2018 / Revised: 2 December 2018 / Accepted: 4 December 2018 / Published online: 2 January 2019 
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract
Induced pluripotent stem (iPS) cells offer the exciting opportunity for modeling neurological disorders in vitro in the context 
of a human genetic background. While significant progress has been made in advancing the use of iPS cell-based disease 
models, there remains an unmet need to characterize the electrophysiological profile of individual neurons with sufficient 
throughput to enable statistically robust assessment of disease phenotypes and pharmacological modulation. Here, we 
describe the Optopatch platform technology that utilizes optogenetics to both stimulate and record action potentials (APs) 
from human iPS cell-derived excitatory neurons with similar information content to manual patch clamp electrophysiol-
ogy, but with ~  3 orders of magnitude greater throughput. Cortical excitatory neurons were produced using the NGN2 
transcriptional programming approach and cultured in the presence of rodent glial cells. Characterization of the neuronal 
preparations using immunocytochemistry and qRT-PCR assays reveals an enrichment of neuronal and glutamatergic markers 
as well as select ion channels. We demonstrate the scale of our intrinsic cellular excitability assay using pharmacological 
assessment with select ion channel modulators quinidine and retigabine, by measuring changes in both spike timing and 
waveform properties. The Optopatch platform in human iPS cell-derived cortical excitatory neurons has the potential for 
detailed phenotype and pharmacology evaluation, which can serve as the basis of cellular disease model exploration for drug 
discovery and phenotypic screening efforts.
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Introduction

The impressive progress of neuroscience research over 
recent decades has not yet translated to improved treatments 
for patients with neurological diseases. The discrepancy 
between the massive private and academic investments in 

drug discovery for neurological and psychiatric diseases and 
the small and still declining number of novel drug approvals 
is a clear indicator of challenges faced by the field [1–3]. 
These challenges exist at all phases of drug discovery, from 
target validation and hypothesis generation via pre-clinical 
and genetic models through the design of clinical trials, use 
of biomarkers, and implementation of regulatory processes. 
The scale of the problem has resulted in adaptation of fund-
ing and regulatory policies as well as a reappraisal of disease 
concepts and their application to pre-clinical and clinical 
drug discovery [4–6].

The slow progress in neuroscience drug discovery has 
been attributed to several key challenges. First, there remains 
a lack of robust human model systems that translate to pri-
mary therapeutic endpoints. While there are many neuro-
physiological pathways that are well conserved in species 
used in pre-clinical tests [7, 8], these models have been his-
torically poor predictors of efficacy in humans [9]. The use 
of animal models in drug discovery have led to a number 
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of clinical disappointments, in part due to a lack of strong 
validation of the animal model, which can lead to misinfor-
mation regarding efficacy of candidate therapies [10].

A second challenge in neuroscience drug discovery is 
creating causal connection between human genetics and 
clinical phenotypes. Some neurological disorders, such 
as epilepsy, now have clear links between specific genes 
and rare disease indications [11]. Other disorders are less 
clear. For example, in psychiatry, disease entities have been 
deconstructed to identify underlying neurophysiological 
abnormalities to stratify patients [12]. Human genetic data 
have been proposed for patient stratification as well as for 
demonstrating the relevance of molecular targets [13, 14]. 
Supported by the National Institute of Health’s Research 
Domain Criteria initiative, researchers have identified a large 
overlap of genetic risk factors between psychiatric diseases 
including schizophrenia, major depression and bipolar disor-
ders, which points towards common underlying mechanisms 
such as histone methylation, innate immunity and synaptic 
signaling [15, 16]. However, it is very difficult to associ-
ate particular mutations with well-defined clinical pheno-
types. Similarly, for autism spectrum disorders where there 
is large phenotypic heterogeneity, the reductionist approach 
of robustly matching genetic risk factors with neuropsychi-
atric endophenotypes has not been straightforward. Patient 
stratification for phenotypically defined subgroups has not 
resulted in a reduced complexity of the genetic risk factors 
[17]. This issue highlights that clinical phenotypes are too 
complex to be predicted by individual genetic risk factors.

In a similar reductionist approach, current drug discovery 
programs are often geared towards modulation of a single 
drug target ignoring the fact that most clinically used CNS 
compounds act on several targets. Even where the indica-
tion can be clearly linked to a specific gene, as in epilepsy, 
it has been challenging to bring new therapies to market. 
Accepting the complexity of neurological diseases and their 
underlying risk factors, environmental as well as genetic, 
implies the necessity of introducing models bridging the gap 
between cellular processes on one hand and endophenotypes 
in animals or humans on the other.

