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 1Innovative research on the cellular and molecular mechanisms underlying neurological 
and psychiatric disorders is strongly needed to discover and validate new therapeutic 
targets and treatment options. Although human trials would be the most accurate and 
desired approach, studying the precise physiologic dysfunction of a neurologic or psychi-
atric disorder in the brains of living patients is both technically and ethically restricted. 
Whereas neuroimaging represents an attractive method to study disease-related altera-
tions in brain structure, connectivity and functional activity in specific neuronal areas, it 
cannot resolve which specific neuronal subtypes are principally affected in the disease [1]. 
In addition, long-term pharmacological treatments may induce structural and/or func-
tional brain alterations, and could therefore potentially confound neuroimaging studies 
of patients [1]. Whereas much of our current knowledge on the biological mechanisms of 
brain disorders has been derived from in vivo studies with experimental animals, it has 
repeatedly been proven difficult to translate promising findings in animal models into 
new effective treatments for humans due to factors such as species differences and hu-
man brain complexity [2]. Now, with the advent of human cell reprogramming [3-6] and 
direct cell fate conversion technologies [7-9], unlimited quantities of live human neurons 
can be generated from a variety of readily accessible somatic cell sources, such as skin 
fibroblasts. Representing a promising and practical intermediate between animal studies 
and human clinical trials, such cultures of human neurons reprogrammed from patient’s 
somatic tissue offer great opportunities for regenerative medicine, and for studying the 
complex aetiology and pathophysiology of neurological and psychiatric disorders at a 
cellular and molecular biological level (Figure 1).

NEUROPSYCHIATRIC DISEASE MODELING WITH PATIENT-DERIVED NEURONS 
AND CELLULAR HETEROGENEITY

Cellular reprogramming for the purpose of disease modeling and drug screening entails 
the conversion of patient-derived differentiated cells into so-called induced pluripotent 
stem cells (iPSCs), a process that is achieved through enforced ectopic expression of 
essential pluripotency transcription factors (most commonly Oct4, Sox2, Klf4 and 
c-Myc) [3, 10]. The remarkable developmental capacity of iPSCs enables their in vitro 
differentiation into a variety of cell types, including those from the nervous system, and 
the resulting neuronal or glial cells represent valuable models for studying the basic 
principles of nervous system function and disease. The idea behind disease modeling is 
to recapitulate and study at a molecular and cellular level various features of neurological 
and psychiatric disorders, and efficiently test and validate potential new treatments “in 
a laboratory dish” [11]. In recent years, various features of several genetic and sporadic 
disorders of the nervous system, including Alzheimer’s disease [12, 13] and Parkinson’s 
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disease [14-18] as well as complex psychiatric disorders such as schizophrenia [19-21], 
have successfully been modeled and studied using human patient-derived iPSCs.

While unlimited access to tissue with the genetic background of patients opens unprec-
edented avenues for medical discoveries, great care should be taken in employing stem 
cell-based approaches for the modeling and study of human neuropsychiatric illnesses. 
One major challenge to accurate in vitro disease modeling is the large degree of vari-
ability inherent to stem cell culture and differentiation paradigms. Subtle differences in 
derivation protocols and micro-environmental culturing conditions can generate observ-
able variation among pluripotent cell lines [22, 23]. Another source of variation in stem 
cell-derived neuronal models is the generation of heterogeneous cultures comprised of 
different types of neurons and varying states of functional maturity [24]. How exactly 
neurons induced from stem cells change and mature over time in vitro is still unclear 
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Figure 1. The promise of induced pluripotent stem cell technology in research and regenerative 
medicine. Disease-specific induced pluripotent stem cells (ipSCs) can be generated through reprogram-
ming of patient-derived somatic cells (most commonly skin fibroblasts). the remarkable developmental 
potential of ipSCs enables their in vitro differentiation into a variety of cell types, such as neurons, for the 
study of various cellular and molecular aspects of disease (i.e., disease modeling), and the testing of poten-
tial therapeutics. Cell lines derived from healthy individuals are commonly included as controls. Since the 
disease-specific ipSCs possess the genetic background of the patient, attempts can also be made to correct 
the genetic defects by genome editing technology in order to generate disease-free cells for use in cell 
transplantation therapies. however, the use of ipSCs for generation of transplantable tissue is not free of 
risks and its applicability in clinical setting warrants further study.
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 1and remains a topic of intense research. Yet, if one wishes to compare neuronal cultures 
in the context of a disease modeling experiment, one should (i) ensure that the indi-
vidual neurons in these cultures differentiate and mature at similar rates, resulting in the 
production of neuronal populations of equivalent functional maturity, or (ii) isolate and 
enrich functionally comparable types of neurons from the heterogeneous neuronal cul-
tures. A failure to thoroughly characterize individual pluripotent stem cell lines and their 
differentiated derivatives may obscure the identification of disease-related phenotypes in 
a disease modeling study, or worse, may lead to false findings and conclusions [24].

UNDERSTANDING CELLULAR HETEROGENEITY WITH SINGLE-CELL ANALYSIS

Cellular heterogeneity is a common feature of any cell population, and even seemingly 
identical types of cells exhibit a high degree of variability in behavior and function. While 
whole-cell patch-clamp electrophysiology is the prevailing technique used to assess in 
detail the functionality of individual neurons, understanding how these cells function 
differently at the molecular level is a fundamental goal of biology key to discovering 
the basic mechanisms of brain function. While essentially every cell of a multicellular 
organism has an identical set of genes (i.e., the genome), it is the variation in gene 
expression (i.e., the transcriptome) between individual cells that contributes to their 
phenotypic, behavioral and functional differences. Recent advances in next-generation 
sequencing technologies have enabled the identification and quantification of complete 
transcriptomes in virtually any population of cells or tissue. In the last couple of years, 
transcriptome profiling of single cells by RNA-sequencing (scRNA-seq) has emerged as a 
new frontier in cell biology that disregards previous assumptions on cell phenotype and 
captures in molecular code a remarkably detailed, unbiased picture of cellular state and 
function [25].

With the rapidly evolving fields of single-cell transcriptomics, bioinformatics and big 
data analytics, it should be possible in the near future to profile the transcriptome of 
almost all cell types of an organism. An accurate and unbiased classification of cellular 
types and states will aid in the understanding of cellular functions and behaviors in adult 
as well as in developing and pathological tissues. Single-cell analysis has the power to 
identify and characterize different subtypes of cells, something that is not possible with 
bulk analysis of cells where en masse pooling obscures subpopulations and results in an 
average gene expression profile [25-27]. Neuropsychiatric disease-specific abnormalities 
may only be manifested in a particular subtype of neurons, or at a specific maturational 
stage, and single-cell expression profiling provides the resolution required for identifying 
rare or clinically important cell types [28, 29].
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AIM AND OUTLINE OF THIS THESIS

Although neuronal identity has traditionally been defined as a combination of morpho-
logical and neurophysiological traits, investigations are only beginning to explore how 
cell-molecular profiles determine such features [30]. In this thesis, we stratified the func-
tional heterogeneity of human stem cell-derived neurons in vitro by combined single-
neuron measurements of electrophysiological activity, morphology and transcriptomic 
profiles.

To acquire a better understanding of the molecular regulation of cell identity and the 
generation of iPSCs from somatic cells, I first reviewed recent research on the transcrip-
tional and epigenetic mechanisms of pluripotency induction in somatic cells (CHAPTER 
2). In the lab, we used iPSCs derived from fibroblasts of four healthy donors, as well 
as human embryonic stem cell (ESC) lines, to establish midbrain-like human neuronal 
circuits in vitro. Characterization of neural activity in these circuits using several elec-
trophysiological techniques that included live calcium imaging, patch-clamp recording 
and multi-electrode array measurements revealed that classically used cell culture media 
(i.e., DMEM/F12 basal and Neurobasal), as well as serum, profoundly impair essential 
neurophysiological functions (CHAPTER 3A and CHAPTER 3B). To overcome this 
problem, we developed a serum-free neuronal basal medium (BrainPhys™) that, when 
combined with the appropriate supplements, (i) adequately sustains neuronal functions 
and survival in vitro, (ii) more closely mimics the in vivo brain microenvironment, and 
(iii) is also applicable to the culturing of rodent primary neurons (CHAPTER 3B). The 
improvements made in this new neuromedium constitute an important step toward im-
proving in vitro human neuronal models and may ultimately result in a more successful 
translation of findings from the laboratory to the clinic.

The rate at which human iPSC/ESC-derived neural progenitors develop into electro-
physiologically mature neurons is highly heterogeneous and poses another significant 
challenge to in vitro studies of neurological disorders. By means of single-neuron mul-
tidimensional analysis of electrophysiological function, morphology and transcriptome 
(a method nowadays referred to as “Patch-seq” [31]), we profiled the in vitro functional 
heterogeneity of a large sample of human neurons (CHAPTER 4A). Specifically, we 
defined a neurodevelopmental continuum of five electrophysiological types of neurons 
and correlated their functional properties with morphological features and molecular 
profiles. Using machine learning, we identified new molecular determinants predictive 
of the neurophysiological state of the neurons. Importantly, based on the molecular 
information, we were able to isolate and effectively enrich highly functional, live human 
neurons from heterogeneous cultures using fluorescent markers. The ability of such an 
approach to compensate for the wide heterogeneity of functional neuronal types among 
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 1cell lines constitutes an important step toward strengthening comparative analyses in 
stem cell-based models of neurological disease [24].

Sample quality control (QC) is an important part of any expression profiling experi-
ment, and the pre-sequencing QC pipeline that we established to identify and filter out 
potentially spurious single-neuron captures in advance of deep sequencing is explained in 
detail in CHAPTER 4B. The methodology described in this chapter is likely to reduce the 
risk of erroneous inclusion of low-quality or compromised samples in the sequencing and 
downstream bioinformatics analysis pipelines. As it is rather difficult to discern technical 
artifacts from intrinsic biological variability in scRNA-seq data, such an improved meth-
odological QC may increase the power with which altered gene expression is detected 
between experimental samples in single-cell transcriptome analyses.

To obtain further mechanistic insight into the biology underlying the different electro-
physiological neuron types, we conducted additional systems-level analysis of the single-
cell transcriptome data by Weighted Gene Co-expression Network Analysis (WGCNA), 
and identified a cluster of highly co-expressed genes, mostly related to adenosine 
triphosphate (ATP) metabolism and mitochondrial energetics, that strongly correlated 
with the neurophysiological features of highly functional neurons (CHAPTER 5). Gene 
Set Enrichment Analysis (GSEA) suggested that a substantial portion of these genes play 
a general role in neuronal maturity, confirming the notion that our functional neuronal 
types classification reflects different stages of neurophysiological maturation. In addition, 
we identified a set of 21 putative transcription factors that may regulate, or drive, the 
highly functional (mature) neuronal state.

Altogether, the studies conducted as part of this thesis open up new avenues for im-
proving and homogenizing models of neurological disorders in vitro. The main findings 
and implications of the research are summarized and discussed in the concluding chapter 
of this thesis (CHAPTER 6).
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ABSTRACT

Enforced ectopic expression of a cocktail of pluripotency-associated genes such as Oct4, 
Sox2, Klf4 and c-Myc can reprogram somatic cells into induced pluripotent stem cells (iP-
SCs). The remarkable proliferation ability of iPSCs and their aptitude to re-differentiate 
into any cell lineage makes these cells a promising tool for generating a variety of human 
tissue in vitro. Yet, pluripotency induction is an inefficient process, as cells undergoing 
reprogramming need to overcome developmentally imposed epigenetic barriers. Recent 
work has shed new light on the molecular mechanisms that drive the reprogramming of 
somatic cells to iPSCs. Here, we present current knowledge on the transcriptional and 
epigenetic regulation of pluripotency induction and discuss how variability in epigenetic 
states impacts iPSCs’ inherent biological properties.

Keywords: pluripotency, induced pluripotent stem cell (iPSC), reprogramming, epi-
genetics, chromatin, DNA methylation, histone modifications
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INTRODUCTION

The transition from stem cells to mature, functionally specialized cells has long been 
considered a finite phenomenon. Evidence for the reversibility of cell fate commitment 
came from observations that an adult somatic cell could be returned to an immature 
state upon transplantation of its nucleus to an enucleated oocyte (somatic cell nuclear 
transfer – SCNT) [1-3] or by fusion with an embryonic stem cell (ESC) [4, 5]. In 2006, 
innovative work by Yamanaka and colleagues showed that forced ectopic expression of 
the pluripotency-associated transcription factors Oct4, Sox2, Klf4 and c-Myc (collec-
tively termed OSKM) could reprogram differentiated cells, such as skin fibroblasts, to 
an ESC-like state, yielding induced pluripotent stem cells (iPSCs) [6]. The technology of 
induced pluripotency has since received considerable interest in the scientific community 
because it holds great promise for in vitro human disease modeling, drug screening, and 
cell-based therapies in regenerative medicine.

iPSCs are very similar to ESCs in their morphology, proliferative capacity and devel-
opmental potential, and both pluripotent cell types exhibit highly comparable global 
gene expression and epigenetic profiles [7-10]. The chromatin landscapes and DNA 
methylomes of iPSCs are, however, markedly different from those of lineage-committed 
cells, indicating that reprogramming requires widespread remodeling of somatic cell 
epigenetic profiles to reflect the ESC epigenome [11-14]. In generating iPSCs from so-
matic cells, epigenome-modifying molecules may be used to improve the efficiency of the 
overall process and even limit the number of exogenous pluripotency-inducing factors 
[15-18], confirming the general notion that epigenetics plays a key role in the regulation 
of cell fate specification.

Somatic cell reprogramming is a relatively slow and inefficient process, with only a 
minority of transduced somatic cells becoming fully reprogrammed to bona fide iPSCs 
after several weeks [19-21]. Observations that stem and progenitor cells reprogram with 
higher efficiency and kinetics than terminally differentiated cells [22-24] suggest that epi-
genetic barriers established during embryonic differentiation hinder efficient reprogram-
ming to the pluripotent state (for excellent reviews, see refs. [25-27]). Somatic cell types 
that are developmentally closer to ESCs supposedly require less epigenetic remodeling, 
potentially facilitating their reprogramming into iPSCs.

Despite major advances in the methods for deriving and culturing iPSCs, the precise 
molecular mechanisms that drive cells to overcome developmentally imposed epigenetic 
barriers are only beginning to be elucidated. Most of our current information about 
the transcriptional and epigenetic events regulating pluripotency and reprogramming 
has come from studies using murine cells. Yet, strong cross-species conservation of 
fundamental genetic and epigenetic mechanisms controlling stem cell self-renewal 
and differentiation has enabled the translation of numerous experimental procedures 
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and insights from mouse to human (Box 1). In this review, we summarize the current 
knowledge of the transcriptional and epigenetic regulation of pluripotency induction, 
and discuss the sources and functional biological consequences of epigenetic variability 
in iPSCs. Though this review mainly focuses on murine somatic cell reprogramming, 
a greater understanding of the molecular events governing pluripotency induction in 
mouse provides important insights to improve human cell reprogramming methods and 
guide safe and large-scale iPSC production for therapeutic use in human [28].

Box 1. Conservation and divergence in human and murine (induced) pluripotency.
Mammalian pluripotency is conferred by a unique and highly conserved network of pluripotency 
transcription factors, of which Oct4, Sox2 and Nanog constitute key regulators [29-31]. Comparisons 
of mouse and human eSCs have, however, revealed important interspecies differences in the target 
genes controlled by these pluripotency regulators [30] and specific molecular signaling pathways ac-
tivated [32]. For instance, while mouse eSCs require leukemia inhibitor factor (LIF)-Stat3 signaling for 
self-renewal and maintenance of pluripotency, human eSCs are insensitive to LIF and show elevated 
expression of SOCS-1, an inhibitor of Stat3 signaling [32, 33]. Despite these differences, and differences 
in cell culture requirements, expression of cell-surface antigens (mouse: SSea1; human: SSea3, SSea4, 
tra-1-60 and tra-1-81 [34]) and developmental potential (e.g., the inability of mouse eSCs to differenti-
ate to trophoblasts [35]), there is also a substantial overlap in gene expression and pathway activation 
between both species [32]. the high evolutionary conservation of core pluripotency transcriptional and 
epigenetic mechanisms has thus enabled many insights from studies conducted in mice to be translat-
ed to the human situation. ectopic expression of the same set of pluripotency-associated transcription 
factors (Oct4, Sox2, Klf4 and c-Myc), for example, induces pluripotency in somatic cells of mouse and 
human origin [6, 36-38]. Likewise, a highly conserved microrNa cluster (mir-302/367) can efficiently 
reprogram mouse and human somatic cells to ipSCs, even in the complete absence of exogenous plu-
ripotent factors [39]. the mir-302/367 cluster is specifically expressed in human and mouse eSCs [40], 
and has been identified as a direct target of the Oct4 and Sox2 pluripotency transcription factors [41], 
thus providing evidence for a conserved function of this specific mirNa cluster in the regulation and 
maintenance of the undifferentiated stem cell state. all in all, we can conclude that core members of the 
pluripotency regulatory network appear to be well conserved between mice and humans, enabling us 
to use the murine system to study human cell reprogramming mechanisms. their downstream targets 
and signaling pathways, however, seem more evolutionarily divergent, which suggests the need for 
caution in using mouse pluripotent stem cells as a model for the differentiation of human pluripotent 
stem cells in the context of therapeutic applications [42].