Human induced pluripotent stem (iPS) cell-based models 
of disease have become a potentially powerful approach to 
modeling neurological disorders such as epilepsy [18], bipolar 
disorder [19] and ALS [20] in the context of a human genetic 
background. Human iPS cell-based technology makes it pos-
sible to compare the phenotype of differentiated neurons 
obtained from healthy individuals and disease patients and to 
correlate in vitro findings with clinical drug responses [21]. 
The characterization of patient iPS cell-derived neuronal cul-
tures is bound to provide insights into the relationship between 
altered network features and diseases or behavioral domains 
[22, 23]. Furthermore, iPS cells are amenable to the use of 
CRISPR/Cas9 gene editing tools to make isogenic cellular 

models [24]. These models enable the phenotypic impact of 
gene mutations to be tested in a controlled genetic background, 
removing potential sources of variability between individual 
patient cell lines [25]. As such, stem cell technology is poised 
to make a major impact in neuroscience drug discovery [26].

To fully leverage human iPS cell-based neuronal models for 
drug screening requires measurement tools capable of assaying 
neuronal activity at scale. Such tools can be used for building 
phenotypic assays, which have long played an important role 
in drug discovery when a clear druggable target does not yet 
exist [27–29]. Many of the mechanisms underlying intrinsic 
spiking of individual neurons and synaptic communication 
between cells, the two primary modes of activity of the brain, 
have been studied by manual patch clamp whose throughput 
is too low for drug screening, but whose exquisite information 
content is powerful for exploring single-cell electrophysiol-
ogy. Multi-electrode arrays (MEAs) offer higher throughput 
for measuring emergent network properties of neuronal cul-
tures, but lack single-cell precision. Thus, there remains a need 
for high-throughput assays of single-cell electrophysiology, 
which is met by the Optopatch platform described here. Char-
acterizing neuronal networks by massive parallel recording of 
neuronal activity has the potential to assess the utility of phar-
macologically active compounds to modulate neurophysiologi-
cal network behavior and to rescue disease phenotypes [30].

The abovementioned issues underscore the need for novel 
human cellular models and tools to rapidly study the relevant, 
complex electrical and synaptic behavior and neuronal pheno-
types. In the studies presented here we explore the potential 
of an all-optical electrophysiological platform to capture the 
diversity of individual cellular activity patterns and responses 
to pharmacological interventions in human iPS cell-derived 
cortical excitatory neurons. Using optogenetics to both stimu-
late and record action potentials enabled the rapid recording of 
the electrical activity of 1000s of individual neurons and their 
pharmacological responses. By profiling established com-
pounds and comparing their profiles to novel drug candidates, 
the complexity of neurological diseases with complex genet-
ics can potentially be broken down without relying entirely 
on a reductionist model of a one-to-one relationship between 
genes and endophenotypes [31]. Furthermore, by providing 
improved scalable in vitro models of nervous system function 
and human pharmacology, novel iPS cell-based Optopatch 
assays can potentially pave the way to increased success in 
therapeutic discovery.



716	 Neurochemical Research (2019) 44:714–725

1 3

Materials and Methods

Human iPS Cell Culture and Production of iPS 
Cell‑Derived NGN2 Excitatory Neurons

Control iPS cell lines “11a” and “20b” [32] were main-
tained in culture using mTeSR1™ medium (STEMCELL 
Technologies™) and Matrigel™ (Corning) coating 
according to manufacturers’ protocols. iPS cell lines were 
differentiated into NGN2 excitatory neurons using a tran-
scriptional programming approach [33], whereby iPS cell 
lines were initially modified via lentiviral delivery of a 
construct expressing the reverse tetracycline transactiva-
tor (rtTA) and a tetracycline-responsive (TetOp) construct 
driving the expression of the pro-neuronal transcription 
factor NGN2 and a puromycin resistant enzyme. Geneti-
cally modified iPS cell lines were expanded in mTeSR1™ 
medium for 3–5 passages prior to induction of NGN2. 
For neuronal production, iPS cells were dissociated with 
Accutase™ according to manufacturer’s recommenda-
tions and plated at a density of 300,000 cells/cm2 using 
mTeSR1™ medium supplemented with 10  µM Rock 
Inhibitor (Sigma) and 2 µg/mL doxycycline (Sigma) to 
initiate NGN2 overexpression. Differentiating cells were 
subsequently maintained for 3  days in 1:1 DMEM/F-
12:Neurobasal Medium (ThermoFisher Scientific) sup-
plemented with 1 × GlutaMAX, 1 × non-essential amino 
acids, 1 × N2 (Gibco), 1 × B-27, 2 µg/mL doxycycline 
(Sigma) and 2 µg/mL puromycin. This process resulted 
in a pure population of neurons that were dissociated 
with Accutase™ and plated at 80,000 cells/cm2 onto 
poly-d-lysine/laminin pre-coated single-well (MatTek™) 
or 8-well (Ibidi) dishes for prolonged culture. Neuronal 
cultures were maintained until DIV18 in Neurobasal A 
Medium supplemented with 1 × GlutaMAX, 1 × non-
essential amino acids, 1 × N2 (Gibco), 1 × B-27, 10 ng/mL 
BDNF (R&D) and 10 ng/mL GDNF (R&D). Three days 
after plating, neuronal cultures were supplemented with 
40,000 cells/cm2 of primary mouse glial cells, prepared 
as previously described [34]. One week prior to Opto-
patch measurements, neuronal cultures were switched to 
BrainPhys™ Neuronal medium (STEMCELL Technolo-
gies) supplemented with 1 × N2-A, 1 × SM1 (STEMCELL 
Technologies), 10 ng/mL BDNF (R&D) and 10 ng/mL 
GDNF (R&D).

Transduction of NGN2 Neurons with Optopatch 
Components

Lentiviral particles encoding Optopatch components 
CheRiff and QuasAr were produced in 293T cells as 

previously described [35]. Neuronal cultures were trans-
duced on DIV10 with CheRiff-mOrange2 and QuasAr3-
Citrine constructs driven by the CAMK2A promoter to 
target expression of the Optopatch components to mature 
excitatory neurons. QuasAr3-Citrine is a variant of Qua-
sAr2 [36] which incorporates multiple Kir2.1 trafficking 
sequences and a lysine (putative ubiquitination site) to 
arginine substitution at position 171, resulting in improved 
expression and trafficking [37]. Transduction of neuronal 
cultures was carried out as described before [35], with 
washing of the virus by 2 × medium exchanges 16–24 h 
after treatment (DIV11). Neuronal cultures were main-
tained until DIV25, when neurons were recorded using 
Optopatch imaging.

Immunocytochemistry and Quantitative Reverse 
Transcriptase Polymerase Chain Reaction (qRT‑PCR) 
Characterization of NGN2 Neurons

For immunocytochemistry (ICC), neuronal cultures were 
fixed using cold 4% paraformaldehyde for 20 min and per-
meabilized with 0.2% Triton X-100. Dishes were blocked 
with 10% donkey serum in 0.1% PBS-Tween, incubated 
with primary antibodies overnight at 4 °C. After five washes 
with 0.1% PBS-Tween, dishes were treated with secondary 
(Alexa®-conjugated) antibodies for 1 h at room tempera-
ture. Cell nuclei (DNA) were stained with Hoechst® 33342. 
Primary antibodies used in this study were human nuclear-
specific antibody (Millipore; MAB1281, 1:1000), mature 
pan-neuronal marker MAP2 (Abcam; ab5392, 1:3000) and 
GABA (Sigma; A2052, 1:1000). For ICC quantification 
of relevant markers, we used an epifluorescence micro-
scope (ZEISS Axio Observer.A1) to acquire images with a 
20 × objective lens from at least 4 fields of view per neuronal 
culture sample and two independent rounds of neuronal pro-
duction. Images were contrasted and pseudo-colored using 
Adobe Photoshop. No statistical comparisons were con-
ducted between the results obtained for the two different 
genotypes of neurons assayed.

For qRT-PCR, neuronal cultures were treated with Tri-
Zol Reagent (ThermoFisher Scientific) on DIV25. Total 
RNA was obtained from TriZol-preserved samples using 
manufacturer’s protocol. RNA concentration and quality 
were determined using a NanoDrop. cDNA samples were 
prepared using 100 ng of RNA per sample and the iScript 
cDNA Synthesis Kit (BioRad®). cDNA was diluted 1:5 
and gene targets were amplified using IDT® pre-designed 
human-specific primers and the iTaq SYBR® Green system 
(BioRad®) on the CFX96 Touch™ platform. Quantitation 
cycle (Cq) values, (a cycle in which fluorescence can be 
detected above background) were calculated for each tar-
get gene. Values obtained for iPS cell lines were used as 
reference.
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Optopatch Imaging and Analysis

Prior to Optopatch imaging, cultured neurons in either 
single-well or 8-well format were aspirated to remove cul-
ture media. Cells were then rinsed with 1 mL of imaging 
buffer consisting of: 125 mM NaCl, 3 mM KCl, 3 mM 
CaCl2, 1 mM MgCl2, 10 mM HEPES, 30 mM glucose and 
synaptic blockers (10 µM NBQX, 25 µM D-AP5, 20 µM 
Gabazine to block AMPA, NMDA and GABA currents, 
respectively). Cells were aspirated again before addition of 
1 mL of the imaging buffer and kept at room temperature for 
15 min prior to imaging. The imaging buffer was chosen to 
reduce background autofluorescence and to maintain stable 
physiological conditions at ambient CO2. The presence of 
synaptic blockers enables measurement of cell-autonomous 
spontaneous and evoked neuronal activity.

For pharmacological characterization, compound solu-
tions were prepared fresh daily from DMSO stock solutions. 
Cells were aspirated and then incubated in imaging buffer 
in the presence of compound at the indicated concentration 
for 15 min prior to imaging. The final DMSO concentration 
was limited to 0.2% V/V at the highest compound concen-
trations tested.