MOLECULAR AND TRANSCRIPTIONAL ROUTES TO INDUCED PLURIPOTENCY

Reprogramming of somatic cells into iPSCs requires silencing of the somatic cell tran-
scriptional profile and the induction of an ESC-like expression program. This change in 
global gene expression has been demonstrated to occur gradually and through a defined 
sequence of molecular events (Figure 1). Upon reprogramming factor expression, mouse 
fibroblasts initially suppress somatic cell-specific genes such as the fibroblast marker Thy1 
before upregulating the early embryonic markers alkaline phosphatase (AP) and stage-
specific embryonic antigen 1 (SSEA1), and ultimately activating core pluripotency factors 
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such as Nanog, Sall4, Oct4 and Sox2 [43-45]. Fluorescence-activated cell sorting (FACS) 
on the basis of those markers enables the isolation of distinct intermediate populations 
of iPSC generation from the highly heterogeneous reprogramming culture, thereby 
facilitating the study of the molecular mechanisms governing successful pluripotency 
induction [43-45]. In this way, Polo and colleagues showed that, compared to SSEA1+ 
cells, which over time progressed toward a bona fi de pluripotent state (Oct4-GFP), cells 
that failed to downregulate Th y1 shortly aft er OSKM induction became refractory to the 
reprogramming process [45]. Gene expression profi ling by microarray analysis further 
demonstrated that refractory Th y1+ cells, in contrast to progressing SSEA1+ intermedi-
ates, did not undergo proper mesenchymal-to-epithelial transition (MET) [45], a devel-
opmental process by which cells acquire epithelial characteristics and lose mesenchymal 
features. MET represents a key initiating event during iPSC derivation that depends on 
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Figure 1. Cellular, transcriptional and epigenetic changes during mouse somatic cell reprogram-
ming to induced pluripotency. Markers upregulated before and during the diff erent phases of repro-
gramming are shown at the top. the two major waves of gene activity that occur during pluripotency 
induction are depicted in pink. Gray intensities of the bars denote the approximate magnitude of the indi-
cated process over the time course of reprogramming.
ap: alkaline phosphatase; ipSC: induced pluripotent stem cell; Met: mesenchymal-to-epithelial transition; 
OSKM: Oct4, Sox2, Klf4, c-Myc.
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intrinsic bone morphogenetic protein (BMP) signaling, and coincides with increased 
proliferation and cell size reduction [9, 46-48] (Figure 1).

Following the establishment of MET during the initiation phase of mouse pluripo-
tency induction, cells gradually transit into a maturation phase, which is characterized 
by the activation of a subset of pluripotency-associated genes, including Nanog,Sall4, 
Esrrb, and endogenous Oct4 [47, 49]. Yet, induction of the complete pluripotency 
transcriptional network with expression of Utf1, Lin28, Dnmt3l, Dppa2/3/4, Pecam, and 
endogenous Sox2, does not occur until the later stabilization phase [47, 49]. Studies that 
used doxycycline (Dox)-inducible expression systems to delineate the temporal order 
of molecular events in mouse iPSC formation showed that the initiation phase was not 
self-sustainable and that transition to the intermediate maturation phase was dependent 
upon continuous expression of the OSKM transgenes [43, 44, 47]. However, sustained 
expression of reprogramming factors suppressed the upregulation of stabilization-phase 
pluripotency markers late in maturation, indicating that transgene silencing was required 
for cells to transition from maturation to stabilization and become fully pluripotent [49]. 
Through comparative gene expression profiling of clonally cultured cells that had gained 
competency to progress to the stabilization phase versus those that had not, Golipour et 
al. identified a distinctive transcriptomic signature associated with successful acquisi-
tion of the pluripotent state [49]. Notably, genes governing maturation-to-stabilization 
transition were distinct from those regulating pluripotency, and bioinformatics analyses 
suggested their involvement in signaling pathways, cell cycle, cytoskeletal reorganization, 
chromosome segregation, and chromosome stability. Hence, it has been suggested that 
late-phase progression to transgene-independent bona fide iPSCs and maintenance of 
the pluripotent state are under the control of distinct molecular regulatory pathways [49].

Paralleling the occurrence of the initiation, maturation and stabilization phases, dur-
ing reprogramming, cells destined to become iPSCs showed two major waves of gene 
activation that were separated by an intermediary period of less profound transcriptional 
alterations [45] (Figure 1, pink shade). The first transcriptional wave was initiated in the 
majority of cells and occurred between days 0 to 3, reflecting a common early response 
to ectopic OSKM expression. The second wave was activated late in reprogramming 
(after day 9) and only in cell populations progressing to bona fide pluripotency. During 
the first wave, genes related to proliferation, metabolism and cytoskeletal organization 
showed activation, whereas developmental genes were downregulated [45]. This find-
ing is consistent with observations that most murine fibroblasts repress the somatic cell 
transcriptional program immediately following reprogramming factor transduction, 
increase their proliferation rate, and reduce their size [9, 48]. Of the OSKM reprogram-
ming factors, c-Myc has been implicated as a major inducer of these initial reprogram-
ming events, in part because of its potentiating effects on cell cycle progression [45, 50]. 
c-Myc targets, including the cell cycle regulatory genes Ccnb1, Cdk1 and Aurka, are 
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robustly upregulated within the first few days after OSKM induction and only modestly 
change expression until the end of reprogramming (day 12; see also Figure 1) [45]. The 
combined activity of Oct4 and Sox2 seems to result in the gradual upregulation of core 
pluripotency genes such as Nanog that hallmark the second transcriptional wave and 
reinforce the transcriptional program to establish a stable pluripotent state [45]. Klf4, the 
other reprogramming factor, presumably serves a binary supporting role in iPSC genera-
tion by repressing somatic genes and activating pluripotency genes during the first and 
second transcriptional waves, respectively [45].

A shortcoming of the Thy1/SSEA1/Oct4-GFP route map to study the molecular 
mechanisms of iPSC generation is that the SSEA1 surface antigen is a poor predictor of 
complete reprogramming. O’Malley and colleagues found that Nanog-eGFP expression 
emerged in both SSEA1+ and SSEA1- cell populations after eight days of Dox-induced 
reprogramming, and SSEA1 expression was highly heterogeneous in established iPSCs 
[51]. The authors identified a new murine fibroblast-to-iPSC reprogramming route 
map contingent on the loss of CD44 expression and a subsequent rapid upregulation of 
ICAM1, events that closely paralleled the gain of Nanog-eGFP. ICAM1 was expressed, 
though to variable extent, in fibroblasts and early reprogramming intermediates, but 
most cells became ICAM1- by day 6 of Dox-induced OSKM expression. Two days later, 
CD44 was downregulated in the vast majority of cells and, towards the end of reprogram-
ming (day 12), the cells appeared enriched for an ESC-/iPSC-like phenotype (CD44-/
ICAM1+/Nanog-eGFP+). Nanog-eGFP was, however, already expressed in some cells 
as early as day 6, prior to the disappearance of CD44 and re-upregulation of ICAM1. 
Yet, Nanog-eGFP+ cells had a higher probability of transitioning to fully reprogrammed 
iPSCs than Nanog-eGFP- cells [51], underscoring the important role of Nanog in driving 
pluripotency acquisition.

RNA-sequencing analysis of reprogramming intermediates purified by CD44/ICAM1/
Nanog-eGFP FACS status subsequently indicated that pluripotency gene activation oc-
curred in two transcriptional waves. Several pluripotency genes, including endogenous 
Oct4 and Sall4, already showed marked upregulation very early in the reprogramming 
process [51]. Other pluripotency gene markers, such as endogenous Sox2, Esrrb and 
Dppa2, demonstrated more gradual activation at later reprogramming stages. This 
finding was corroborated by an earlier study that used single-cell expression profiling 
to characterize various stages and transitions on the road to pluripotency [52]. Notably, 
in that study, expression of endogenous Oct4 occurred very early in the reprogramming 
process and could be detected in some partially reprogrammed colonies, suggesting that 
Oct4 activation is a poor predictor of successful pluripotency induction. By contrast, 
endogenous Sox2 expression appeared late, occurred in intermediate cells to a very low 
extent, and was predicted as an upstream regulator of activation of many genes involved 
in pluripotency [52].
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In addition to the two waves of pluripotency gene expression, O’Malley and colleagues 
identified a group of epidermis-related genes that were transiently upregulated in in-
termediate reprogramming stages [51]. Interestingly, as determined by single-cell PCR, 
upregulation of these epidermis genes concurred with the first wave of early pluripotency 
gene activation, whereas their downregulation paralleled the activation of the late-stage 
pluripotency genes of the second wave. Given the occurrence of a similar transient 
epidermal gene expression pattern in three previously published datasets [45, 47, 50], 
transient ectodermal gene activation has been pointed out as a common hallmark of 
reprogramming [51]. Future research aimed at thoroughly investigating this phenom-
enon of temporary epidermal gene expression may provide important novel mechanistic 
insights into the molecular mechanisms of cellular reprogramming.

EPIGENETIC CONTROL OF CELLULAR REPROGRAMMING

The inefficiency and slow kinetics by which pluripotency is established in somatic 
cells after ectopically enforced OSKM expression suggests a critical role for additional 
regulators, including epigenetic modulators, in the induction and/or maintenance of the 
pluripotent state. Close interrelationships are known to exist between the transcriptional 
regulatory circuitry controlling pluripotency and modifiers of chromatin structure [53, 
54]. The pluripotency factors Oct4, Sox2 and Nanog have been found to physically associ-
ate with, as well as regulate the expression of, various regulators of chromatin state [29, 
55-57]. Furthermore, in iPSC generation from mouse and human somatic cells, exog-
enously applied epigenome-modifying molecules can be used to functionally replace or 
complement one or more of the OSKM reprogramming factors [15-18]. In this section, 
we discuss in detail the various epigenetic regulators and their associated marks involved 
in OSKM-induced iPSC generation.

Histone Modifications in Reprogramming
The global chromatin state of pluripotent and differentiated cells is markedly different. 
Unlike differentiated cells, which are characterized by highly condensed domains of 
heterochromatin and the accumulation of repressive histone modifications including 
methylation of histone H3 at lysine 9 (H3K9) and 27 (H3K27) [11, 58], pluripotent 
stem cells are distinguished by globally decompacted, euchromatic regions of chromatin 
associated with activating histone marks such as methylation on histone H3 lysine 4 
(H3K4) and hyperacetylation of histones H3 and H4 (H3/H4ac) [59, 60]. In ESCs, archi-
tectural chromatin proteins such as heterochromatin protein 1 (HP1) bind loosely and 
in a hyperdynamic fashion to chromatin whereas immobilization of such proteins occurs 
upon lineage commitment [60]. Chromatin reorganization during differentiation serves 
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to silence lineage-inappropriate genes and thus constitutes an important mechanism by 
which cells establish and maintain a stable cell fate-specific gene expression program [61]. 
It follows that transcription factor-induced reprogramming requires global remodeling 
of the somatic cell chromatin back to a more dispersed conformation typical of ESCs, a 
process associated with substantial alterations in histone modification patterns and DNA 
methylation status [11-14, 62].

OSKM-Resistant Chromatin
Understanding at the molecular level exactly how the reprogramming factors change the 
somatic cell epigenome to reset cell identity represents an important goal for the repro-
gramming field. In iPSC generation, a major challenge for the reprogramming factors 
is to gain access to and reactivate the endogenous pluripotency genes buried in densely 
compacted heterochromatin. A study investigating global gene expression and epigenetic 
changes early in mouse somatic reprogramming identified acquisition of euchromatic 
H3K4 dimethylation (H3K4me2) at numerous pluripotency-associated loci as an imme-
diate primary response to ectopic reprogramming factor induction [13] (see also Figure 
1). Notably, gain of H3K4 methylation at these sites did not lead to changes in gene tran-
scription. In fact, genes that were upregulated early in reprogramming generally exhibited 
activating H3K4 trimethylation (H3K4me3) at their promoters in fibroblasts (i.e., prior 
to reprogramming factor induction) [13], suggesting that somatic cell chromatin status 
may limit reprogramming factor action to readily accessible promoter DNA. Supporting 
this idea, Soufi and colleagues identified megabase-long chromatin domains in human 
fibroblasts, called “differentially bound regions” (DBRs), that blocked initial access of the 
OSKM reprogramming factors to the genome [63]. These OSKM refractory regions con-
tained many genes necessary for establishing pluripotency, including SOX2 and NANOG, 
and were specifically enriched for heterochromatic H3K9 trimethylation (H3K9me3). 
Transient knockdown of the H3K9 methyltransferases SUV39H1, SUV39H2 or SETDB1 
by small interfering RNA (siRNA) technology enabled Oct4 and Sox2 reprogramming 
factors to access the DBRs and resulted in more efficient and accelerated pluripotency 
induction [63]. Consistent with the notion that H3K9 methylation constitutes a critical 
epigenetic impediment to cellular reprogramming (Figure 2A), Chen and colleagues 
demonstrated that its specific removal could fully convert mouse partially reprogrammed 
cells to bona fide iPSCs expressing core pluripotency markers [64]. Specifically, knock-
down of the H3K9 methyltransferase Setdb1 or overexpression of the H3K9 demethylase 
Kdm4b promoted the further reprogramming of pre-iPSC intermediates into Oct4-GFP-
expressing colonies under reprogramming-inhibiting culture conditions. The authors 
also found that vitamin C-mediated enhancement of iPSC induction was profoundly 
inhibited upon treatment with siRNAs targeting various members of the Kdm family of 
H3K9 demethylases [64]. These data indicate that specific constituents of the cell culture 
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environment, including the small-molecule supplement vitamin C, can affect chromatin 
structure by regulating H3K9 methylation levels and thereby influence the efficiency and 
kinetics of somatic cell reprogramming.

Immunofluorescence analysis of mouse embryonic fibroblasts that underwent repro-
gramming revealed that the redistribution of the heterochromatin-associated histone 
mark H3K9me3 and its binding protein HP1, from confined foci with well-defined 
boundaries to a more diffuse organization with more prominent nucleoplasmic staining, 
is a rather early event during iPSC generation [14]. This global change in heterochro-
matin organization could already be observed in small colonies of OSKM-transduced 
cells by day 6 of the reprogramming process, prior to the expression of Nanog and the 
establishment of euchromatic chromatin features such as histone acetylation and H3K4 
trimethylation (Figure 1). Euchromatic histone marking paralleled the expression of 
Nanog; hence establishment of an open chromatin configuration typical of ESCs does 
not seem to occur until relatively late in reprogramming [14]. Supporting this notion, 
conversion of mouse partial iPSCs into full iPSCs by dual chemical inhibition of MEK 
and GSK3 signaling (known as “2i” culture [65]) resulted in the decondensation of 
highly compacted heterochromatin into dispersed, open 10-nm fibers concurrently with 
transgene silencing and pluripotent gene activation [62], both of which are late events in 
cellular reprogramming.

Role of Polycomb and Trithorax Group Proteins
The Polycomb group (PcG) and Trithorax group (trxG) protein complexes, which cata-
lyze methylation of different lysines of histone H3, play an important role in controlling 
pluripotency-related gene expression. Whereas PcG proteins assist in chromatin com-
paction and thus gene silencing by mediating repressive trimethylation of H3 at lysine 
27 (H3K27me3), trxG proteins favor a transcriptionally permissive chromatin structure 
through establishment of H3K4 trimethylation (H3K4me3) marks at gene promoters 
[66].

In ESCs, genes required for pluripotency and self-renewal, such as Oct4, Sox2 and 
Nanog, are actively transcribed, and their promoters are typically associated with activat-
ing H3K4me3 histone marks [67-70]. WD repeat domain 5 (Wdr5), a key component 
of the trxG protein complex in mammals, co-occupies numerous pluripotency genes 
together with Oct4 in mouse ESCs to positively regulate their expression [71]. Reduction 
in H3K4me3 levels in these ESCs as a result of short-hairpin RNA (shRNA)-induced 
knockdown of Wdr5 causes downregulation of pluripotency-associated genes including 
Oct4, Sox2, Klf4, Nanog and Esrrb, and induced differentiation [71]. Interestingly, Wdr5 
expression is upregulated during iPSC generation and loss of Wdr5 function mark-
edly reduces reprogramming efficiency [71]. These findings highlight the importance of 
H3K4me3 marking in controlling pluripotent cell identity and suggest a requirement for 
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Figure 2. Roles of histone-modifying proteins and DNA methylation in pluripotency and reprogram-
ming. (A) In somatic cells, pluripotency gene promoters are methylated (5mC) and enriched for h3K9me3, 
a heterochromatin-associated histone mark that blocks access of the OSKM factors to the DNa, hindering 
reprogramming. reprogramming of somatic cells to ipSCs is associated with DNa demethylation and ac-
quisition of h3K4me3 at promoters of pluripotency genes. the establishment of this permissive h3K4me3 
chromatin state is brought about by trithorax group (trxG) proteins, whose core component Wdr5 was 
found in eSCs to be directed to pluripotency loci by Oct4. the occupancy of Oct4 (and other pluripotency 
factors) with trxG drives strong activation of the pluripotency transcriptional network. In apparent contrast, 
somatic genes become silenced during reprogramming due to de novo promoter DNa methylation and the 
action of polycomb repressive complex 2 (prC2) that imposes a transcriptionally silent state of chromatin 
characterized by h3K27me3 modification. (B) Bivalent h3K4me3/h3K27me3 chromatin domains at pro-
moter regions of developmental genes constitute a hallmark of eSC and ipSC pluripotency. the bivalent 
chromatin-associated protein Utf1, a target of Oct4 and Sox2, enforces a “poised” state of gene expression 
in eSCs by (1) preventing excessive prC2 binding and h3K27me3, and (2) facilitating the loading of decap-
ping protein 1a (Dcp1a) to mrNas generated from leaky transcription for cytoplasmic degradation. these 
contrasting functions of Utf1 prevent both the oversilencing and insufficient repression of bivalent genes, 
thereby properly coordinating developmental processes.
5mC: 5-methylcytosine; C: (non-methylated) cytosine; hp1: heterochromatin protein 1.
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trxG activity by the OSKM reprogramming factors to reset the epigenome during iPSC 
generation (Figure 2A).

In addition to the trxG proteins, PcG protein complexes play an indispensable role in 
specifying and maintaining pluripotent cell identity, as no ESC lines can be established 
from mouse blastocysts lacking the Polycomb repressive complex 2 (PRC2) subunit 
Ezh2 [72], and ESCs deficient in the PRC2 component Eed differentiate spontaneously 
[73]. PcG proteins exert their preventive effect on ESC differentiation by H3K27me3-
mediated silencing of key developmental regulators [73, 74]. Accordingly, ESCs lacking 
the PRC2 component Suz12 have globally reduced H3K27me3 levels and show increased 
expression of differentiation-specific markers [75]. PRC2 complex function is critical for 
transcription factor-induced reprogramming, as functional ablation of any of the three 
core PRC2 components, Eed, Ezh2 or Suz12, impairs iPSC generation significantly [52, 
76, 77]. Overexpression of Ezh2, by contrast, enhances efficiency of iPSC formation, as 
determined by an increased number of Nanog-GFP+ cells relative to control after 7 days 
of Dox induction of the OSKM reprogramming factors [52].