Optopatch imaging was performed on a custom built, 
ultra-widefield fluorescence microscope described pre-
viously [35, 38]. Briefly, samples were illuminated with 
1) ~ 100 W/cm2 635 nm laser excitation (Dilas) to monitor 
changes in membrane potential through changes in QuasAr 
fluorescence and 2) variable blue light intensity (0–110 mW/
cm2, 470 nm LED, Luminus) to depolarize the neuronal 
membrane through CheRiff. Custom blue light stimulus 
protocols were used to probe different facets of the elec-
trophysiological response, as described in the text. Imag-
ing data were recorded on a Hamamatsu ORCA-Flash 4.0 
sCMOS camera across a 4 mm × 0.5 mm field of view at 
a 1 kHz frame rate. Data acquisition was performed using 
custom control software written in MATLAB.

The Optopatch data analysis pipeline, written primarily 
in MATLAB, has been described elsewhere [35]. Briefly, 
Optopatch movies were first segmented using temporal prin-
ciple component analysis (PCA) followed by spatial–tempo-
ral independent component analysis (ICA) to identify indi-
vidual neurons. Fluorescence-time traces were extracted for 
each putative neuron, and selection criteria were used to 
reject sources where the signal-to-noise ratio was too low 
(e.g. SNR < 3) or where the cell size was too small (e.g. 
diameter < 10 µm). A custom spike-finding algorithm then 
identified action potentials and calculated their shape and 
timing properties, as described previously [35]. For action 
potential shape properties, the width, rise time and after-
hyperpolarization were computed as follows: action poten-
tial width was measured at 80% below the action potential 
peak towards the onset (spike onset is defined as the point 

of maximum 2nd derivative before the spike peak); spike 
rise time is measured as the time between spike onset and 
spike peak; and spike after-hyperpolarization was assessed 
as the maximal extent of the trace below onset after a spike, 
expressed as a fraction of spike height. Spike frequency is 
computed simply as the number of spikes detected during 
the stimulation pulse of fixed duration (500 ms) [35]. Statis-
tical significance/p-values were determined using the Kol-
mogorov–Smirnov statistic with a custom MATLAB routine 
[35]. Briefly, the degree of difference between two groups, 
in this case two populations of neurons treated with two 
different concentrations of pharmacological compound, is 
measured using the Kolmogorov–Smirnov (KS) statistic. 
p-values are calculated using a permutation test, where a 
null distribution is built by iteratively computing KS statis-
tics for data with scrambled labels and comparing the KS 
statistic for the real data to this null distribution. At least 
1000 permutations are measured for the permutation test, 
and corrections are made for multiple comparisons before 
reporting [35]. In the figures, “*”, “**” or “***” denote p 
values of p < 0.05, p < 0.01 and p < 0.001, respectively; with 
all reported error bars indicating standard error of the mean.

Results

To characterize the intrinsic excitability activity of human 
iPS cell-derived excitatory neurons with the Optopatch plat-
form (Fig. 1), we used two iPS cell lines, “11a” and “20b”. 
These two iPS cell lines were derived from two neurologi-
cally healthy male subjects [32]. Characterization of these 
two cell lines, including their differentiation into CNS neu-
rons has been described previously [32]. 11a and 20b iPS 
cells were converted into excitatory neurons using a tran-
scriptional programming approach whereby the pro-neu-
ronal transcription factor NEUROGENIN2 (NGN2) is over-
expressed using doxycycline responsive lentiviral constructs 
(Fig. 1). This process drives the rapid conversion of iPS 
cells into neurons that resemble cortical excitatory neurons 
[33]. Co-culture with primary rodent glia facilitates neu-
ronal electrophysiological maturation. To enable Optopatch 
measurements, we transduced the neuronal cultures (DIV10) 
with lentiviral constructs expressing Optopatch components 
driven by the neuronal excitatory promoter CAMK2A and 
recorded from the cells 2 weeks later (Fig. 1). At the time of 
Optopatch measurements, the NGN2 excitatory neuron and 
glial co-cultures were morphologically homogeneous and 
electrophysiologically active, yielding highly stereotyped 
and reproducible data across cells, dishes, differentiation 
rounds and cell lines.

To confirm effective conversion of iPS cells from both 
genetic backgrounds into excitatory neurons, we used immu-
nocytochemistry (ICC) to characterize the iPS cell-derived 
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neuronal preparations at the time of electrophysiological 
measurements (DIV25). To determine neuronal production 
efficiency, cultures were immunostained using antibodies 
against a human-specific nuclear antigen (hNuclei) and 
the mature pan-neuronal cytoskeletal protein microtubule-
associated protein 2 (MAP2) (Fig. 2a). We then estimated 
the percentage of human differentiated cells in the cultures 
corresponding to neurons by calculating percentage of 
MAP2 + cells over hNuclei + cells. Large nuclei not stained 
with the hNuclei immunoreagent (Fig.  2a) correspond 
to nuclei of murine glial cells used as a supportive mon-
olayer. We found that > 94% of human differentiated cells 
expressed the MAP2 protein, which showed the expected 
localization in proximal neurites (Fig. 2a, b), indicating 
successful neuronal production. We also used an antibody 
against the inhibitory neurotransmitter GABA to determine 
the fraction of GABAergic neurons in the cultures at the 
time of Optopatch measurements. Consistent with previous 
studies reporting enrichment for excitatory neurons when 
using an NGN2-mediated programming approach [33, 39], 
we found that only < 4% of human differentiated neurons 
(MAP2 + cells) in the NGN2 neuronal/mouse glia co-cul-
tures showed strong immunoreactivity to the GABA anti-
body (Fig. 2c, d).

To further characterize the neuronal preparations at the 
time of Optopatch measurements, we obtained total RNA 

and subsequently synthesized cDNA from the human dif-
ferentiated neuronal and mouse glia co-cultures. We then 
carried out qPCR assays to determine relative transcript 
abundance for a subset of pan-neuronal and neuronal type 
specific genes using primers selectively targeting the human 
transcripts. We calculated the quantitation Cycle (Cq) val-
ues for these genes, whereby low Cq values indicate ini-
tial enrichment of the specific target transcript molecules. 
Figure 2e shows a heat map of mean Cq values for eight 
cell-type specific genes and two housekeeping genes (ACTB 
and GAPDH). qRT-PCR assays showed that most cell-type 
specific genes are detected in the predicted pattern of enrich-
ment. We observed significant enrichment of the pluripo-
tency gene NANOG in iPS cells and of the pan-neuronal 
and excitatory genes MAP2, SYN1, CAMK2A, SLC17A7 
(vGLUT1) in the NGN2 neuronal culture samples. As a con-
trol sample for a different human iPS cell-derived neuronal 
type, we generated cDNA from 20b human differentiated 
neurons produced using a small molecule-based directed 
differentiation approach enriching for cortical GABAer-
gic neurons [40]. Consistent with their predicted neuronal 
identity, Cq values for this inhibitory 20b sample suggest 
enrichment for gene transcripts encoding components of the 
GABA synthesis (GAD1 and GAD2) and vesicle transport 
(SLC32A1/vGAT) pathways (Fig. 2e). To help inform phar-
macological assessment of the neurons, we also carried out 

Fig. 1   Optopatch platform workflow in human induced pluripotent 
stem (iPS) cell-derived NGN2 excitatory neurons. NGN2 neurons 
are produced using a transcriptional programming approach. iPS cell 
lines are initially modified by transduction of a construct expressing 
the reverse tetracycline transactivator (rtTA) driven by the UBIQUI-
TIN (hUB) promoter and a tetracycline-responsive (TetOp) construct 
driving the expression of the pro-neuronal transcription factor NGN2 
and a Puromycin resistant enzyme. NGN2 expression (via doxycy-
cline) and puromycin selection for 3 days result in a pure population 
of NGN2 neurons, which are then plated onto single well or 8-well 

dishes for prolonged culture. NGN2 neurons are co-cultured with pri-
mary murine glia to promote neuronal maturation. Neurons are later 
transduced with lentiviral constructs encoding the Optopatch com-
ponents CheRiff-mOrange2 and QuasAr3-Citrine. After 25  days or 
more in culture, NGN2 electrophysiology can be measured using the 
Optopatch Firefly instrument. Downstream analyses of the Optopatch 
data include image segmentation to define neural sources, automated 
spike finding and extraction of spike shape and timing properties. 
(Color figure online)
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qPCR-based assessment of relative transcript abundance for 
a subset of genes encoding potential pharmacological tar-
gets. These targets included sodium and potassium channels, 
and hyperpolarization-activated and cyclic nucleotide-gated 

(HCN) channels. A heat map of average Cq values suggests 
that, except for KCNJ11, KCNA1, and CHRM1 with Cq > 34, 
most of the genes encoding the selected pharmacological 
targets were detected at low levels (Cq > 28) (Fig. 2f).

A B

C

E

F

D

Fig. 2   Characterization of iPS cell-derived NGN2 neurons using 
immunocytochemistry (ICC) and qRT-PCR. a Fluorescence images 
of NGN2 neurons from two control genetic background iPS cell lines 
‘20b’ and ‘11a’ immunostained for MAP2 (red), human nuclei (yel-
low) and DNA (blue). b Quantification of the ICC images shows 
that > 94% of human differentiated cells (hNuclei+) in the cultures 
express the pan-neuronal marker MAP2, indicating successful pro-
duction of neurons. c Fluorescence images of NGN2 neurons from 
control background 20b stained for GABA (green) in addition to 
MAP2 (red) and DNA (blue). Panels of the different markers are 
shown for the region highlighted by the dotted line. d Quantifica-