Many developmental genes in ESCs are enriched for both H3K27me3 and H3K4me3 
modifications in their promoter regions. This concurrence of both repressive and activat-
ing histone marks at lineage-specific gene promoters establishes a bivalent (“poised”) 
state of chromatin activation in response to differentiation-inducing signals [69, 78]. 
Upon lineage commitment, most bivalent chromatin domains become resolved to the 
monovalent state of either H3K4me3 or H3K27me3. Genes activated upon differentiation 
acquire H3K4me3 and lose H3K27me3, whereas non-activated genes lose H3K4me3 but 
retain H3K27me3 [68, 69]. For successful iPSC generation to occur, H3K4 and H3K27 
methylation patterns thus need to be reset to the ESC-like bivalent state. Indeed, biva-
lent histone marks are typically re-established at developmental gene promoters during 
mouse cellular reprogramming [9, 12]. The chromatin-associated transcription factor 
Utf1, a direct downstream target of Oct4 and Sox2, is strongly enriched on bivalent genes 
in ESCs, where it tightly controls their poised state by preventing excessive PRC2 binding 
and promoting the tagging of mRNAs generated from “leaky” transcription for subse-
quent cytoplasmic degradation (a process referred to as mRNA pruning) [79] (Figure 
2B). Utf1 ensures rapid proliferation of ESCs by mRNA pruning-mediated inhibition of 
Arf expression [79], which might explain why Utf1 markedly enhances the efficiency of 
iPSC generation even in the absence of c-Myc [80]. Collectively, these results highlight 
the complex interplay of the OSKM reprogramming factors with regulators of chromatin 
structure in the establishment and maintenance of a ground pluripotent state.

DNA Methylation in Reprogramming
DNA methylation is the covalent attachment of a methyl (CH3) group to the carbon-5 
position of a cytosine pyrimidine ring, forming 5-methylcytosine (5mC). This reversible 
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epigenetic modification is carried out by specific enzymes, called DNA methyltrans-
ferases (DNMTs), and occurs predominantly on cytosine residues at cytosine-guanine 
dinucleotide (CpG) sites in the DNA. There is, in general, a strong correlation between 
CpG density at gene promoter regions, the methylation status of those CpGs, and gene 
function. Promoter regions with high-CpG content are mostly hypomethylated in ESCs 
and relate to both ubiquitous housekeeping genes and genes subject to complex regulation 
during development [70, 81]. Whereas the CpG-rich promoters of housekeeping genes 
are actively expressed and associated with monovalent H3K4me3 marks in ESCs, those 
of developmental regulators are generally bivalently marked (H3K4me3/H3K27me3) and 
transcriptionally silent [68]. Notably, H3K4me3 marks are much less prominent at low-
CpG promoters, which tend to be hypermethylated and are associated with genes with 
tissue-specific functions [68, 70]. Characterization of promoter DNA methylation profiles 
in ESCs has shown that, while methylated genes are typically silenced and involved in dif-
ferentiation, pluripotency genes including Oct4, Sox2 and Nanog are generally active and 
distinguished by promoter hypomethylation [82, 83]. Upon lineage commitment, many 
pluripotency gene promoters acquire methylation, contributing to their transcriptional 
silencing [84]. During the generation of iPSCs from murine fibroblasts, key pluripotency 
gene promoters become demethylated whereas genes associated with differentiation 
(e.g., HoxA10 and Gja8) acquire de novo promoter methylation; these changes in DNA 
methylation patterns have been observed to take place primarily toward the end of repro-
gramming (Figure 1) [45].

In ESCs, but not in differentiated cells, the genes encoding the Dnmt3a and Dnmt3b 
methyltransferases are highly expressed, suggesting an important link between de novo 
DNMT function and pluripotency [85]. Yet, in the absence of DNMT activity, mouse 
ESCs preserve stem cell properties such as Oct4 expression and self-renewal but demon-
strate little or no ability to differentiate [86, 87], which suggests that DNA methylation is 
essential for differentiation but not important for ground state pluripotency. Consistent 
with this notion, de novo DNA methylation is dispensable for transcription factor-
mediated reprogramming, as iPSCs can be derived from mouse embryonic fibroblasts 
with conditionally deleted Dnmt3a and Dnmt3b [88].

A substantial degree (up to ~25%) of all DNA methylation in mammalian ESCs occurs 
at non-CpG sites (CpH, where H = A, C or T) [89, 90]. As of today, little is known about 
the importance of this type of DNA methylation. Methylation in non-CpG contexts is 
much less abundant in differentiated cells compared to ESCs, despite similar levels of 
CpG methylation in both cell types [89, 90]. Interestingly, CpH methylation is lost upon 
differentiation of human ESCs and is re-established during reprogramming into iPSCs 
[89, 91, 92], suggesting that it is specific to a stem cell state. Ziller and colleagues, however, 
showed that knockdown of DNMT3A and DNMT3B in human ESCs globally reduced 
non-CpG methylation whereas pluripotency remained unaffected [92]. Additional sup-
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port for the notion that CpH methylation might not be directly related to the pluripotent 
state is provided by Guo et al.’s recent observation that CpH methylation abundantly 
occurs in the mouse and human brain, where it may function in the silencing of neuro-
nal gene expression [93]. Notably, CpH but not CpG methylation levels were found to 
gradually increase during postnatal neuronal maturation and to be actively preserved 
by DNMT3A. Further studies investigating the specific role of non-CpG methylation in 
the regulation of pluripotency and differentiation are likely to offer new insights into the 
mechanisms by which cell fate is controlled and may contribute to a better molecular 
understanding of the reprogramming process.

DNA Hydroxymethylation in Reprogramming
The ten-eleven translocation (TET) family of oxygenases plays a particularly important 
and active role in DNA demethylation by hydroxylating 5-methylcytosine (5mC) to 
5-hydroxymethylcytosine (5hmC) [94, 95]. 5hmC represents a first and principal inter-
mediate of the complete demethylation reaction (Box 2) and can be further oxidized by 
TET enzymes to subsequently generate 5-formylcytosine (5fC) and 5-carboxylcytosine 
(5caC), whose exact importance as functional epigenetic marks requires further investi-
gation [96]. In mammals, the TET family of 5mC hydroxylases consists of three proteins 
of which two members, Tet1 and Tet2, are specifically abundant in ESCs [97, 98]. In 
accordance, levels of 5hmC in ESCs are high but decline following induction of differ-
entiation [94, 99, 100]. Interestingly, reprogramming somatic cells to iPSCs induces Tet1 
and Tet2 expression and enriches 5hmC to levels comparable to those in ESCs [100, 101]. 
Together, these results suggest an essential role for TET proteins and 5hmC in epigenetic 
regulation of the pluripotent state and differentiation. However, whereas some studies 
have shown that knockdown of Tet1 causes loss of ESC identity [97, 102], others have 
not found a detrimental effect of Tet1 depletion on maintenance of the ESC state [101, 
103, 104]. Yet, deficiency of Tet1 in ESCs is accompanied by a biased differentiation pro-
pensity, in particular toward the extraembryonic trophoblast lineage [97, 101, 103-105]. 
Several studies that profiled Tet1 binding and 5hmC distribution in mouse ESCs on a 
genome-wide scale have provided insight into the mechanisms with which TET proteins 
and 5hmC could regulate lineage differentiation potential (Figure 3). In particular, these 
studies revealed enrichment of Tet1 and 5hmC at transcription start sites of genes whose 
promoters were CpG-rich and were associated with bivalent chromatin states [106-109]. 
Therefore, it seems plausible that Tet1 and/or 5hmC have a function in controlling the 
pluripotent state and preventing lineage-specific gene expression by regulating bivalent 
chromatin marking. Supporting this notion, it was found that Tet1 bound to promoters 
of developmental regulators and recruited PRC2 to deposit H3K27me3, thereby inducing 
bivalency-associated transcriptional silencing [109] (Figure 3A). Interestingly, Mbd3, a 
methyl-CpG-binding domain protein that specifically binds 5hmC- but not 5mC-marked 
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Figure 3. Roles of TET enzymes and hydroxymethylation in the control of pluripotency. (A) In eSCs, 
ten-eleven translocation (tet) enzymes induce a poised state of chromatin at promoters of lineage-specific 
genes by recruiting polycomb repressive complex 2 (prC2), whose ezh2 subunit catalyzes the methylation 
of nearby nucleosomes at h3K27. Methyl-CpG-binding domain protein 3 (Mbd3), a transcriptional repres-
sor of the nucleosome remodeling and deacetylation (NurD) complex that specifically binds to hydroxy-
methylated cytosines (5hmC), reinforces the repressed chromatin state via associated histone deacetylases 
(hDaCs) and chromatin remodelers. (B) at pluripotency gene promoters, 5hmC and possibly tet itself may 
hinder Uhrf1-mediated recruitment of the maintenance DNa methyltransferase Dnmt1 and associated 
transcriptional repressors, thereby keeping inhibitory DNa methylation (5mC) at a low level and safeguard-
ing a transcriptionally permissive state of chromatin. Furthermore, methyl-CpG-binding protein 2 (MeCp2), 
a transcriptional repressor associated with Sin3a and hDaC-containing co-repressor complexes, fails to rec-
ognize 5hmC. (C) the unhindered binding of Dnmt1 and MeCp2 at heavily methylated promoter regions 
of somatic genes contributes to gene repression by recruitment of chromatin-modifying transcriptional 
repressors.
h3K9Mt: h3K9 methyltransferase; Uhrf1: ubiquitin-like, containing phD and rING finger domains protein 1.
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DNA, was also found to be enriched at high-CpG promoters of PcG-targeted bivalent 
genes and was physically associated with Tet1 in electrophoretic mobility shift assay 
experiments [118]. Mbd3, being a component of the NuRD complex, recruits several 
histone deacetylases (HDACs), chromatin remodeling complexes and transcriptional 
co-repressors, resulting in the imposition of a transcriptionally repressive chromatin 
structure [119, 120]; thus, 5hmC might play a role in the transcriptional silencing of 
developmentally regulated genes via its interaction with Mbd3.

Genome-wide and functional analyses have also demonstrated a role for TET proteins 
and 5hmC in promoting active gene expression in ESCs (Figure 3B). In particular, Tet1 
and 5hmC are also represented at CpG-rich promoters of transcriptionally active genes, 
and knockdown of Tet1 alone or in combination with Tet2 can result in hypermethylation 
and downregulation of several pluripotency-related genes in conjunction with a biased 
differentiation potential [105, 109]. Thus, in ESCs, TET-induced conversion of 5mC to 
5hmC at pluripotency genes possibly contributes to their transcriptional activation via 
abrogation of the repressive effect of 5mC. Consistent with this notion, the methyl-CpG-
binding transcriptional repressor MeCP2, which associates with co-repressor complexes 
containing Sin3a and HDACs to induce a condensed, transcriptionally incompetent 
chromatin state at methylated gene promoters [121], fails to recognize 5hmC [122]. 
Furthermore, 5hmC, and potentially TET itself, may hinder Uhrf1-mediated recruitment 
of Dnmt1 to the DNA [110-112], resulting in the progressive loss of inhibitory meth-
ylation with each DNA replication cycle. This may explain how these rapidly dividing 
stem cells can maintain low levels of DNA methylation at promoters of constitutively 
active pluripotency genes. In addition, as Dnmt1 itself associates with transcriptional 
repressors, such as HDACs [123] and H3K9 methyltransferases [124, 125], a failure to 
recruit Dnmt1 to hydroxymethylated DNA may further prevent the establishment of a 
repressed chromatin state at these loci. By contrast, the unrestricted binding of Dnmt1 to 
the heavily methylated promoter regions of somatic genes in ESCs may ensure that these 
genes remain transcriptionally silent through cell division (Figure 3C).

Together, these results suggest that TET enzymes and/or 5hmC have a crucial func-
tion in finely controlling pluripotency gene expression and preventing differentiation. 
Accordingly, Tet1 facilitates reprogramming of mouse embryonic fibroblasts toward 
iPSCs and can even substitute for Oct4 in the original OSKM reprogramming factor 
cocktail [126]. Tet2 has also been found to be essential for establishing a transcriptionally 
permissive chromatin environment at stem cell loci during reprogramming of somatic 
cells [127]. It should be pointed out, however, that TET-induced 5hmC deposition might 
also recruit Mbd3 along with transcriptional repression machinery, potentially resulting 
in repression of pluripotency gene expression. Accordingly, Mbd3 has been identified as 
a prime impediment to the reprogramming process, and ablating Mbd3 greatly improved 
reprogramming efficiency [128].
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TRANSCRIPTIONAL AND EPIGENETIC VARIABILITY IN CELLULAR 
REPROGRAMMING

Successful reprogramming to iPSCs is largely dependent on faithful remodeling of 
the cell’s epigenetic landscape to shut down somatic gene expression and activate a 

Box 2. possible pathways of DNa demethylation.
patterns of DNa methylation (5-methylcytosine, 5mC) are established and maintained by the DNa 
methyltransferase (DNMt) family of enzymes. 5mC can be oxidized in a stepwise manner to 5-hydroxy-
methylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) by the action of ten-elev-
en translocation (tet) oxygenases. 5hmC may passively become diluted out during cell multiplication 
as hemi-hydroxylated DNa is not efficiently recognized by the maintenance DNa methyltransferase 
Dnmt1 [110-112]. Both the 5fC and 5caC oxidation derivatives are subject to removal by thymine DNa 
glycosylase (tDG), leaving an abasic site that can be repaired back to unmodified cytosine (C) by the 
base excision DNa repair (Ber) machinery [95, 113, 114]. 5fC and 5caC may also be directly converted 
back to C by the action of putative deformylases or decarboxylases (dashed arrows) [115, 116]. In an 
alternative pathway, 5mC and 5hmC can be deaminated by the aID (activation-induced deaminase) or 
apOBeC (apolipoprotein B mrNa-editing enzyme, catalytic polypeptide-like) family of cytidine deami-
nases to generate thymine (t) and 5-hydroxymethyluracil (5hmU), respectively. t and 5hmU are then 
excised by tDG or uracil DNa glycosylase (UDG) and finally repaired by Ber machinery [95]. a novel 
interaction between the deamination and oxidation pathways is highlighted by the finding that t can 
serve as a substrate for tet-induced oxidation to 5hmU (dark blue arrow) [117].
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transcriptional program characteristic of pluripotent cells. Incomplete reprogramming, 
however, may result in improper epigenetic states that could contribute to variability in 
gene expression and biological function among iPSC lines, as well as between iPSC and 
ESC lines. Various studies have indicated distinguishable epigenetic differences between 
iPSCs and ESCs [91, 129-138], many of which have been extensively reviewed elsewhere 
[27]. In summary, dissimilarities between ESCs and iPSCs have particularly been ob-
served at the level of DNA methylation and are generally due to a failure to reset meth-
ylation signatures from the somatic cell of origin or the acquisition of de novo aberrant 
methylation during the reprogramming process. The observation that inhibiting DNMTs 
by 5-aza-cytidine could efficiently and rapidly convert partially reprogrammed cells to 
full iPSCs implies that persistent DNA methylation or insufficient DNA demethylation, 
in particular at pluripotency-related genes, constitutes a barrier to full reprogramming 
[9]. Incomplete promoter DNA methylation represents another mechanism underlying 
the failure to correctly reset the DNA methylome during iPSC formation and has been 
shown to contribute to residual expression of somatic genes in human iPSCs [91, 132]. 
Importantly, retention of an epigenetic memory of the somatic tissue of origin has been 
shown to affect the in vitro differentiation potential of resulting iPSCs, favoring differ-
entiation along donor cell-related lineages while restricting commitment towards other 
lineages [134-136].

Comparing Genetically Matched ESCs and iPSCs
To more reliably assess whether or not iPSCs are identical to ESCs on the molecular and 
functional level, one needs to rule out genetic background effects and compare genetically 
matched iPSC and ESC lines. Stadtfeld and colleagues used ESCs containing Dox-induc-
ible OKSM transgenes to engineer “reprogrammable” mice from which various somatic 
cell types were collected for the generation of genetically identical iPSCs [139]. Geneti-
cally matched iPSCs and ESCs were found to be transcriptionally very similar and could 
only be distinguished by a minimal set of two transcripts (Gtl2 and Rian), suggesting that 
earlier observations of differential gene expression between ESCs and iPSCs [140-142] 
may be based on differences in genetic background or on other hard-to-control variables 
inherent to the reprogramming process. Despite the overall similarity in transcriptional 
profiles, however, iPSCs generated using this transgenic reprogramming system were 
unable to give rise to viable and germline-competent “all-iPSC” mice (i.e., mice produced 
exclusively from iPSCs) in the tetraploid complementation assay [139], the golden stan-
dard for testing pluripotency. This developmental deficiency of iPSCs was attributed to 
aberrant epigenetic repression of the Dlk1-Dio3 imprinted region on chromosome 12qF1, 
a finding that corroborates another study revealing a positive correlation between stem 
cell pluripotency level and the degree of activation of this particular gene cluster [143]. 
Bisulfite pyrosequencing and chromatin immunoprecipitation (ChIP) analyses indicated 
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that the abnormal silencing of normally maternally expressed genes of this locus is caused 
by DNA hypermethylation as well as reduction of histone modifications associated with 
active transcription (H3ac, H4ac, and H3K4me) [139]. Interestingly, the Dlk1-Dio3 gene 
cluster was found to be silenced in a predominant number of iPSC clones derived from 
various somatic cell types at different differentiation stages, leading the authors to propose 
that loss of imprinting at this locus and incomplete pluripotency induction are common 
consequences of transcription factor-mediated reprogramming. In apparent contrast to 
those findings, Carey et al. [21] demonstrated that most iPSCs generated using a highly 
similar transgenic reprogramming system preserved normal Dlk1-Dio3 imprinting 
and were able to produce all-iPSC mice via tetraploid blastocyst complementation. The 
discordance in findings was attributed to subtle differences in design of the polycistronic 
expression vectors between the two studies, most notably a switch in the order of repro-
gramming factors that resulted in altered levels and stoichiometry of reprogramming 
factor proteins. iPSCs supporting the development of all-iPSC mice were characterized 
by 15- and 5-fold higher Klf4 and Oct4, and 2-fold lower Sox2 and c-Myc protein levels 
than those with impaired developmental potential [21]. Interestingly, increased ectopic 
expression of Klf4 and Oct4, or treatment with the HDAC inhibitor valproic acid, could 
restore functional developmental competence of the poor-quality iPSCs [21, 139].

Epigenetics and Alternative Pluripotent States
Further supporting the notion that the expression level of the four reprogramming 
transcription factors greatly influences the epigenetic state and biological functionality of 
generated iPSCs, Tonge and colleagues [144-148] described, in a collection of five manu-
scripts, a novel stable state of induced pluripotency that is distinct from the ESC-like state 
and requires constitutively high OSKM transgene expression. These so-called F-class cells 
did not form colonies with typical ESC-like morphology but instead appeared “fuzzy” 
due to their low intercellular adhesion. Yet, F-class cells displayed high proliferation, 
expressed Nanog, endogenous Oct4 and several other pluripotency-related genes at ESC 
levels, and were able to give rise to teratomas containing tissues representing all three 
germ layers, thereby effectively fulfilling some commonly used criteria for defining pluri-
potency [144]. However, the F-class cells were incapable of contributing to the formation 
of chimaeric mice, indicating impaired embryonic developmental potential of these cells. 
By global gene expression profiling of mouse embryonic fibroblasts, traditional (ESC-
like) iPSCs and F-class cells, the authors revealed a transcriptional signature unique to 
the F-class state that persisted in long-term culture and exhibited low variability between 
independent sub-clones. Thus, F-class cells do not seem to represent an intermediate 
reprogramming state but rather a pluripotent alternative to iPSCs. In another paper, 
Hussein and colleagues [145] provide the results of an extensive multi-omic analysis that 
profiled the transcriptome, proteome and epigenome of the F-class and ESC-like states 
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to better understand, at the molecular level, their emergence. They found that a subset 
of genes typically expressed in ESCs and iPSCs are repressed in F cells. Although high 
expression levels of the reprogramming factors were initially required for a genome-wide 
loss of repressive H3K27me3 and concomitant general opening of somatic cell chroma-
tin, maintenance of high transgene expression induced an F-class state characterized by 
reacquisition of this repressive histone modification [145]. By contrast, lower transgene 
levels resulted in the acquisition of activating H3K4me3 and endowed reprogramming 
cells with an ESC-like phenotype. In addition, whereas F-class cells failed to lose some 
parental fibroblast-inherited DNA methylation patterns, ESC-like cells showed proper 
demethylation of somatic cell-originating signatures. Taken together, these data suggest 
that active epigenetic mechanisms play a crucial role in directing cell identity towards ei-
ther the iPSC or F-class state during cellular reprogramming. Further corroborating this 
notion, Tonge et al.[144] showed that treatment with an inhibitor of HDACs converted 
F-class cells to a transgene-independent, ESC-like state with embryonic developmental 
potential.

Lee and colleagues [146] investigated the dynamics of DNA (de)methylation throughout 
reprogramming in more detail and showed that the promoter methylation status of genes 
at the start of the process controlled their regulation by histone modification alterations. 
The authors indicated that DNA methylation represented a key epigenetic barrier en route 
to ESC-like induced pluripotency and served as an important determinant of pluripotent 
outcome (that is, whether cells transitioned towards the ESC-like or F-class state). Yet, 
epigenetic mechanisms other than DNA methylation are also involved in regulating ESC-
like versus F-class identity. Notably, Clancy et al. [147] revealed the existence of a novel 
group of differentially expressed microRNAs that specifically control pluripotency in the 
F-class cells. Epigenetic changes such as these are likely to contribute to the establishment 
of cell state-specific patterns of protein expression. In support of this idea, Benevento and 
colleagues [148] showed, using mass spectrometry-based proteomics, that the somatic 
cell proteome was reorganized in two distinct waves during pluripotency induction and 
that the F-class proteome was different from the iPSC proteome. As these studies have 
demonstrated, understanding how the epigenome changes during reprogramming to 
induced pluripotency will enhance our molecular understanding of the mechanisms of 
cell fate change and of somatic cell reprogramming in particular.

CONCLUSION AND FUTURE PERSPECTIVES

Reprogramming of somatic cells to induced pluripotency using defined transcription 
factors is predominantly an epigenetic phenomenon. Epigenetic as well as (single-cell) 
transcriptomic analyses on isolated reprogramming intermediates en route to induced 
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pluripotency have generated invaluable mechanistic insights into the process of cell fate 
specification and transition. It has become evident that faithful reprogramming is very 
dependent on various technological parameters that can influence cellular epigenetic 
status, such as the levels and stoichiometric ratio of reprogramming factors and the 
composition of the culture environment. In the next few years, parallel profiling of the 
methylome and transcriptome of single cells (e.g., scM&T-seq [149]) should further 
advance our understanding of how the OSKM reprogramming factors, and other fac-
tors in the reprogramming milieu, impact the epigenome, gene expression pattern and 
functionality of reprogramming cells, and especially those of human origin. This new 
information will bring us one step closer to the development of more efficient reprogram-
ming methods and, ultimately, high-fidelity generation of therapeutic-grade iPSCs with 
limited heterogeneity for use in clinical applications [28].

EXECUTIVE SUMMARY

Molecular and Transcriptional Routes to Induced Pluripotency
– Gene expression profiling analyses have identified three phases of the murine somatic 

cell reprogramming process. During the initiation phase, transcription factor-induced 
cells suppress somatic cell-specific genes and undergo mesenchymal-to-epithelial 
transition (MET). Cells then gradually transition into maturation, in which a subset 
of pluripotency-associated genes (e.g., Nanog, Sall4, Oct4) becomes activated. Ulti-
mately, cells transition to the stabilization phase, characterized by induction of the 
complete pluripotency transcriptional network with expression of endogenous Sox2.

– Two major waves of gene activation occur during reprogramming. The first transcrip-
tional wave occurs early and in the majority of cells, and genes related to proliferation, 
metabolism and cytoskeletal organization are activated. The second wave occurs late 
and is characterized by upregulation of core pluripotency genes in cells progressing 
to bona fide pluripotency. Transient activation of epidermis-related genes occurs at 
intermediate reprogramming stages, and may represent a common hallmark of repro-
gramming.

Epigenetic Control of Cellular Reprogramming
– Reprogramming requires global remodeling of somatic cell chromatin from a highly 

condensed state (heterochromatin) to a more dispersed conformation (euchromatin). 
Whereas heterochromatin reorganization occurs early in reprogramming, the estab-
lishment of euchromatin features constitutes a relatively late event. Heterochromatin-
associated H3K9 methylation constitutes an important epigenetic barrier to cellular 
reprogramming.
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– Trithorax (trxG) and Polycomb group (PcG) proteins play an indispensable role in 
specifying and maintaining pluripotent cell identity. During reprogramming, mon-
ovalent histone methylation marks at lineage-specific gene promoters are reset to the 
bivalent state (H3K27me3/H3K4me3) characteristic of stem cells.

– Changes in DNA methylation take place primarily toward the end of reprogramming. 
Whereas the promoters of differentiation-associated genes acquire de novo methyla-
tion, pluripotency gene promoters become demethylated. The functional importance 
of the re-establishment of DNA methylation in non-CpG contexts in iPSCs requires 
further investigation.

– iPSC generation induces the expression of Tet1 and Tet2, two members of the ten-
eleven translocation (TET) family of enzymes that hydroxylate 5-methylcytosine 
(5mC) to 5-hydroxymethylcytosine (5hmC) to initiate a process of DNA demethyl-
ation. These TET proteins, along with the 5hmC mark itself, control the pluripotent 
state and prevent lineage-specific differentiation through their association with both 
active (pluripotency) and bivalent (developmental) gene promoters.

Transcriptional and Epigenetic Variability in Cellular Reprogramming
– Incomplete reprogramming may result in improper epigenetic states that contribute 

to variability in gene expression and biological function among iPSC lines. Epigenetic 
aberrations are mostly observed at the level of DNA methylation and include remnant 
methylation signatures originating from the somatic cell as well as reprogramming-
induced de novo aberrant methylation patterns.

– Faithful reprogramming towards high-quality iPSCs with full developmental compe-
tence is very dependent on various technological parameters that influence epigenetic 
status, including the levels and stoichiometry of reprogramming factor proteins. 
Suboptimal reprogramming conditions can cause the emergence of an alternative 
pluripotent state (F-class cells) with unique transcriptional and epigenetic profiles 
and altered developmental potential.

Future Perspectives
– Parallel profiling of single-cell methylomes and transcriptomes will enhance our 

understanding of the reprogramming process and of the mechanisms contributing to 
epigenetic, transcriptional, and functional heterogeneity of iPSCs
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ABSTRACT

In vitro cultures of neurons are being employed in research laboratories all over the world 
as a tool to better understand nervous system function and disease. In vivo, correlated 
neural electrical activity is essential for the proper formation, maturation and survival of 
developing neuronal circuits. In this study, we characterized spontaneous and electrical 
stimulation-induced activity in a human stem cell-derived in vitro model of neuronal 
network development using calcium imaging. We discovered that spontaneous calcium 
activity is low in standard Dulbecco’s Modified Eagle’s Medium (DMEM) compared to 
artificial cerebrospinal fluid (ACSF, a commonly used solution for assessing the func-
tionality of neurons) – even after matching for ionic composition, pH and osmolarity. 
Interestingly, removal of amino acids, vitamins or extra components from the complete 
DMEM rescued the low spontaneous calcium spike activity of the cells, indicating that 
DMEM basal medium contains various components that (acutely) interfere with neu-
rophysiological function. Future research efforts should be directed toward designing 
specific neuronal media that adequately support neuronal activity, so as to create more 
realistic conditions for in vitro neuronal disease models and improve their rate of trans-
lational success.
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INTRODUCTION

In vitro cultures of neurons derived from human stem cells are an attractive model to 
study the formation and maturation of human neuronal networks. The human brain has 
numerous unique features that are difficult to model in non-human preclinical models 
[1], and human stem cell-derived neuronal cultures may represent the most practical 
means to study human neuronal function and development in a live environment [2].

Multiple approaches exist to differentiate stem cells into functional neurons [3]. 
The most common strategy involves the initial differentiation of stem cells into neural 
progenitor cells (NPCs) through the formation of so-called embryoid bodies [4]. These 
NPCs can then be expanded and maintained, or differentiated into any of the three 
neural lineages: neurons, astrocytes, or oligodendrocytes. Differentiation of NPCs into 
specific types of neurons has become a widely standardized procedure, involving the use 
of specific combinations of growth factors and chemically defined media under standard 
cell culture conditions.

Spontaneous correlated activity in neural circuits is known to be essential for proper 
maturation and refinement of developing networks [5-7]. As the brain develops and neu-
ral networks mature, coordinated spontaneous activity becomes increasingly complex, 
involving more neuronal assemblies [8, 9]. Since the in vitro differentiation of stem cells is 
believed to resemble the complex mechanisms of brain development in vivo [10, 11], we 
aimed to examine spontaneous activity in a human cell culture model of neural network 
maturation. To that end, we performed calcium imaging to monitor intracellular calcium 
oscillations in human embryonic stem cell (ESC)-derived neuronal populations grown in 
standard cell culture conditions.

The most commonly used buffer solution for calcium imaging and electrophysiologi-
cal recordings of neuronal activity is artificial cerebrospinal fluid (ACSF). ACSF is an 
isotonic buffer with neurophysiological concentrations of important inorganic salts, 
energy substrates and phosphate buffers. Although ACSF can sustain neurophysiologi-
cal function for a couple of hours, it does not support long-term survival or growth of 
neurons in vitro, even when growth factors and other cell culture supplements are 
added (unpublished observation). Consequently, neurons are generally differentiated and 
cultured in vitro in standard basal media such as Dulbecco’s Modified Eagle’s Medium 
(DMEM) with added supplements (e.g., serum, growth factors, hormones, antioxidants 
and antibiotics). When examining the calcium activity of human neurons in the medium 
in which they had been cultured (DMEM/F12+supplements), we surprisingly found very 
few neurons to be spontaneously active – in contrast to recordings performed in ACSF, 
in which many more cells showed spontaneous activity. Even after omitting all supple-
ments, and matching the inorganic salt concentration, pH and osmolarity of our ACSF 
to those in DMEM, we established that cells exhibit low calcium activity in DMEM basal 
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medium compared to ACSF solution. This impairment in neurophysiological activity 
could be rescued by removal of amino acids, vitamins or extra components from the 
complete DMEM solution, indicating that DMEM basal contains various components 
that (acutely) interfere with neuronal function. Further characterization of the calcium 
activity in ACSF revealed that both the generation and network propagation of calcium 
signals are independent of the activation of ionotropic glutamate and GABA receptors, 
suggesting that these processes are mediated by neurotransmitters other than glutamate 
and GABA, or that they rely on mechanisms other than synaptic transmission. All in all, 
the research presented here constitutes a first step toward optimizing media for neuronal 
cell culture so as to adequately support neurophysiological function and improve suc-
cessful translation from the laboratory to the clinic.

MATERIALS AND METHODS

Cell Culture
Culturing of Human Embryonic Stem Cell-Derived Neural Progenitor Cells. Human 
ESC-derived NPCs were cultured on Matrigel (BD Biosciences, Cat No. 356231)-coated 
wells of 6-well culture plates (CytoOne, Cat No. CC7682-7506) in neural progenitor me-
dium (NPM). NPM was composed of DMEM/F12 + GlutaMAX™ basal medium (Gibco, 
Cat No. 10565-018) supplemented with 1x N2 (Gibco, Cat No. 17502-048), 1x B27 (Gibco, 
Cat No. 17504-044), Fibroblast Growth Factor 8 (FGF8b, 100 ng/ml; Peprotech, Cat No. 
100-25), Sonic Hedgehog (SHH, 200 ng/ml; R&D Systems, Cat No. 1314SH) and laminin 
(1 μg/ml; Invitrogen, Cat No. 23017-015). Cells were fed every other day with new, 37 
°C pre-warmed. About once a week, or when grown confluent, NPCs were passaged and 
re-plated onto Matrigel-coated plates.

Differentiation of Neural Progenitor Cells into Neurons. NPCs maintained in NPM 
were enzymatically dissociated using TrypLE Express (Invitrogen, Cat No. 12604-013). 
Subsequently, the cells were pelleted through centrifugation and resuspended in neu-
ral differentiation medium (NDM) to induce differentiation. NDM was composed of 
DMEM/F12 + GlutaMAX™ basal medium (Gibco, Cat No. 10565-018) supplemented 
with 1x N2 (Gibco, Cat No. 17502-048), 1x B27 (Gibco, Cat No. 17504-044), Brain-De-
rived Neurotrophic Factor (BDNF, 20 ng/ml; Peprotech, Cat No. 450-02), Glial-Derived 
Neurotrophic Factor (GDNF, 20 ng/ml; Peprotech, Cat No. 450-10), Ascorbic Acid (AA, 
200 nM; Sigma, Cat No. A0278), dibutyryl cyclic AMP (cAMP, 1 mM; Sigma, Cat No. 
D0627) and laminin (1 μg/ml; Invitrogen, Cat No. 23017-015). Following trituration 
to dissociate NPC clumps, cells were plated on 12-mm round glass coverslips (Fisher 
Scientific, Cat. No. 12-545-80) in 24-well culture plates (CytoOne, Cat No. CC7682-7524) 
at a density of ~104 cells per cm2. The coverslips used were coated with 10 μg/ml poly-L-
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ornithine (Sigma, Cat. No. P-3655) and 5 μg/ml laminin (Invitrogen, Cat. No. 23017-015) 
to promote adherence of the differentiating NPCs. Following induction of neuronal dif-
ferentiation, cells were given a 4-day rest period during which they were left undisturbed 
in a humidified incubator at 37 °C and 5% CO2, allowing them to adhere. Neurons were 
subsequently fed every other day by replacement of half (~0.5 ml) of the media with 
new, 37 °C pre-warmed NDM, minimizing fluid perturbations. Cells received double the 
amount of media (~1 ml) over the weekend. Cultures were regularly checked under the 
microscope for their neuronal characteristics as well as signs of possible contamination.

Calcium Imaging
Preparation of Fluo-4 AM Loading Stock Solution. A 1 mM loading stock solution of the 
calcium-sensitive fluorescent dye Fluo-4 AM was prepared by dissolving 50 μg of Fluo-4 
AM (Invitrogen, Cat No. F14201) with 45.6 μl of 20% Pluronic F-127 solution in DMSO 
(Invitrogen, Cat No. P-3000MP).

Fluo-4 AM Pretreatment (Loading) of Cells. For each calcium imaging experiment, an 
individual coverslip containing neurons was transferred to a new 24-well culture plate. 
~0.5 ml of NDM covering the cells was aspirated and transferred to the new plate after 
which the coverslip was grasped and transferred into this medium using a fine, sterile 
forceps rinsed in sterile H2O. 2 μl of Fluo-4 AM loading stock solution was added to 
the media containing the transferred coverslip to reach a 4 μM final concentration of 
the calcium indicator dye. To achieve an even distribution of Fluo-4 AM in the media 
surrounding the cells, the dye was gently but well resuspended in the media. Cells were 
incubated with Fluo-4 AM for ~20 minutes under standard tissue culture conditions (37 
°C, 5% CO2, and 95% humidity).

Imaging of Spontaneous Calcium Activity. For live imaging of the neuronal cultures, 
coverslips containing cells loaded with Fluo-4 AM were individually bathed in a custom-
designed plastic perfusion chamber (Warner Instruments). The use of a perfusion pump 
(Bio-Rad, Econo Pump) allowed for a constant fresh supply of perfusate and provided 
an easy means of subjecting the cells to different media and neuropharmacological an-
tagonist solutions for the purpose of real-time recording of calcium activity in different 
conditions. All perfusates were continuously gassed with carbogen (95% O2 and 5% CO2) 
and pre-heated to 35 °C using a dual channel temperature controller with in-line solution 
heater (Warner Instruments, Model No. TC-344B) before entering the chamber bath. To 
wash out excess Fluo-4 AM dye, the cultures were perfused with perfusate for at least 15 
minutes prior to movie acquisition with the multi-photon microscope system (Olympus, 
Fluoview FV1000MPE). After movie recording in first (control) perfusate, cells were 
subjected to a different medium or drug solution, after which the perfusion solution was 
typically changed back again to the control perfusate in an attempt to recover from the 
medium or drug effect; perfusate flow rate was maintained at 0.50 or 1.00 ml/minute 
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during all experiments. Two consecutive 5-minute movies were recorded in each condi-
tion (control, medium/drug, and recovery), and one to three fields of view (FOVs) were 
analyzed per coverslip. Movies were acquired using a 40X (Olympus, LUMPLFLN NA 
0.80) or 25X (Olympus, XLPLN NA 1.05) objective, and the imaging parameters applied 
were typically as follows: FOV size = 506.94 x 506.94 μm, frame rate = 1.8 Hz, scan-
matrix = 256 x 256 pixels, scan rate = 4.0 μs/Pixel. For each FOV, a high-resolution image 
was also acquired at 2048 x 2048 pixels.