tion of the ICC images indicates that only < 4% of cells identified as 
neurons showed immunoreactivity against the GABA antibody, con-
sistent with the expected enrichment for excitatory neurons. e Heat 
map quantification of Cq values for select genes in iPS cell lines and 
differentiated neurons showing enrichment for selected pan-neuronal 
and excitatory transcripts in the neuronal cultures. f Heat map quanti-
fication of Cq values for select ion channel targets in both the starting 
iPS cell lines (11a and 20b) and the derived NGN2 neurons for each 
genetic background. Neurons were cultured to DIV25 in the presence 
of rodent astrocytes prior to characterization with qPCR. (Color fig-
ure online)
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All optical measurements of electrophysiology, Opto-
patch [35, 36], rely on the expression of the voltage actua-
tor CheRiff, which elicits action potentials upon blue-light 
stimulation, and the voltage reporter QuasAr, which gener-
ates near infrared fluorescence emission as result of changes 
in membrane potential (Fig. 3a). Each of these two com-
ponents is fused to a fluorescent protein used to monitor 
reporter expression levels and membrane trafficking [35, 36] 
(Fig. 3a, b). We routinely observed robust and neuronal-spe-
cific expression of fluorescent reporters mOrange2, fused to 
CheRiff, and Citrine, fused to QuasAr in the neuronal prepa-
rations at the time of Optopatch characterization (Fig. 3b).

As described previously [35], Optopatch measurements 
were carried out in a custom-built ultra-widefield fluo-
rescence microscope, the Firefly [38] (Fig. 1). Using this 
platform, we recorded the intrinsic excitability properties 
of 11a and 20b NGN2 neuronal cultures at DIV25 in the 
presence of synaptic blockers NBQX, D-AP5 and Gabazine 
to block AMPA, NMDA and GABA currents, respectively. 
A custom blue light stimulus protocol of three 500 ms blue 
light steps of increasing intensity (1, 15 and 75 mW/cm2) 
followed by two 2 s ramps of linearly increasing intensity 
(0.5–10 mW/cm2 and 0.5–110 mW/cm2) was used to elicit 
a range of activity from individual neurons (Fig. 3c). ~ 50 to 
100 neurons were simultaneously stimulated and recorded in 
a single field of view (see methods for analysis details). High 
signal-to-noise ratio (SNR) fluorescence-time traces were 
generated (Fig. 3c), and action potentials could be detected 
with high fidelity. Individual action potentials detected for 
each of the hundreds of neurons recorded with Optopatch are 
shown in a spike raster plot (Fig. 3d), where each row rep-
resents a single neuron, and each dot represents a detected 
spike. While individual neurons showed a diversity of spik-
ing behavior throughout the stimulus protocol, the average 
firing rate of the population (435 neurons for 11a and 393 
neurons for 20b) was remarkably similar for both cell lines 
(Fig. 3e). These data demonstrated the overall consistency of 
neuronal production between the two cell lines in generating 
electrophysiologically active cells with remarkably similar 
performance in our Optopatch assay.

We next tested the sensitivity of our excitability assay 
for detecting pharmacological modulation in NGN2 neurons 
using the well-characterized compound quinidine, which is 
reported to increase spike width and reduce spike activity 
[41]. Consistent with the anticipated effect, acute addition of 
quinidine to the NGN2 neurons resulted in dramatic changes 
to both the spike waveform and firing rate. These changes 
can be observed in the individual traces at 10 µM and 30 µM 
quinidine (Fig. 4a). By comparing the mean firing rate for 
neuronal cultures treated with different concentrations 
of quinidine with that of cultures treated with vehicle we 
detected a dramatic reduction in spike rate with increased 
blue light stimulus (Fig. 4b, c).

Lastly, we performed additional quantification of both the 
response to quinidine and retigabine in our Optopatch excit-
ability assay. Quinidine has been reported to block several 
voltage-, Na+ and Ca++ gated potassium channels (KNa1.1, 
KCa5.1, K2P16.1, Kv1.5, Kv1.7, Kv10.1, Kv10.2) [42] includ-
ing two-pore forming channels as well as voltage gated Na+ 
channels. The KCNT1 gene encoding KNa1.1 showed detect-
able expression levels in the NGN2 neurons compared to 
the starting iPS cell lines (Fig. 2f). The complex pharmaco-
logical activity of quinidine caused a concentration depend-
ent broadening of the spikes (Fig. 5a). The spike width 
(measured from the base of the action potential) increased 
from 8.0 ± 0.2 to 17.7 ± 0.6 ms (p < 0.001), the spike rise 
time (measured from start to peak of the action potential) 
increased from 4.6 ± 0.8 to 7.2 ± 0.2 ms (p < 0.001), the 
time to the maximum of the after hyperpolarization (AhP) 
depth increased from 16.6 ± 0.3 to 26.0 ± 0.6 ms (p < 0.001) 
and the magnitude of the AhP depth (measured from the 
baseline fluorescence before the action potential) decreased 
from 0.20 ± 0.01 to 0.12 ± 0.02 (normalized fluorescence; 
p < 0.001), all at the maximum concentration tested (30 µM). 
At higher stimulation intensities (15 and 75 mW/cm2), a 
concentration dependent reduction in the spike rate was also 
observed (Fig. 5a). At the highest concentration of quinidine 
(30 µM) and the peak intensity (75 mW/cm2), the spike fre-
quency reduced from 16.9 ± 0.6 to 6.6 ± 0.5 Hz (p < 0.001).