Imaging of Stimulation-Evoked Calcium Activity. A similar imaging setup was used 
for imaging of calcium activity evoked by electrical stimulation, except that a glass pi-
pette stimulation electrode was positioned close to the neurons and approximately in 
the middle of the FOV; a reference electrode was placed in the chamber bath. The first 
60 seconds consisted of recording of spontaneous activity after which two stimulations 
(amplitude: 200 μA; pulse duration: 100 μs) were applied 60 seconds apart, at time points 
60 and 120 seconds. Different antagonist solutions were perfused to evaluate their effects 
on induced calcium activity.

Solutions. In our initial experiments showing reduced spontaneous activity of cells 
in neural differentiation medium (NDM), control/recovery and experimental perfusates 
were standard ACSF (124 mM NaCl, 3 mM KCl, 1.3 mM MgSO4, 26 mM NaHCO3, 1.25 
mM NaH2PO4, 20 mM glucose, 2 mM CaCl2; pH adjusted to 7.4 with 95% O2 and 5% 
CO2) and NDM, respectively, or vice versa. To exclude the possibility that the low spon-
taneous activity in NDM versus standard ACSF was due to a difference in ionic composi-
tion between the two solutions, we repeated our experiments with a matched ACSF and 
DMEM (i.e., NDM without N2/B27 supplements and growth factors) solution having the 
exact same concentration of inorganic salts, pH and osmolarity. In an attempt to pinpoint 
the component or components of the complete DMEM that are specifically responsible 
for the low spontaneous activity of cells in this medium, we performed calcium imaging 
experiments with custom-made DMEM media devoid of either amino acids, vitamins 
or extra components (see Supplementary Table 1 for a detailed specification of DMEM 
composition/components). In another series of experiments, different neuropharma-
cological antagonists were consecutively added to control ACSF perfusate to explore in 
more detail the mechanisms that mediate the spontaneous firing as well as the propa-
gation of stimulation-induced calcium signals within the neuronal cultures: kynurenic 
acid (KYN, 5.0 mM; Sigma, Cat No. K3375-5G) to non-specifically block ionotropic 
glutamate receptors, gabazine (SR95531, 10 μM; Sigma, Cat No. S106) to selectively and 
competitively block GABAA receptors, tetrodotoxin (TTX, 1.0 μM; Tocris, Cat No. 1078) 
to block voltage-gated sodium channels, and nifedipine (NIFE, 10 μM; Tocris, Cat No. 
1075) to selectively block L-type calcium channels. All solutions were stored at 4 °C, but 
were warmed to ~25 °C prior to initiation of recordings. Table 1 summarizes the different 
perfusates used in each experimental paradigm.
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Table 1. Summary of perfusates used in the different calcium imaging experiments.

experiment Control 
perfusate

experimental 
perfusate #1

experimental 
perfusate #2

experimental 
perfusate #3

recovery 
perfusate

1 Spont activity ACSF vs NDM
standard, non-matched

aCSF-std NDM-std aCSF-std

2 Spont activity ACSF vs DMEM
custom-made, matched

aCSF* DMeM* aCSF*

aCSF* DMeM no aa* aCSF*

aCSF* DMeM no vit* aCSF*

aCSF* DMeM no ext* aCSF*

DMeM* aCSF* DMeM*

DMeM* DMeM no aa* DMeM*

DMeM* DMeM no vit* DMeM*

DMeM* DMeM no ext* DMeM*

3 Spont activity Effect of antagonists aCSF-std +KYN +Sr95531 +KYN +Sr95531 +ttX +KYN +Sr95531 +ttX +NIFe No recovery

4 Induced activity Effect of antagonists aCSF-std +KYN +Sr95531 +KYN +Sr95531 +ttX +KYN +Sr95531 +ttX +NIFe No recovery

*: Solutions having matched inorganic salt concentration, ph and osmolarity.
aCSF: artificial cerebrospinal fluid; DMeM: Dulbecco’s Modified eagle’s Medium; KYN: Kynurenic acid (5.0 
mM); NDM: Neural differentiation medium; NIFe: Nifedipine (10 μM); no aa: without amino acids; no 
ext: without extra components; no vit: without vitamins; Sr95531: Gabazine (10 μM); std: standard; ttX: 
tetrodotoxin (1.0 μM).

Data Analysis
Quantification and Characterization of Spontaneously Active Cells. Cells showing a 
positive change in Fluo-4 AM fluorescence intensity from baseline were selected as regions 
of interest (ROIs) for time series analyses with the Olympus Fluoview FV1000 software. 
For paired analysis between conditions, ROIs selected in one particular movie were copied 
to all other movies corresponding to the same FOV, regardless of the recording condi-
tion. This way, any given ROI represents a cell that is active in at least one of the different 
conditions. When unpaired analyses were performed, we treated the data as if the different 
recordings were independent and thus ROIs were selected for any of the conditions inde-
pendently. The number of active ROIs was determined for each FOV and then averaged 
across FOVs of the same condition to obtain a quantitative measure of the activity effect 
of the different perfusates. At the same time, all cells were characterized according to their 
type(s) of spontaneous calcium signals (see RESULTS for description). Except for our 
initial experiments on spontaneous activity in NDM versus standard, non-matched ACSF, 
all analysis was performed blinded to the recording condition with the code being broken 
only after quantification and characterization of active cells was complete.

Dynamics and Kinetics Analysis of Individual Calcium Transients. The events of cells 
with fast spontaneous calcium spikes (i.e., “unitary” responses) were further analyzed 
with MiniAnalysis software (Synaptosoft, Version 6.0.3) for calculation of spike frequency, 
average amplitude, and rise and decay kinetics (10-90% rise time, 100-37% decay time, 



Chapter 3a

58

area, halfwidth and 10-90% slope). We applied the following settings for peak detection: 
threshold = 10 pA; period to search a local maximum = 30,000,000 μs; period to search 
a decay time = 30,000,000 μs; fraction of peak to find a decay time = 0.37; period to aver-
age a baseline = 1,000,000 μs; area threshold = 200,000; number of points to average for 
peak = 3; direction of peak = positive. Time before a peak for baseline was usually set to 
20,000,000 μs, but was allowed to vary between 0-30,000,000 μs if that improved baseline 
measurement. Rise and decay kinetics were not determined for partial events occurring at 
the immediate beginning or very end of a 5-minute recording. IGOR Pro (Wavemetrics, 
Version 6) was used for graphical presentation of the calcium traces following merging and 
baseline correction of the Fluoview time series data. For import of the calcium traces into 
MiniAnalysis, individual IGOR wave files were converted to axon binary file (ABF) formats 
using the ABF Utility program (Synaptosoft). For paired analysis, we compared the calcium 
transients of all cells with unitary responses in the control condition to their corresponding 
events in the other conditions. Non-paired analysis was performed if the number of cells 
with unitary events in the control condition was too small for a proper paired comparison.

Statistics
Data in all figures represent group means ± S.E.M. values, and unless otherwise stated, 
n designates the number of FOVs analyzed per condition. Non-parametric Wilcoxon 
tests and Mann-Whitney tests were used, respectively, for comparison of paired and 
non-paired group data, with differences between groups being considered significant for 
P values < 0.05. GraphPad Prism (GraphPad Software Inc, Version 5.0) was used for all 
statistical analysis and graph presentation.

RESULTS

Cells Exhibit Low Spontaneous Calcium Activity in Standard DMEM compared 
to Matched ACSF
Initial calcium imaging experiments from our group revealed that the number of sponta-
neously active neurons is significantly lower in recordings obtained in neural differentia-
tion medium (NDM) compared to standard, non-matched ACSF (data not shown). This 
difference in spontaneous activity is not due to differences in ionic composition between 
the two solutions as similar results were obtained with a custom-made ACSF and DMEM 
solution having the exact same (matched) concentration of inorganic salts, pH and os-
molarity. Whereas the number of active cells was lower in calcium imaging recordings 
obtained in complete DMEM compared to matched control ACSF, spontaneous activity 
appropriately recovered after reperfusion with ACSF perfusate (Figure 1, same as Figure 
1B of CHAPTER 3B).
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Figure 1. Low spontaneous calcium activity in standard DMEM compared to matched ACSF. (a,b) 
representative images of calcium activities recorded in the different perfusates. the number of spontane-
ously active cells, indicated by filled contours, decreased in recordings obtained in complete DMeM (b) 
compared to control aCSF (a), and showed appropriate recovery in aCSF perfusate (a): yellow filled con-
tours indicate cells active in control aCSF (n = 3), white filled contours indicate cells active in recovery aCSF 
(n = 6), and red filled contours represent cells active in both control and recovery aCSF (n = 4); green-filled 
contours are active cells in complete DMeM (n = 2). (c) the number of spontaneously active cells was sig-
nificantly lower in complete DMeM compared to both aCSF control and recovery. Bars represent means 
± S.e.M.; gray lines show results from individual FOVs. *P < 0.05, **P < 0.01; Wilcoxon matched pairs test.

Removal of Amino Acids, Vitamins or Extra Components from Complete 
DMEM Rescues Low Calcium Activity
To investigate which solution component or components are responsible for the low 
spontaneous calcium activity in complete DMEM, we conducted calcium imaging 
experiments with various custom-made DMEM media depleted of either amino acids, 
vitamins or extra components (collectively abbreviated DMEM without*). Whereas 
complete DMEM reduced the number of spontaneously active cells in ACSF by 64.4 ± 
9.2% (n = 9 FOVs) (Figure 2a), the three DMEM without* solutions did not (n = 2 FOVs 
per solution) (Figure 2b). In fact, the number of spontaneously active cells tended to be 
higher in the three DMEM without* media compared to ACSF (P = 0.0625; Figure 2b; 
see Supplementary Figure 1a for the effect of the individual media).

Relative to complete DMEM, spontaneous calcium activity increased by 156.1 ± 46.3% 
for the three DMEM without* media together, and recovered back to control levels after 
washout with complete DMEM (n = 12 total FOVs, n = 4 FOVs per custom-made solu-
tion) (Figure 2c; see Supplementary Figure 1b for the effect of the individual media). 
Cells showing one or more positive changes in Fluo-4 AM fluorescence intensity over 
time were identified as spontaneously active cells (Figure 2d, orange contours). As an 
example, spontaneous calcium activity was much more apparent in DMEM depleted of 
amino acids (n = 21 active cells) compared to complete DMEM (n = 6 and 9 active cells 
for control and recovery conditions, respectively) (Figure 2e). However, custom-made 
DMEM solution with the addition of standard supplements but without amino acids 
failed to sustain neuronal survival and maturation for more than one week (see Supple-
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Figure 2. Removal of amino acids, vitamins or extra components rescues the particularly low cal-
cium activity in complete DMEM. (a) relative to aCSF, spontaneous calcium activity decreased more than 
two-fold in complete DMeM (n = 9 FOVs), and recovered after switching perfusion back to aCSF (n = 8 
FOVs). (b) this reduction in spontaneous activity was not apparent in custom-made DMeM media depleted 
of amino acids, vitamins or extra components (DMeM without*, n = 6 FOVs); in contrast, there was a ten-
dency (P = 0.06) towards an increase in spontaneous activity compared to aCSF. (c) relative to complete 
DMeM, spontaneous calcium activity more than doubled in DMeM without* media (n = 12 FOVs). (d) Fluo-4 
aM fluorescence and DIC overlay image of an example neuronal population subjected to complete DMeM 
and DMeM without amino acids. (e) Calcium traces from the 25 spontaneously active cells indicated in (d) 
by orange contours, measured as relative changes in fluorescence (dF/F) over time. (f) Changes in calcium 
baseline and photomultiplier (pMt) detector gain in DMeM without* versus complete DMeM conditions. 
to maintain constant baseline fluorescence, pMt voltage had to be significantly reduced upon perfusate 
change from complete DMeM to DMeM without* (n = 12 FOVs). *P < 0.05, **P < 0.01, ***P < 0.001; Wilcoxon 
matched pairs tests.
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mentary Figure 2C in CHAPTER 3B). Taken together, these findings indicate that amino 
acids in DMEM, as well as various other basal medium constituents, acutely interfere 
with neurophysiological function.

Resting Level of Intracellular Calcium is Low in Complete DMEM
We then asked whether the resting level of intracellular calcium was different between so-
lutions. To investigate this, we analyzed changes in calcium baseline and photomultiplier 
(PMT) detector gain between recordings in complete DMEM and DMEM without* me-
dia. Significant downregulation of the PMT voltage was necessary to prevent the calcium 
baseline from increasing by more than 10% when switching perfusate from complete 
DMEM to DMEM without* (n = 12 FOVs) (Figure 2f). This finding, that amplification 
of fluorescence had to be significantly reduced to maintain a constant level of baseline 
fluorescence between conditions, suggests that cells have substantially lower levels of 
intracellular calcium in complete DMEM compared to DMEM without* medium.

Cells With Different Types of Spontaneous Calcium Events Become Inactive in 
Complete DMEM
Different types of spontaneous calcium signals could be identified through time-series 
analysis on selected ROIs. Two main categories of spontaneous calcium transients were 
distinguished, termed “calcium spikes” (fast rising phase events) and “calcium waves” 
(slow rising phases), and could be further subcategorized as follows (Figure 3a). Clean, 
single-peaked calcium transients having a fast rise and a complementary, relatively fast 
decay were characterized as “unitary” spikes, whereas events showing multiple fast and 
clean peaks before returning back to baseline level were referred to as “multipeak” re-
sponses. “Bursts” of spikes, typically recognized as multiple consecutive events having 
very short (commonly < 10 ms) inter-event intervals [12], were found to be highly irregu-
lar. We classified multipeak and burst activities together as “complex” events given the re-
petitive nature of both these types of responses. Among the calcium waves, “slow” events 
were typically identified as transients with a slow onset and complementary slow decay. 
Transients of cells with both complex and slow events were characterized as “mixed”, and 
calcium waves that could not be recognized as belonging to one of the abovementioned 
groups were classified as “slow undefined”; this in contrast with “inactive” calcium traces 
that did not show any rise over the course of two 5-minute movies.

Using this method of characterization of calcium signals, we studied the changes in 
distribution of cells with different types of spontaneous calcium transients between 
ACSF and complete DMEM perfusate (Figure 3b). Because there was no clear difference 
between ACSF and complete DMEM in the overall distribution of cells with different 
calcium event types (data from n = 9 FOVs) (Figure 3b1), we excluded all cells with 
slow and undefined calcium waves since these types of calcium signals are likely to be 
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generated by astrocytes rather than by neurons [13-15]. Limiting our selection to cells 
with calcium spikes and mixed responses in ACSF, we found that 85.2 ± 4.8% of these 
cells became inactive in complete DMEM (Figure 3b2). No clear changes were found in 
the distribution of cell types between complete DMEM and the three DMEM without* 
media (n = 12 FOVs) (Figure 3c).

Figure 3. Types of spontaneous calcium signals recorded in the different perfusates. (a) 
Characterization of different types of spontaneous calcium transients (see Results for complete descrip-
tion). (b,c) Distribution of cells with different types of spontaneous calcium signals in the different solutions. 
(b1) there was no clear difference between aCSF (left) and complete DMeM (right) in overall distribution 
of cells with different calcium transient types. (b2) excluding all cells with slow and undefined responses 
(which typically represent astroglial calcium signals) in aCSF (left), we found that the vast majority of cells 
classified as unitary, complex and mixed, became inactive in complete DMeM (right). (c) Distribution of 
cell types was not different between the various DMeM without* media (right) and complete DMeM (left). 
Values in pies represent average percentages rounded to the nearest whole percent.
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Blockage of Ionotropic Glutamate and GABA Receptors Does Not Lower the 
Frequency of Unitary Calcium Events
To investigate in more detail the mechanisms mediating spontaneous firing in the neu-
ronal cultures, we attempted to modulate spontaneous calcium activity by subjecting the 
cells to different neuropharmacological antagonists. Whereas consecutive addition of the 
glutamate receptor antagonist kynurenic acid (KYN), the GABAA receptor antagonist 
gabazine (SR95531), the voltage-gated sodium channel blocker tetrodotoxin (TTX) and 
the L-type calcium channel blocker nifedipine (NIFE) did not affect the total number 
of spontaneously active cells (n = 4 FOVs) (Figure 4a), we were able to observe a clear 
reduction in activity upon exclusion of all cells with slow and undefined calcium waves. 
Of the cells with calcium spikes and mixed responses in ACSF, an increasing percentage 
became inactive with sequential addition of the drugs (Figure 4b and Supplementary 
Table 2). In addition, cells with slow and undefined calcium signals tended to constitute 
a greater percentage of total active cells after addition of TTX (Figure 4a, insets; Supple-
mentary Table 2).
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Figure 4. Influence of various neuropharmacological antagonists on spontaneous calcium activity. 
(a) Consecutive addition of kynurenic acid (KYN), gabazine (Sr95531), tetrodotoxin (ttX) and nifedipine 
(NIFe) to the aCSF perfusate did not reduce the total number of spontaneously active cells (n = 4 FOVs). 
however, after addition of ttX, cells with slow and undefined calcium signals tended to constitute a greater 
portion of total active cells (insets). (b) Of the cells with responses classified as unitary, multipeak, burst and 
mixed in aCSF, an increasing number became inactive with consecutive addition of antagonists (bottom). 
Values in pies represent average percentages rounded to the nearest whole percent. (c) the frequency of 
events in cells with unitary responses in aCSF became significantly lower after addition of ttX with or with-
out NIFe. *P < 0.05; Wilcoxon matched pairs tests. (d) Spontaneous calcium traces in different antagonist 
conditions, measured as relative changes in Fluo-4 aM fluorescence over time.
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Because fast fluorescence calcium dynamics presumably reflect neuronal calcium 
events [14, 15], we further investigated the influence of the antagonists on the frequency 
of events in cells (n = 14) with unitary calcium spikes in ACSF. Whereas addition of TTX 
with or without nifedipine significantly reduced the unitary events frequency in these 
cells, application of KYN and SR95531 alone had no effect (Figure 4c,d and Supple-
mentary Table 2), suggesting that the generation of spontaneous neuronal activity is 
independent of the activation of glutamatergic and GABAergic receptors, but relies on 
intact transmembrane flux of sodium.

Neuropharmacological Antagonists Diminish the Magnitude and Amplitude 
of Stimulation-Induced Calcium Signals
To evaluate the effect of KYN, SR95531, TTX and NIFE on evoked calcium activity, as 
opposed to spontaneous activity, we positioned a glass pipette stimulation electrode in 
the middle of the FOV (Figure 5a) to apply two consecutive stimulations (amplitude: 
200 μA, pulse duration: 100 μsec, inter-stimulus interval: 60 sec) to the neuronal cul-
tures. Whereas electrical stimulation readily induced calcium responses in control ACSF 
perfusate, consecutive addition of KYN plus SR95531 and TTX markedly affected both 
the total number of cells responding to stimulation as well as the amplitude of induced 
responses (Figure 5b-d and Supplementary Table 2). Although perfusion with KYN 
plus SR95531 had only a small effect on the average evoked calcium response (bold black 
line in Figure 5b), virtually no calcium transients (thin gray lines in Figure 5b; n = 20 
total cells) could be induced in presence of TTX. Clearly, we observed a marked decrease 
in both the number of responding cells (Figure 5c, n = 30 total cells) and the amplitude of 
evoked calcium transients (Figure 5d) with consecutive blockage of ionotropic glutamate 
receptors, GABAA receptors, and sodium channels (data from n = 2 FOVs).

Blockage of Voltage-Gated Sodium Currents by TTX Impairs Functional 
Connectivity within Neuronal Networks
In order to characterize the mechanisms of propagation of calcium signals within the 
cultures, we determined how the aforementioned neuropharmacological drugs affect 
the calcium response at various distances from the stimulation electrode. Interestingly, 
ACSF containing KYN plus SR95531 and TTX, but not KYN plus SR95531 alone, com-
pletely blocked calcium transients in cells located at distances farther than 60 μm from 
the electrode tip (n = 2 FOVs) (Figure 5e,f and Supplementary Table 2). Because we 
observed no change in the spread of the calcium response across the network with KYN 
plus SR95531 in the absence of TTX, we can conclude that voltage-gated sodium currents 
are specifically involved in propagating neuronal activity across the network.
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Figure 5. Influence of various neuropharmacological antagonists on stimulation-evoked calcium 
activity. (a) Fluorescence and DIC overlay image of an example neuronal population subjected to electrical 
stimulation. Drawn concentric circles are 20 μm apart. (b) Calcium responses recorded in the different an-
tagonist solutions (thin gray lines indicate responses from individual cells [n = 20]; bold black lines indicate 
average responses). two stimulations (amplitude: 200 μa, pulse duration: 100 μs; arrowheads) were applied 
60 seconds apart. Induced responses decreased both in number and amplitude in perfusate containing 
KYN plus Sr95531, and almost no calcium activity could be evoked in presence of ttX. (c,d) the number 
of responding cells and the amplitude of evoked responses at first stimulation was only slightly reduced 
by KYN plus Sr95531, but was markedly lower when ttX was added. Gray lines show results from indi-
vidual FOVs. (e,f) aCSF containing KYN plus Sr95531 and ttX, but not KYN plus Sr95531 alone, completely 
blocked calcium responses in cells located at distances >60 μm from the stimulation electrode.
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DISCUSSION

In the present study, we examined spontaneous and induced calcium activity patterns in 
an in vitro model of neuronal networks derived from human ESCs. Our main finding is 
that DMEM, a basal medium widely used for the growing of human neuronal cultures, 
acutely impairs spontaneous neural activity. Removal of amino acids, vitamins or extra 
components from the complete DMEM solution rescued the low calcium activity of 
the cells; yet, in the absence of amino acids, long-term survival and maturation of the 
neurons in vitro could not be sustained. In vivo, spontaneous electrical activity is essential 
for the formation and maturation of neuronal networks [5-7] as well as for survival of 
developing neurons [16]. Therefore, the development of a specific neuronal medium 
that adequately supports neuronal activity while sustaining long-term maturation (see 
CHAPTER 3B) will result in a better mimicking of brain physiological conditions and 
thereby improve the clinical relevance of in vitro experimental models. Especially in the 
context of in vitro disease modeling using patient-specific neurons derived from induced 
pluripotent stem cells (iPSCs), neuronal models that more closely resemble the living 
brain will be more likely to recapitulate the dysfunctions occurring in patients’ brains, 
enabling the discovery of new effective therapeutic targets and drugs for the treatment of 
neurological and psychiatric disease.

Which Mechanisms Mediate The Generation and Cell-to-Cell Propagation of 
Neuronal Calcium Activity?
To gain further insight into the mechanisms underlying the spontaneous firing in the 
neuronal cultures, we subjected the cells to neuropharmacological modulation in an at-
tempt to alter spontaneous activity. Here, we show that ACSF perfusate containing KYN, 
SR95531 and TTX reduced the frequency of spontaneous calcium events in cells with 
unitary responses. That the unitary events frequency did not change with addition of KYN 
and SR95531 alone suggests that the generation of this type of spontaneous activity is 
independent of the activation of glutamatergic and GABAergic receptors. The significant 
reduction in the unitary events frequency with TTX however indicates that voltage-gated 
sodium currents are specifically involved in the generation of the spontaneous calcium 
activity. It has become apparent that many neurons in the central nervous system have 
intrinsic firing properties, enabling them to fire spontaneous action potentials in the 
absence of synaptic excitation [17-20]. These so-called autorhythmic or pacemaker-like 
neurons have been proposed to trigger the synchronous depolarizing activity in develop-
ing neural circuits [21]. The capability of neurons to generate intrinsic spontaneous activ-
ity is dependent, at least partly, on voltage-gated inward sodium currents [22]. Further 
supporting this notion, a persistent, subthreshold and TTX-sensitive sodium current has 
been shown to drive the autorhythmic firing of neurons [23, 24]. Taken together, these 
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findings raise the possibility that the spontaneous calcium oscillations that we monitored 
in our imaging experiments are of intrinsic origin.

We also examined the effects of KYN, SR95531 and TTX on electrical stimulation-
induced activity and the propagation of evoked calcium responses across the neural 
network. Here we not only demonstrate that virtually no calcium activity could be evoked 
in presence of TTX, but we also show that addition of KYN and SR95531 alone (i.e., in 
the absence of TTX) did not impair the propagation of induced calcium signals. This 
finding suggests that the calcium responses in the neuronal cultures spread from cell to 
cell mainly through mechanisms other than synaptic transmission. One such mechanism 
might be the electrical (gap-junctional) coupling of neuronal clusters that allows for a 
direct transfer of ions between neurons [25-27]. Future experiments with blockers of gap 
junction transmission should reveal to what extent electrical coupling mediates com-
munication between neurons in the network.

Do Spontaneous Neuronal Calcium Signals Differ From Those Generated By 
Astrocytes?
We characterized different types of spontaneous calcium signals in the in vitro neuronal 
cultures. These calcium transients differ in complexity as well as the time course of activ-
ity. In comparing between perfusates the distribution of cells with different types of spon-
taneous calcium transients, we excluded from analysis all cells with slow and undefined 
responses since these types of events are unlikely to represent neuronal activity. Whereas 
neuronal calcium transients can be characterized by fast, spike-like changes in relative 
fluorescence (dF/F), responses with a slow time course are more typical for astrocytes 
[13-15]. Although differentiation of the human ESCs was directed towards the neuronal 
lineage, the neuronal cultures also contained a small number of astrocytes as revealed 
by immunohistochemical staining for the astrocyte-specific marker glial fibrillary acid 
protein (GFAP) (data not shown). In an attempt to discriminate the astroglial from 
neuronal calcium dynamics, we combined Fluo-4 AM calcium indicator loading with 
sulforhodamine 101 (SR101) labeling [14, 28], but staining with this fluorescent marker 
was not specific to astrocytes in the cultures under study (data not shown). The possibility 
of the presence of some astrocytes in the cultures warrants further investigation given 
that we only observed a clear effect of the neuropharmacological antagonists on spon-
taneous activity after exclusion of all cells with slow and undefined calcium responses. 
Aguado et al. reported that TTX significantly impaired spontaneous activity of neurons, 
but not astrocytes, in mouse brain hippocampal slices [29]. This specific effect of TTX 
on neuronal spontaneous activity might explain our observation that cells with slow and 
undefined calcium responses tended to constitute a greater portion of the total number 
of active cells after adding TTX. To establish what types of spontaneous calcium activities 
are truly neuronal, future experiments should be directed at monitoring spontaneous 



Chapter 3a

68

calcium signals specifically in neurons, for example by combining calcium imaging with 
electrophysiological analysis of single-neuron activity (patch-clamp recording) and/or by 
using a genetically encoded calcium indicator (e.g., GCaMP) expressed under a neuron-
specific promotor [30, 31].
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SUPPLEMENTARY INFORMATION

Supplementary Table 1. Formulation of DMEM/F12 + GlutaMAX™ basal culture medium.

Components Molecular Weight Concentration (mg/L) Molarity (mM)

Inorganic Salts

Calcium Chloride (CaCl2) (anhyd.) 111.0 116.6 1.0504504

Cupric Sulfate (CuSO4· 5h2O) 250.0 0.0013 5.2e-6

Ferric Nitrate (Fe(NO3)3· 9h2O) 404.0 0.05 1.2376238e-4

Ferric Sulfate (FeSO4 · 7h2O) 278.0 0.417 0.0015

Magnesium Chloride (MgCl2) 
(anhyd.)

95.0 28.64 0.30147368

Magnesium Sulfate (MgSO4) (anhyd.) 120.0 48.84 0.407

potassium Chloride (KCl) 75.0 311.8 4.1573334

Sodium Bicarbonate (NahCO3) 84.0 2438.0 29.02381

Sodium Chloride (NaCl) 58.0 6999.5 120.68104

Sodium phosphate Dibasic 
(Na2hpO4) (anhyd.)

142.0 71.02 0.50014085

Sodium phosphate Monobasic 
(Nah2pO4· h2O)

138.0 62.5 0.45289856

Zinc Sulfate (ZnSO4· 7h2O) 288.0 0.432 0.0015

Amino Acids

Glycine 75.0 18.75 0.25

L-alanine 89.0 4.45 0.049999997

L-alanyl-L-Glutamine 217.0 542.0 2.497696

L-arginine hydrochloride 211.0 147.5 0.69905216

L-asparagine-h2O 150.0 7.5 0.05

L-aspartic acid 133.0 6.65 0.05

L-Cysteine hydrochloride-h2O 176.0 17.56 0.09977272

L-Cystine 2hCl 313.0 31.29 0.09996805

L-Glutamic acid 147.0 7.35 0.05

L-histidine hydrochloride-h2O 210.0 31.48 0.14990476

L-Isoleucine 131.0 54.47 0.41580153

L-Leucine 131.0 59.05 0.45076334

L-Lysine hydrochloride 183.0 91.25 0.4986339

L-Methionine 149.0 17.24 0.11570469

L-phenylalanine 165.0 35.48 0.2150303

L-proline 115.0 17.25 0.15

L-Serine 105.0 26.25 0.25

L-threonine 119.0 53.45 0.44915968

L-tryptophan 204.0 9.02 0.04421569

L-tyrosine Disodium Salt Dihydrate 261.0 55.79 0.21375479
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Supplementary Table 1. Formulation of DMEM/F12 + GlutaMAX™ basal culture medium. (continued)

Components Molecular Weight Concentration (mg/L) Molarity (mM)

L-Valine 117.0 52.85 0.4517094

Vitamins

Biotin 244.0 0.0035 1.4344263e-5

Choline Chloride 140.0 8.98 0.06414285

D-Calcium pantothenate 477.0 2.24 0.0046960167

Folic acid 441.0 2.65 0.0060090707

Niacinamide 122.0 2.02 0.016557377

pyridoxine hydrochloride 206.0 2.031 0.009859223

riboflavin 376.0 0.219 5.824468e-4

thiamine hydrochloride 337.0 2.17 0.0064391694

Vitamin B12 1355.0 0.68 5.0184503e-4

i-Inositol 180.0 12.6 0.07

Extra Components

D-Glucose (Dextrose) 180.0 3151.0 17.505556

hypoxanthine Na 159.0 2.39 0.015031448

Linoleic acid 280.0 0.042 1.4999999e-4

Lipoic acid 206.0 0.105 5.097087e-4

phenol red 376.4 8.1 0.021519661

putrescine 2hCl 161.0 0.081 5.031056e-4

Sodium pyruvate 110.0 55.0 0.5

thymidine 242.0 0.365 0.0015082645
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Supplementary Table 2. Quantitative effects of the different neuropharmacological antagonists on 
spontaneous and induced calcium activity.

aCSF (Control) +KYN +Sr95531 +KYN +Sr95531 +ttX +KYN +Sr95531 +ttX +NIFe

Spontaneous Activity

# of active cells per mm2 134 ± 33 (4) 152 ± 46 (4) 136 ± 50 (4) 147 ± 63 (4)

% of slow and undefined events 54.7 ± 10.6 (4) 58.9 ± 11.1 (4) 74.0 ± 12.1 (4) 66.2 ± 11.8% (4)

% of active cells that became inactive* 49.4 ± 18.5% (4) 59.2 ± 13.8% (4) 74.2 ± 11.1% (4)

Unitary events frequency (hz)† 0.0040 ± 0.0014 0.0045 ± 0.0022 0.0011 ± 0.00051 0.00095 ± 0.00042

Induced Activity

# of responding cells per mm2 150 ± 50 (2) 130 ± 50 (2) 25 ± 15 (2) Not tested

amplitude at first stimulation (dF/F) 1.58 ± 0.62 (2) 1.19 ± 0.71 (2) 0.15 ± 0.16 (2) Not tested

% of responding cells per distance

0-20 μm 5.0 ± 5.0 (2) 2.8 ± 2.8 (2) 0.0 ± 0.0 (2) Not tested

20-40 μm 17.5 ± 12.5 (2) 9.0 ± 3.5 (2) 62.5 ± 37.5 (2) Not tested

40-60 μm 37.5 ± 12.5 (2) 42.4 ± 20.1 (2) 37.5 ± 37.5 (2) Not tested

60-80 μm 10.0 ± 0.0 (2) 11.8 ± 0.7 (2) 0.0 ± 0.0 (2) Not tested

80-100 μm 12.5 ± 2.5 (2) 14.6 ± 2.1 (2) 0.0 ± 0.0 (2) Not tested

100-120 μm 12.5 ± 12.5 (2) 13.9 ± 13.9 (2) 0.0 ± 0.0 (2) Not tested

120-140 μm 0.0 ± 0.0 (2) 0.0 ± 0.0 (2) 0.0 ± 0.0 (2) Not tested

140-160 μm 2.5 ± 2.5 (2) 2.8 ± 2.8 (2) 0.0 ± 0.0 (2) Not tested

160-180 μm 2.5 ± 2.5 (2) 2.8 ± 2.8 (2) 0.0 ± 0.0 (2) Not tested

Number of analyzed FOVs in brackets
*: Cells with responses classified as unitary, multipeak, burst and mixed in aCSF, n = 49
†: n = 14 cells in aCSF
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Supplementary Figure 1. Effect of ACSF and the various custom-made DMEM media on spontane-
ous electrical activity. Custom-made DMeM media were tested for their ability to support spontaneous 
activity relative to either aCSF (a) or complete DMeM (b) as control/recovery condition.
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ABSTRACT

Human cell reprogramming technologies offer access to live human neurons from 
patients and provide a new alternative for modeling neurological disorders in vitro. 
Neural electrical activity is the essence of nervous system function in vivo. Therefore, 
we examined neuronal activity in media widely used to culture neurons. We found that 
classic basal media, as well as serum, impair action potential generation and synaptic 
communication. To overcome this problem, we designed a new neuronal medium 
(BrainPhys basal + serum-free supplements) in which we adjusted the concentrations of 
inorganic salts, neuroactive amino acids and energetic substrates. We then tested that this 
new medium adequately supports neuronal activity and survival of human neurons in 
culture. Long-term exposure to this physiological medium also improved the proportion 
of neurons that were synaptically active. The medium was designed to culture human 
neurons but also proved adequate for rodent neurons. The improvement in BrainPhys 
basal medium to support neurophysiological activity is an important step toward reduc-
ing the gap between brain physiological conditions in vivo and neuronal models in vitro.

Keywords: BrainPhys, tissue culture milieu, Neurobasal, DMEM, neuromedium, induced 
pluripotent stem cells
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SIGNIFICANCE

Neuronal cultures are very valuable to learn about basic principles of the nervous system. 
In vivo, neural electrical activity is the essence of nervous system function, controlling 
emotion, memory, sensory modalities and behavior. In this study, we discovered that 
many crucial neurophysiological properties were strongly altered in classic culture media 
that are widely used by the research community. To overcome this problem, we designed 
and tested a new tissue culture neuromedium that adequately supports in vitro neuronal 
activity. The improvements made in this medium reduce the gap between in vivo brain 
physiological conditions and neuronal models in vitro. Improving physiological condi-
tions in vitro may lead to more successful translation from bench to clinics.

INTRODUCTION

Induced pluripotent stem cell (iPSC) technology is currently being employed to model 
human diseases in vitro and may contribute to the discovery and validation of new phar-
macological treatments [1-3]. In particular, neuroscientists have seized the opportunity 
to culture neurons from patients with neurological and psychiatric disorders and have 
demonstrated that phenotypes associated with particular disorders can be recapitulated 
in the dish [4-7]. However, the basic culture conditions for growing neurons in vitro 
have not been updated to reflect fundamental principles of brain physiology. Currently, 
most human neuronal cultures are grown in media based on DMEM/F12 [4, 5, 7-24], 
Neurobasal [25-30], or a mixture of DMEM and Neurobasal (DN) [31-34]. To promote 
neuronal differentiation and survival, a variety of supplements, such as serum, growth 
factors, hormones, proteins, and antioxidants, are typically added to these basal media. 
Although these media were designed and optimized to promote neuronal survival in 
vitro, they were not tested for their ability to support fundamental neuronal functions. 
Using several electrophysiological techniques such as patch clamping, calcium imaging, 
and multi-electrode arrays, we found that widely used tissue culture media (e.g., DMEM 
basal, Neurobasal, serum) actually impaired neurophysiological functions.

We identified several neuroactive components in these media that acutely interfered 
with neuronal function. To solve these issues, we designed a new chemically defined basal 
medium: BrainPhys basal. We used human neurons in vitro to demonstrate in a series 
of experiments that this new medium, combined with the appropriate supplements, 
better supports important neuronal functions while sustaining cell survival in vitro. 
Notably, BrainPhys-based medium better mimics the environment present in healthy 
living brains, unlike previous media based on DMEM, Neurobasal or serum. Although 
BrainPhys basal was specifically designed for the culturing of mature human neurons, 
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our studies also showed that BrainPhys provided a functional environment for ex vivo 
brain slices and for culturing rodent primary neurons.