Retigabine is an activator of Kv7.2/3/4/5 potassium chan-
nels with efficacious concentrations in the low micromolar 
and nanomolar range (e.g. Kv7.3 EC50 6.31 × 10−7 M; Kv7.2 
2.5 × 10−6 M) [42]. Treatment of NGN2 neurons with reti-
gabine results in a deepening of the afterhyperpolarization 
(Fig. 5b) via enhanced M-currents which act as a brake on 
repetitive spiking and burst generation [43]. In line with this 
modulatory role of the M-currents we observed a concentra-
tion dependent reduction of the spike frequency at 15 and 
75 mW/cm2 stimulation intensities (Fig. 5b). At the highest 
concentration of retigabine (30 µM) and the peak intensity 
(75 mW/cm2), the spike frequency reduced from 16.9 ± 0.6 
to 8.2 ± 0.8 Hz (p < 0.001). We did observe subtle, but meas-
urable changes in several action potential shape parameters 
at the highest concentration: spike width decreased from 
8.0 ± 0.2 to 7.6 ± 0.2 ms, spike rise time decreased from 
4.6 ± 0.8 to 4.1 ± 0.1  ms, the time to the maximum of 
the after hyperpolarization (AhP) depth decreased from 
16.6 ± 0.3 to 15.1 ± 0.7 ms and the magnitude of the AhP 
depth increased from 0.20 ± 0.01 to 0.26 ± 0.03 (normalized 
fluorescence). The detectable expression levels of KCNQ2 
and KCNQ3 transcripts in NGN2 neurons (Fig. 2f) are con-
sistent with the strong pharmacological effect of retigabine. 
In total, our qPCR and Optopatch excitability assay results 
were consistent with the detection of pharmacological mod-
ulation from both quinidine and retigabine through ion chan-
nel targets expressed in the NGN2 neurons.
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Fig. 3   Overview of Optopatch excitability assay in NGN2 neurons. 
a Cartoon representation of Optopatch proteins CheRiff and QuasAr. 
CheRiff is a blue-light gated ion channel. Illumination of neurons 
expressing CheRiff with 470 nm blue light leads to an influx of ions 
and subsequent depolarization of the cellular membrane. QuasAr is 
a red-light excitable voltage sensor. Illumination of neurons express-
ing QuasAr with 635  nm red light enables fluorescent detection of 
changes in membrane potential. When co-expressed, these proteins 
enable all-optical electrophysiology for simultaneous stimulation and 
detection of single-cell electrical activity. b Phase contrast images 
of NGN2 neurons in culture. Fluorescence images are shown for the 
same neurons expressing Optopatch constructs under the CAMK2A 
promoter. mOrange2 and Citrine were used to detect CheRiff (red) 

and QuasAr (green) expression, respectively. c Representative Opto-
patch fluorescence traces of single spiking neurons derived from 
control iPS cell lines 11a (yellow) and 20b (purple). The stimulus 
protocol used to elicit action potentials is shown above the traces: 
three, 500 msec duration steps of 1, 15 and 75 mW/cm2, followed by 
two, 2 s duration ramps ranging from 0.5 to 10 mW/cm2 followed by 
0.5–110  mW/cm2. d Spike raster plot showing the identified spikes 
for each neuron in the set of recordings for each. Each row of the 
plot corresponds to one cell and each dot corresponds to an identi-
fied action potential. e Average firing rate calculated across the stim-
ulus protocol for each control cell line. ‘n’ indicates the number of 
single-cell neuronal recordings included in the statistics. (Color figure 
online)
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Discussion

Here, we have demonstrated a platform for production and 
electrophysiological characterization of NGN2 excitatory 
neurons derived from human induced pluripotent stem 
cells. The use of Optopatch technology enabled record-
ings of spike timing and shape properties from thousands 
of individual neurons with millisecond temporal resolution 
and single-cell spatial resolution. The electrophysiological 
responses of individual neurons showed a large degree of 
heterogeneity. However, by recording from hundreds of neu-
rons with single-cell precision, we were able to explore the 
diversity of firing patterns in a statistically robust format. 
Furthermore, the demonstrated throughput of single-cell 
recordings for pharmacological evaluation of human iPS 
cell-derived neurons was ~ 2000 cells per hour, ~ 1000-fold 
higher than manual patch clamp recordings. This throughput 
of single-cell recordings is unmatched to date.