RESULTS

Electrophysiological recordings and calcium imaging are the prevailing techniques 
used to assess the functionality of neurons and may be acutely performed in perfusate 
of artificial cerebrospinal fluid (ACSF) in vitro or ex vivo. ACSF is a basic solution with 
neurophysiological concentrations of important inorganic salts, energy substrates and 
phosphate buffers. We used ACSF as a standard to define the level of optimal electro-
physiological activity in vitro. Although ACSF can sustain healthy neurophysiological 
activity for a few hours, it does not sustain long-term survival or growth in vitro. Indeed, 
even with the addition of growth factors and other supplements, we found that neurons 
did not survive in ACSF for more than a few days. Therefore, neurons are usually cultured 
in an incubator with basal medium such as DMEM/F12 or neurobasal and supplements.

DMEM/F12 Basal Medium Impairs Basic Activity of Human Neurons
We first examined the calcium activity of human neurons in fresh DMEM/F12+sup 
medium, in which they were cultured for several weeks (Figure 1A). We found very few 
active human neurons in this culture medium, but many more cells became spontane-
ously active when we imaged the same fields of view in ACSF. The composition of ACSF 

←  Figure 1. DMEM/F12 basal and Neurobasal media impair neuronal and synaptic activity. (A) 
human neurons derived from ipSCs or eSCs were plated directly on glass coverslips. the basic neuronal 
functions of single mature neurons were tested and compared in two classic extracellular basal media 
(DMeM/F12 or Neurobasal-a). the perfusion of extracellular media was switched from aCSF to DMeM/
F12 or Neurobasal-a, and back to aCSF for recovery. (B) Calcium imaging analysis showing the number 
of spontaneously active cells in 10-min movies of the same fields of view recorded in aCSF, DMeM/F12 
(n = 9), and back to aCSF (n = 8). Inorganic salt concentration and the osmolarity of aCSF were matched 
to DMeM. the gray lines represent individual fields of view. Statistics were performed with Wilcoxon test 
two-tailed, **P = 0.004; *P = 0.016). See also detailed calcium spikes analysis in Chapter 3a of this thesis. 
(C) Top traces: Current-clamp recordings reveal that spontaneous aps observed in aCSF quickly disappear 
in DMeM, together with a large increase in resting membrane potential (see also Supplementary Figure 1). 
Middle traces: Voltage-clamp recordings (at -70 mV, Cl- reversal potential) reveal that DMeM-based medium 
induces a large Na+ inward current and completely blocks spontaneous aMpa synaptic activity. Bottom 
traces: Voltage-clamp recordings (at 0 mV, Na+ reversal potential) reveal that DMeM-based medium induces 
large Cl- currents and completely blocks spontaneous GaBa synaptic activity. (D) Upper traces (synaptic 
activity): Voltage-clamp recordings reveal that Neurobasal-a based medium strongly reduces spontaneous 
aMpa synaptic activity. In addition, it induces large tonic Cl- currents and completely blocks spontaneous 
GaBa synaptic activity. Lower traces (aps): Neurobasal-a does not affect the resting membrane potential 
but it strongly impairs evoked aps (500-ms step of current), voltage-dependent Nav/Kv currents (I-V traces, 
clamp -70 mV, voltage steps 5 mV), and spontaneous aps.
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solutions may vary slightly between laboratories. For example, the calcium concentration 
is often two or three times higher than physiological levels (~1.2 mM) [35-37], which 
artificially increases synaptic release and therefore may also increase calcium neural 
network activity. To address this issue, we matched the inorganic salt concentration, the 
pH, and osmolarity of our ACSF to those in DMEM and repeated the calcium-imaging 
experiments. Even with these precautions, we confirmed that the number of active cells 
was significantly lower in DMEM basal than in ACSF (Figure 1B; see also logg.salk.edu/
files/BrainPhys_ movies.pptx).

We then used patch-clamping methods to determine how DMEM basal reduced the 
overall spontaneous activity of human neurons in vitro (Figure 1C). We found that 
DMEM basal consistently depolarized the resting potential of neurons (n = 22/22 cells, 
by 23 ± 3 mV; Supplementary Figure 1A-D). When we examined spontaneously active 
neurons in ACSF, we found that, on rare occasions, depolarization induced by DMEM 
increased the firing frequency without saturation (n = 2/14; Supplementary Figure 1A), 
but in most cases, it saturated and completely silenced the firing of the cells (n = 12/14; 
Figure 1C and Supplementary Figure 1B,C).

To investigate the influence of DMEM basal on synaptic function, we performed 
voltage-clamp experiments at the reversal potential of Cl- (-70 mV) or Na+ (0 mV) and 
found that both spontaneous AMPA and GABA synaptic events, which were recorded 
in ACSF, completely disappeared in DMEM (Figure 1C). This effect occurred in every 
tested neuron and was reversible when switched back to ACSF (n = 6/6 mature cells).

At the same time, we also observed that perfusion of DMEM consistently induced large 
depolarizing Na+ and Cl- influxes into the cells (Supplementary Figure 1D,E). Therefore, 
we suspected that components present in the DMEM but not in ACSF activate Na+ and 
Cl- channels on the neurons. To identify those components, we removed either all of the 
vitamins, all of the amino acids, or all of the extra components of DMEM. By removing 
the bulk of the amino acids, we avoided the DMEM-induced depolarization that caused 
the impairment of APs and synaptic activity. However, this solution failed to sustain the 
development and survival of neurons for more than a week (Supplementary Figure 2; 
see also logg.salk.edu/files/BrainPhys_movies.pptx). From these experiments, it was clear 
that neuroactive amino acids in DMEM impaired basic neuronal functions, including 
action potential propagation and synaptic communication.

Neurobasal Medium Reduces Synaptic Communication and Action Potential 
Firing
DMEM/F12 basal has been previously modified to optimize the survival of rat primary 
neurons in culture [38]. In this modified version, called Neurobasal (NB or NBA), the 
developers essentially removed some excitatory amino acids and ferrous sulfate and 
reduced the osmolarity; they found that NB+B27 improved rat neuron survival in vitro 
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in comparison with DMEM or DMEM/F12. Although cell survival is a critical parameter 
of cell culture, fundamental electrophysiological properties were not tested in these 
media. Therefore, we used human iPSC- and embryonic stem cell (ESC)-derived neurons 
to examine the acute effects of Neurobasal on neuronal functions (Figure 1A). Unlike 
DMEM/F12, NBA did not depolarize the resting membrane potential, and at least some 
excitatory synaptic events could be observed. Nevertheless, NBA strongly reduced or 
abolished the spontaneous excitatory synaptic activity observed in ACSF (Figure 1D; n 
= 8/8 mature neurons; Figure 2E). In Neurobasal, the concentrations of inorganic salts 
(e.g., NaCl) were almost half of what the neurons are naturally exposed to in the brain 
[39]. As a consequence, we found that Neurobasal significantly reduced the voltage-
dependent sodium currents and rapidly inactivating potassium currents, and it impaired 
the amplitude and frequency of evoked and spontaneous APs (n = 8/8 cells; Figure 1D). 
We tried to increase the concentration of NaCl in Neurobasal [40]; however, despite some 
slight improvements in the amplitude of sodium currents through voltage-gated chan-
nels, this modification was not sufficient to optimize the electrical and synaptic activity of 
the human neurons. We suspected that, as in DMEM, several neuroactive components in 
Neurobasal were preventing optimal neurophysiological activity. Because neither DMEM 
nor Neurobasal was capable of optimally sustaining essential electrophysiological neuro-
nal properties, we decided to design a new basal neuro-medium (BrainPhys basal) that 
would be better adapted to neuronal function in culture.

BrainPhys Basal Medium Supports Functional Action Potential Firing
Neuronal function is fundamentally based on the generation and propagation of APs. 
Voltage-gated sodium (Nav) and potassium (Kv) channels are crucial to achieving high 
firing rates of APs. APs reflect the sequential activation of Nav and Kv channels that 
trigger a large influx of sodium and an efflux of potassium, largely depending on ionic 
gradients. Therefore, the concentrations of major inorganic salts (Na+, Cl-, K+) in the 
media are critical for APs generation and propagation. The concentrations of NaCl are 
higher in BrainPhys basal, ACSF and DMEM compared to Neurobasal (~120 mM vs. 
~70 mM) and closer to neurophysiological levels. As a result, the observed amplitudes of 
voltage-activated currents through important ionotropic channels (Nav, Kv) did not differ 
with perfusion of ACSF or BrainPhys medium (Figure 2A). In contrast, the amplitudes 
of Nav and rapidly inactivating Kv currents were systematically larger when recorded 
in BrainPhys or ACSF compared to Neurobasal (Figure 2A and Supplementary Figure 
3A).

Consequently, the spontaneous and evoked APs in single neurons tested in BrainPhys 
reached levels similar to those measured in ACSF (Figure 2B and Supplementary Figure 
3B). APs were also tested with optogenes such as channelrhodopsin (ChR2 or ChETA) 
that could be efficiently expressed in human neurons, allowing us to control the firing 
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activity of the neurons in BrainPhys with brief flashes of light (Figure 2C). In sharp 
contrast, light stimulations of neurons that successfully evoked responses in BrainPhys 
failed to evoke clear APs in either NBA- or DMEM/F12-based medium (Figure 2C and 
Supplementary Figure 3D). Consistent with the overall improvement in firing activity, 
the Ca2+ activity measured with imaging in ACSF and BrainPhys was comparable (see 
logg.salk.edu/files/BrainPhys_ movies.pptx).

BrainPhys Basal Medium Supports Functional Excitatory and Inhibitory 
Synaptic Activity
Integrated neural network activities–and ultimately, brain functions–are achieved by 
synaptic communication. Therefore, we optimized BrainPhys basal to support both excit-
atory and inhibitory synaptic function. The summation of excitatory and inhibitory syn-
aptic neurotransmitters determines the probability of neurons to fire APs. Thus, simply 
optimizing AP firing may act indirectly to promote synaptic activity. In addition, specific 
ions such as calcium play critical roles in the synapse in triggering fast vesicular release. 
Aiming to reduce the differences between culture media and in vivo brain conditions, we 

←  Figure 2. BrainPhys basal medium supports optimal APs and synaptic activity. (A) Voltage-
activated (Va) sodium and potassium currents (measured from I-V curves, voltage clamp -70 mV, steps 
5 mV) were similar in Brainphys and aCSF. In the three panels on the left, each neuron (n = 6) was tested 
both in aCSF and Brainphys (black vs. blue dots). the maximum amplitudes of voltage-activated sodium 
and potassium currents of single neurons (n = 10) were significantly reduced in Neurobasal media (red 
dots, Neurobasal-a; orange dots, Neurobasal) compared with Brainphys (blue dots) or aCSF (black dots). 
Non-parametric paired Wilcoxon test P values are shown in italics. histograms represent the mean ± Se. (B) 
the resting membrane potential, spontaneous and evoked aps were the same in aCSF and Brainphys. (C) 
typical mature patched neuron expressing an optogene (synapsin:Cheta-YFp, green) and filled with rho-
damine from the patch pipette (red shadow on the right). Optogenetic control of neuronal activity can be 
reliably achieved in Brainphys. recordings from single mature neurons tested with the same parameters in 
Brainphys or Neurobasal-a illustrate that optogenetic control is dramatically improved in Brainphys. Bottom 
part of the graphs in C are the corresponding raster plots. (D) Both excitatory (aMpa) and inhibitory (GaBa) 
synaptic activities were clearly apparent in Brainphys medium. the perfusion of different media while 
recording the spontaneous synaptic activity of single neurons revealed that Brainphys better supported 
synaptic function compared with other media such as Neurobasal-a. twelve sweeps are super-imposed 
in gray and one of them is highlighted in black for clarity. See also Supplementary Figure 3. (E) patched 
neurons (n = 22) tested in different basal media are represented by the paired dots. Quantification of aMpa 
receptor-mediated spontaneous synaptic activity shows similar properties in aCSF and Brainphys basal (n = 
8). Neurobasal significantly reduces aMpa synaptic events (n = 8). Both Neurobasal and DMeM completely 
block GaBa synaptic events (n = 4 + 2). all tests comparing spontaneous activity were performed without 
any synaptic antagonists or voltage-gated sodium channel blockers. Voltage clamp at respective reversal 
potential of chloride and sodium were used to distinguish glutamatergic from GaBaergic events. Synaptic 
blockers (NBQX or Gabazine) were used in a subset of cells (n = 15) only to confirm the nature of the recep-
tors mediating the observed synaptic activity. Wilcoxon P values are shown in italics. two-tailed tests were 
used except for recovery from 0 hz; then a one-tail test was used.
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adjusted calcium levels in BrainPhys basal to be close to those in human cerebrospinal 
fluid in vivo (Ca2+ ~1.1 mM) [37].

In the brain, glutamate mediates most of the synaptic excitation, whereas GABA me-
diates most of the synaptic inhibition. To examine whether the different media could 
support basic synaptic functions, we tested the levels of spontaneous synaptic activity 
mediated by AMPA or GABAa receptors (identified in voltage clamp by reversible block-
ades with their respective antagonists, NBQX or SR95531). Voltage-clamp experiments 
showing strong Na+ and/or Cl- currents on perfusion of DMEM/F12 or NBA in compari-
son with ACSF strongly suggested that synaptic function was impaired by the presence of 
receptors agonists present in these media but not in ACSF. Therefore, in BrainPhys basal 
we excluded or reduced the neuroactive amino acids in classic media that could directly 
influence glutamatergic synaptic activity (glutamate, aspartate) and/or GABAergic syn-
aptic activity (glycine, alanine, serine). Although spontaneous activity might be variable 
between cells, paired analysis of single mature neurons clearly showed that, unlike in 
DMEM or Neurobasal, the levels of spontaneous AMPA synaptic activity in BrainPhys 
were not significantly different from those in ACSF (Figure 2E) and were therefore 
largely improved compared with DMEM or Neurobasal (Figure 1 and Figure 2D,E). We 
also observed that both Neurobasal and DMEM completely blocked synaptic inhibitory 
phasic activity (n = 6/6 cells, 4 in NBA, 2 in DMEM/F12; Figure 2D,E). The blockade 
of GABA synaptic activity was systematically accompanied by a large influx of chloride 
currents (Supplementary Figure 1D,E) and therefore suggested that the blockade was 
due to the excess of neuroactive components activating chloride channels (e.g, glycine, 
alanine, serine). Following up on this hypothesis, we indeed found that reducing the 
concentration of these elements improved GABAergic synaptic activity. The spontaneous 
GABA synaptic activity was proven to be functional in BrainPhys (n = 7 cells; Figure 2D 
and Supplementary Figure 1F) and comparable to levels of activity in ACSF (n = 3 cells 
tested in both solutions; Figure 2D,E).

BrainPhys Basal Medium Better Mimics the Human Brain’s Energy Levels and 
Osmolarity
Our primary objective was to design a medium that better supported neuronal functions 
and activity in vitro. In addition, we wanted to design a medium that would better mimic 
the basic conditions in the human brain. These improvements are not only important for 
studies directly focusing on neuronal activity but are also potentially critical for disease 
modeling studies, as more realistic experimental models will increase translational suc-
cess for patients.

To reach that goal, it seems essential to provide energy levels close to those observed in 
healthy human brains, especially since several neurological disorders have been shown 
to be related to mitochondria dysfunctions [41-43]. The mammalian brain uses glucose 
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as one of its main sources of energy [44]. Disruption of glucose homeostasis may affect 
brain physiology and lead to brain disorders [44, 45]. Surprisingly, the glucose levels in 
DMEM and Neurobasal are at least two to five times higher than those in the brain of hy-
perglycemic patients [46]. We therefore balanced the energetic components in BrainPhys 
to provide glycemic levels similar to those reported for the brains of healthy individuals 
(~2.5 mM).

Furthermore, we set the osmolarity to approximate that of typical human cerebrospinal 
fluid (~300 mOsmol/L). In contrast, the osmolarity of NBA is ~30% lower than neuro-
physiological levels (~220 for NB or 250 mOsmol/L for NBA). It is important to note 
that evaporation of the medium often occurs in tissue culture and can drastically affect 
the osmolarity. To reduce cytotoxic osmotic stress, the cells were kept in an appropriately 
humidified incubator and half of the medium was replaced at least two or three times a 
week.

Supplements to Basal Medium That Do Not Acutely Impair Neuronal Activity
To sustain cell survival and/or neural differentiation in vitro, supplements such as 
antioxidants, growth factors, hormones and proteins should be added to basal media. 
Many of these molecules can be found naturally in serum; therefore, serum is often used. 
However, in addition to introducing variability from batch to batch, we found that serum 
(both chemically defined and fetal bovine serum (FBS)) dramatically impaired neuronal 
activity (Supplementary Figure 4). As an alternative to serum, we tested the effect of a 
combination of several chemically defined supplements on acute and long-term neural 
activity of human neurons in vitro. We patch-clamped single mature human neurons in 
various perfusates and found that adding a defined set of supplements (N2, B27, retinoic 
acid, brain-derived neurotrophic factor (BDNF), glia cell-derived neurotrophic factor 
(GDNF), ascorbic acid, cAMP, laminin, and cholesterol; Supplementary Table 6) to 
BrainPhys basal medium did not acutely affect the firing rate or excitatory/inhibitory 
synaptic activity (n = 6 cells; Supplementary Figure 4).

BrainPhys Basal+sup Supports Stable Long-Term Electrical Activity of Mature 
Human Neurons In Vitro
Our patch-clamping experiments comparing the effect of different media on neuronal 
activity demonstrated that BrainPhys basal medium was more efficient to support physi-
ological action potential firing and synaptic activity. To study brain disorders in vitro, 
mature neurons should be cultured in a medium that supports their basic function for 
some time before analysis.

To find out whether BrainPhys basal + supplements was adequate to sustain long-term 
neuronal activity, we recorded the electrical activity of mature human neuronal cultures 
over several weeks. In those experiments, we used a multi-electrode array (MEA) system 
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integrated on a 48-well tissue culture plate (Axion; 16 electrodes per well; Figure 3A,B). 
We obtained frozen stocks of characterized and purified mature human iPSC neurons 
(commercially available iCell neurons from Cellular Dynamics), thawed the purified 
neurons directly onto the MEA plates, and started recording their activity two days later, 
every day, for about two weeks. With this system, we compared the electrical activity of 
neurons over time in BrainPhys+sup and other media. First, regardless of the basal media 
used, we confirmed our patch-clamping results that adding serum dramatically impaired 
neuronal activity. The impairment caused by serum lasted more than two weeks (Figure 
3C). In NBA+sup or NBA/DMEM mixture+sup, we found that the overall neuronal 
activity was relatively low in the first few days and deteriorated rapidly within about a 
week (Figure 3E). The poor neuronal performance in the NBA+sup could be rescued, 
at least partially, within a few days when replaced with BrainPhys+sup (Figure 3E). In 
DMEM+sup, the neuronal activity was somewhat higher than in NBA+sup or NBA/
DMEM+sup but also highly fluctuated over time, presumably in synchrony with the feed-
ing cycles (twice a week in those experiments; Figure 3D). In contrast, BrainPhys+sup 
(with the same serum-free supplements) significantly improved the spontaneous activity 
of human neurons within a few days and, importantly, kept it stable for more than two 
weeks (Figure 3A-E, see statistics in Supplementary Table 1; for illustration of live MEA 
activity in different media, see also logg.salk.edu/files/BrainPhys_movies.pptx).