Interestingly, the two control cell lines, 11a and 20b, 
showed remarkably similar average spiking behavior despite 
all the potential confounding sources of biological and 
experimental variability such as genetic background, repro-
gramming and clonal selection, differentiation and neuronal 
plating [44]. A unique advantage of the NGN2 differentia-
tion approach is the reduced time required for execution of 
neuronal production that enables a high degree of repro-
ducibility between different human iPS cell lines. This pro-
cess can be further industrialized by cryopreserving large 
batches of neurons for consistency during the execution of 
high-throughput assays. We believe these advantages will 
facilitate the use of these neuronal reagents as substrates for 
industrial drug screening campaigns with methods such as 
the Optopatch excitability assay presented here. Therefore, 
an understanding of the electrophysiological and pharma-
cological profile of these neurons is of high value toward 
these efforts.

Fig. 4   Pharmacological 
response of NGN2 neurons 
to quinidine. a Representa-
tive Optopatch fluorescence 
traces of single spiking neurons 
derived from control iPS 
cell line 11a in response to 
escalating concentrations of 
the compound quinidine, from 
0 µM (vehicle = 0.2% DMSO) 
to 30 µM. The stimulus protocol 
used to elicit action potentials is 
shown above the traces: three, 
500 ms duration steps of 1, 15 
and 75 mW/cm2, followed by 
two, 2 s duration ramps rang-
ing from 0.5 to 10 mW/cm2 
followed by 0.5–110 mW/cm2. 
b Spike raster plot showing the 
identified spikes for each neuron 
in the set of recordings. Each 
row of the plot corresponds to 
one cell and each dot corre-
sponds to an identified action 
potential. For each quinidine 
concentration, the cells are 
sorted by the timing of the 
first action potential in the first 
ramped stimulus. The gap fol-
lowing the first action potential 
highlights the initial spike rate. 
c Average firing rate calculated 
across the stimulus protocol for 
each concentration of quinidine. 
‘n’ indicates the number of 
single-cell neuronal recordings 
included in the statistics. (Color 
figure online)
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Using two well-characterized pharmacological agents, 
quinidine and retigabine, we detected dramatic changes to 
electrophysiological parameters using our all-optical electro-
physiology assay. The observed changes to both spike wave-
form and timing properties were consistent with the known 
activity of each compound against the respective channel 
targets. Expression of the genes encoding the pharmaco-
logical targets was confirmed in our preparations of NGN2 

neurons. The ability to characterize pharmacological effects 
in human differentiated neurons is critical to developing new 
therapies. The clinical efficacy of quinidine, for example, is 
difficult to predict due to the complex pharmacology, and 
direct measurement of its impact on neuronal activity and 
action potential shape properties is an important step in elu-
cidating relevant mechanisms. Although we only discussed 
a handful of intuitive electrophysiological characteristics, 

A

B

Fig. 5   Pharmacological characterization against select ion chan-
nel targets. Quantification of select electrophysiological properties 
of NGN2 neurons in response to a quinidine and b retigabine in the 
Optopatch excitability assay. a Quinidine shows pharmacological 
block of both Na+ and K+ channels. The spike waveform shows a 
strong concentration-dependent change in spike width and a reduction 
in spike frequency during the step portion of the protocol, particularly 

at higher stimulus intensities. b Retigabine is a Kv7.2/7.3 activator. 
Retigabine addition leads to a small, but detectable increase in the 
AhP depth and a dramatic reduction in spike rate at all concentra-
tions tested. 0 µM condition = vehicle (0.2% DMSO). The blue light 
stimulus intensities are indicated in the right panels of a and b. (Color 
figure online)
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the automated analysis extracts > 100 parameters describ-
ing spike shape and timing in different stimulus regimes. 
This rich, multidimensional data can be used to fingerprint 
different drug mechanisms for both promising molecular tar-
gets and known neurotoxic pathway (e.g. those that induce 
seizures). As new candidate therapeutics are characterized 
with Optopatch, the fraction of their overall effects mapping 
onto each of the known patterns may enable rapid prediction 
of drug mechanism and potential toxicity.

To complement the cell-autonomous excitability meas-
urements described here, current efforts are underway to 
develop an Optopatch assay for synaptic transmission by 
expressing CheRiff in pre-synaptic neurons and QuasAr in 
post-synaptic neurons. Both assays are being developed in 
96-well plates for high-throughput screening applications on 
a recently completed Firefly microscope which is compatible 
with microtiter plates. The development of large scale, high 
information content electrophysiological assays in human 
iPS cell-derived neurons using Optopatch will enable future 
phenotypic drug screens in patient-specific cellular models. 
Such tools have tremendous potential of advancing the over-
all goal of delivering new therapies to patients with diseases 
of the nervous system.
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