Taken together, these results demonstrate the effectiveness of BrainPhys basal with 
serum-free supplements to keep mature human neurons physiologically active and stable.

Characterization of Human Neurons Maturing Several Weeks in 
BrainPhys+sup Medium
The methodological variations to obtain different types of human neurons in vitro (e.g., 
cortical, dopaminergic) are probably countless. Generally, somatic cells (e.g., fibroblasts) 
or pluripotent stem cells (e.g., iPSCs, ESCs) are converted to neural progenitor cells 
(NPCs) in neural conversion media with various growth factors. Then, those NPCs are 
cultured in neuronal media and usually kept in the same media until analysis. We found 
that BrainPhys+sup was efficient for use with mature neurons obtained with different 
protocols, and it provided an active and neurophysiological environment for several 
weeks or more. Then we tested whether neural progenitors could be switched gradually 
from their neural progenitor medium to neuronal medium based on BrainPhys with 
supplements.

After expansion, human NPCs (derived from ESCs or iPSCs) were seeded on transfer-
able, treated glass coverslips (no feeder layer). Within 24 h after plating the cells, the NPC 
medium was gradually replaced with subsequent feeds of BrainPhys+sup (Figure 4A). 
We found that human NPCs plated in BrainPhys+sup differentiated effectively into ma-
ture and synaptically active neurons within three to five weeks. After about four weeks in 
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Figure 3. Long-term exposure of mature human neurons to BrainPhys basal (+supplements without 
serum) supports optimal and stable neuronal activity on MEAs. electrical activity of purified mature hu-
man ipSC-derived neurons (iCell neurons from Cellular Dynamics) was recorded in 48-well multi-electrode 
array (Mea) plates (axion) in different neuronal maturation media at 37 °C every day for 2-3 weeks. (A) 
example illustrating the heatmap activity of seven snapshots of the same array in a well. recordings (10 
min) from neurons in Brainphys with supplements (for 5 days) (see logg.salk.edu/files/Brainphys_movies.
pptx). (B) examples of spikes detected by individual electrodes in Brainphys+sup medium. (C-E) percentage 
of active electrodes (>0.005 hz) and frequency of detected spikes per electrode averaged from daily 10-min 
recordings. each value represents the average of at least 96-192 electrodes spread in four to eight wells 
per condition. the same batches of cells were compared in the 48-well plates with different media. Dashed 
lines in C and D mark the feeding dates. recordings were performed before feeding. each experiment was 
repeated at least twice independently with different set of cells and combined in the figures. For clarity, the 
experiment in panel C and D was split into two graphs, but the same control (Brainphys+sup) is represented 
twice. See analysis of spikes properties in Supplementary table 1.
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Figure 4. Characterization of human neurons cultured for several weeks in BrainPhys basal + sup-
plements. (A) human neurons derived from ipSCs or eSCs were plated directly on glass coverslips. human 
NpCs were matured in neuronal medium (Brainphys + sup) for 3-6 weeks. analysis of electrophysiologi-
cal properties was performed in the same neuronal medium (Brainphys + sup). (B) Immunostaining of 
typical human ipSC-derived neuronal cultures grown in Brainphys with supplements for 4 weeks. (C-D) 
electrophysiological activity of typical functional neurons after 3-6 weeks in Brainphys-based neuronal 
medium. patch-clamp recordings were also performed in Brainphys medium with supplements. (C) From 
left to right: train of aps evoked by a small 500-ms depolarizing step of current or brief flashes of light 
(syn:Cheta-YFp). I-V traces (clamp -70 mV, steps 5 mV) showing typical voltage-activated Na+ and K+ cur-
rents. Spontaneous aps recorded in current clamp. (D) Spontaneous synaptic events mediated by aMpa 
receptors (sensitive to NBQX, voltage clamp at -70 mV) and GaBa receptors (sensitive to Gabazine, voltage 
clamp at 0 mV). (E) Calcium imaging showing typical activity of neuronal cultures grown and recorded in 
Brainphys + supplements. time series analysis is plotted for the active regions of interest (white circles; see 
also logg.salk.edu/files/Brainphys_movies.pptx). 91% of the active rOIs showed clear calcium spikes; the 
remaining showed slow calcium waves. Statistics for the calcium spikes of 41 active rOIs (mean ± Se): 8 ± 1 
calcium spikes per 10 min, df/f = 1.1 ± 0.1; rise 10-90% = 3 ± 0.3 s; decay 37% = 11 ± 1 s; half-width = 12 ± 1 s.
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neuronal medium, the cultures formed dense neuronal networks and stained abundantly 
for dendritic/axonal markers (MAP2 and TUJ1), synaptic markers (Synapsin) and neuro-
nal markers (TH, GABA, VGlut) (Figure 4B). Consistent with our previous observations, 
human NPCs differentiated not only into neurons but also into a population of astrocytes 
staining positively for GFAP (Supplementary Figure 5).

The neurons survived on glass coverslips in BrainPhys+sup for several weeks or even 
several months for the best cell lines (tested up to five months). We tested the neurophysi-
ology of these BrainPhys cultures by patch-clamping directly in BrainPhys+sup, in which 
they were cultured, and we found many mature neurons firing healthy trains of APs (Fig-
ure 4C) and receiving acgtive AMPA and GABA synapses (Figure 4D; see summary of 
electrophysiological properties of large sample, n = 106, in Supplementary Table 2). For 
the best cell lines, those types of neurons were found around three weeks after plating in 
maturation medium and remained active for several months (tested up to five months). 
Similarly, calcium imaging experiments supported the finding that BrainPhys-based 
neural cultures generated and sustained functionally active neural networks (Figure 4E; 
see also logg.salk.edu/files/ BrainPhys_movies.pptx).

BrainPhys+sup Medium Supports Brain Cell Survival In Vitro
DMEM and Neurobasal media were specifically optimized to promote the survival of 
cells in vitro. To test the viability of the cells in different basal media (DMEM/F12, NBA 
and BrainPhys basal, all with the same set of serum-free supplements), we performed 
matched experiments using the same cell lines, plated at similar densities and at the same 
time, but fed for several weeks with different media (Figure 5A). We found that, after 
one month in either medium, the proportion of apoptotic cells (active caspase 3), the 
overall cell density (DAPI) and the concentration of lactate dehydrogenase released in the 
supernatant by dying cells did not change significantly between the three groups (Figure 
5B-E).

BrainPhys+sup Supports the Basic Function of Many Classes of Neurons
Human cell reprogramming is used to differentiate a multitude of neuronal classes. We 
collected electrophysiological evidence that BrainPhys+sup is suitable to culture many 
classes of human neurons derived from iPSCs (Supplementary Table 4). Importantly, 
after ≥2 weeks in BrainPhys+sup, each of these classes held mature functional neurons 
(evoked APs > 10Hz and spontaneously active synapses).

When we compared the differentiation of NPCs in BrainPhys+sup and other media 
(DMEM+sup and NBA+sup), we did not find significant differences in the proportion 
of NeuN-positive neurons (Figure 5F). Our iPSC differentiation protocol generated a 
variety of neuronal classes in the same culture (glutamatergic, GABAergic, dopaminer-
gic). The proportion of NeuN+ neurons that positively stained for GABA or TH and the 
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remaining NeuN+ neurons (presumably mostly glutamatergic) did not vary significantly 
in different neuronal media (Figure 5F). Therefore, when used for approximately two to 
four weeks at the latest stage of the culture process (Figure 4A), these three basal media 
did not appear to greatly influence the neuronal identity. Instead, it is more likely that 
early steps of the neuronal conversion from iPSC to NPC, and/or specific supplements, 
played a more critical role in the neuronal identity fate.

In addition, in BrainPhys+sup, NPCs differentiated not only into neurons but also into 
astrocytes that expressed GFAP protein (immunostaining). We also used GFAP promoter 
linked with fluorescent reporters to reveal astrocyte-like electrophysiological properties 
(low resting potentials, absence of sodium currents).

Culture in BrainPhys+sup Can Increase Action Potential Firing Frequencies 
and the Proportion of Synaptically Active Human Neurons
Despite the failure of classical basal media to support optimal neurophysiological activity, 
when combined with the right supplements, these media manage to support survival and 
neuronal differentiation in vitro.

Electrical activity is known to play an important role in neuronal development and 
synaptic function [47-49]. Typically in the brain, most newly generated glutamatergic 
synapses lack functional AMPA receptor mediated transmission. Over time, these syn-
apses are eliminated if kept silent, whereas those exposed to correlated electrical activity 

← Figure 5. Comparison of human neurons cultured in BrainPhys vs. classic media based on DMEM 
or Neurobasal. (A) In these experiments, we seeded human NpCs on coated glass coverlips (no feeder 
layer) in neural progenitor medium (see Supplementary Methods). We then gradually switched to three 
different media: Brainphys basal, DMeM/F12 or Neurobasal-a with the same serum-free supplements (see 
Supplementary Methods). half-media changes were performed every 3 days for 3-6 weeks before analysis. 
(B-F) representative immunostaining and analysis of cells cultured in the same plate with three different 
conditions. Nuclei were stained with DapI (blue). Despite some variability, no clear differences in cell surviv-
al or proportion of neuronal subtypes (i.e., dopaminergic, GaBaergic) were found between the three condi-
tions. Quantification on all FOV with 20× objective (tiles 2 × 2) (for th, n = 23 FOV; for NeuN, n = 20 FOV; for 
GaBa, n = 23 FOV). (G) to characterize the influence of Brainphys basal on functional properties, we com-
pared the neurons matured in Brainphys+sup with those in DMeM/F12+sup for 2-6 weeks. alternative blind 
patch-clamping of the two groups was performed in aCSF for unbiased comparison. electrophysiological 
types of neurons were defined based on their optimal firing patterns in response to 500-ms depolarizing 
steps of currents in aCSF. Similar proportion of cells with single or repetitive aps was found in the two me-
dia cultures. (H-K) For better sample homogeneity, the analysis was focused on neurons with repetitive aps. 
(H) the cells with repetitive aps spanned throughout the time windows of recording in both groups. red 
dots represent neurons with evoked firing >10 hz (threshold -10 mV). Median and interquartile ranges are 
shown. (I) the evoked firing frequency (threshold -10mV) of neurons with repetitive aps was significantly 
higher in the Brainphys+sup cultures. (J) the membrane resistance of neurons with repetitive aps was sig-
nificantly lower in the Brainphys+sup cultures. (K) Brainphys+sup culture also showed higher proportions 
of neurons receiving active aMpa synaptic inputs (NBQX-sensitive) and GaBa synaptic inputs (Gabazine-
sensitive). the presence of active synapses was determined by detecting at least four spontaneous synaptic 
events with distinctive kinetics over a 4-min recording in voltage clamp (-70 mV or 0 mV, respectively).



Chapter 3B

92

will maturate and prevail [47]. We asked whether BrainPhys+sup could improve the 
synaptic function of mature neurons. To address that question, we randomly patched a 
homogeneous sample of 65 synapsin-GFP-positive neurons in cultures growing side by 
side in DMEM/F12 or BrainPhys basal (with the same supplements). To avoid possible 
bias due to tissue culture variability, we compared the effects of the media on neurons 
from the same NPCs, plated at the same density (~2 x 105 cells per well; 190 mm2), in 
the same plate, at the same time, and we discarded the few coverslips in each groups 
where some cells detached from the coverslips and/or formed large clumps. We blindly 
alternated the patching of neurons that were cultured in BrainPhys or DMEM/F12 (with 
supplements); therefore, the time that the neurons spent in either neuronal medium was 
virtually identical in both groups (average 28 and 29 days, respectively, ranging from 17 
to 45 days). The neurons that were patch-clamped had on average the same number of 
primary neurites (BrainPhys: 3.5 ± 0.2, DMEM: 3.5 ± 1.2; Supplementary Table 3). The 
patched neurons were cultured in either DMEM/F12+sup or BrainPhys+sup media, but 
because patching the cells in DMEM impairs activity, we acutely assessed their functional 
properties in ACSF. In these conditions, we were reasonably confident that the only differ-
ence between the coverslips (n = 22) selected for analysis was the basal medium used for 
feeding. Despite our efforts to homogenize the sampling of recorded neurons, we obtained 
more neurons with high APs firing rates in the BrainPhys+sup cultures. To quantify this 
result, we defined different electrophysiological types of neurons based on their firing 
patterns in response to 500-ms depolarizing steps of currents (Figure 5G). We divided 
the neurons into two groups: those with single evoked APs and those with repetitive 
evoked APs. After two to six weeks in maturation media, electrophysiological testing in 
ACSF revealed a similar proportion of cells with single or repetitive APs. Overall neurons 
with particularly high evoked APs frequencies were found throughout the time window 
of our analysis in both culture groups (Figure 5H). However, the cells with repetitive 
firing showed significantly higher firing frequency when cultured in BrainPhys+sup 
instead of DMEM+sup (Figure 5I). Consistently, in neurons from BrainPhys-based 
cultures, the Nav and rapidly inactivating Kv currents were significantly higher, but the 
voltage activation threshold was similar to those of neurons in DMEM-based cultures 
(Supplementary Table 3). In addition, the membrane resistance of BrainPhys-cultured 
neurons was significantly lower (Figure 5J) and the capacitance was significantly higher 
than in DMEM-cultured neurons, characteristics that also typically correlate with more 
mature-like properties (Supplementary Table 3).

The numbers of neurons with repetitive evoked APs receiving active excitatory AMPA 
and inhibitory GABA synaptic inputs were about two to three times higher in the Brain-
Phys cultures (Figure 5K). Interestingly, these synaptic enhancements occurred without 
obvious differences in the number of proximal synaptic puncta measured by immuno-
histochemistry (IHC; Supplementary Figure 6). This finding suggests that spontaneous 
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electrical activity in BrainPhys+sup activates/strengthens silent synaptic contacts rather 
than increasing the formation of additional synapses.

BrainPhys+sup Medium Can Be used in Direct Neuronal Conversion Protocols 
(Induced Neurons)
Most of our tests were performed on human iPSC- or ESC-derived neurons. How-
ever, direct conversion of human fibroblasts to induced neurons (iNs), without passing 
through the pluripotent stage, represents an attractive alternative (Figure 6A). To that 
end, we tested whether BrainPhys basal medium could support neural conversion and/or 
maturation of human iNs (Figure 6B). Human iNs in BrainPhys+sup displayed healthy 
neuronal morphologies and positively stained for standard neuronal markers (Figure 
6B). The efficiency of neural conversion using BrainPhys basal instead of classic basal 
media (DN: 50:50 mixture DMEM/F12 and NBA) was not significantly different (~60% 
of neurons with both media, Figure 6C). iNs cultured in BrainPhys +supplements for two 
weeks after conversion displayed healthy functional AP properties (Figure 6D,E). These 
results demonstrate the proof of concept that BrainPhys basal can be used with direct 
conversion methods.

BrainPhys+sup Medium Increases ARC Protein Expression in Human Neurons 
Directly Induced from Fibroblasts (iNs)
To further examine the influence of long-term exposure to BrainPhys+sup on human 
neurons using an alternative measure, we examined the cellular level of ARC protein. 
Transcription of the immediate early gene ARC is known to be increased by neuronal ac-
tivity, or natural activating stimuli in vivo [50, 51]. An increase in neuronal ARC protein 
levels triggers critical molecular mechanisms that strengthen synaptic communication 
and play a role in memory consolidation [51, 52]. We compared iN cultures exposed to 
different basal media (BrainPhys basal vs. DN basal) with the same supplements (N2, 
B27, ascorbic acid, retinoic acid, laminin, BDNF and GDNF). Strikingly, within three 
weeks, BrainPhys basal significantly increased the levels of ARC protein in the human iNs 
(Figure 6F). These results demonstrate that the use of BrainPhys basal in direct neuronal 
reprogramming techniques does not directly influence the reconversion efficiency but 
increases the neuronal levels of functional activity.

BrainPhys Basal Is Also Applicable to Rodent Neurons
Although we developed BrainPhys basal to culture human neurons, we demonstrated 
that it could also be utilized for electrophysiological recordings in acute mouse brain 
slices or to culture rat primary neurons. Mouse hippocampal granule cells patched in 
BrainPhys basal were fully functional (Supplementary Figure 7), and their properties re-
corded in BrainPhys basal were virtually identical to those in ACSF (n = 4 cells). We also 
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Figure 6. BrainPhys basal with the appropriate supplements permits efficient direct neuronal con-
version as well as development of human iNs, and increases ARC protein expression. (A) experimental 
design: iN-competent human dermal fibroblasts were converted in neuronal conversion (NC) medium for 
3 weeks. For maturation iN cells were relocated onto astrocytes and further cultured in neuronal matu-
ration (NM) medium (see Supplementary Methods for details). (B) Immunofluorescence staining for β-III-
tubulin, human tau (htau), Map2ab and NeuN following 3-week conversion in media based on DMeM/
F12:Neurobasal (Left) or Brainphys (Right) with the same supplements. (Scale bar, 50 µm.) (C) the percent-
age of tUJ1+/DapI was counted after 3 weeks of conversion in different basal media with the same supple-
ments. No significant difference was observed in the efficiency of neuronal conversion when either basal 
medium was used. (D and E) Following 3 weeks of conversion, the iNs were replated on mouse astrocytes 
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Bchecked that rat primary neurons could grow successfully in BrainPhys basal medium 

(supplemented with sm1) and found that they formed active neural networks within two 
weeks in vitro (Figure 7, n = 7/7 patched rat primary neurons had strong evoked AP 
firing (>10Hz) and were synaptically active).

for 2 weeks in Brainphys basal+sup before patching and showed strong sodium/potassium currents and 
repetitive evoked aps. (F) representative image of immunofluorescence staining for htau and arC in iN 
cells after maturation on astrocytes (3-weeks conversion + 3-weeks maturation). Quantification using rOI 
selection and measurement in ImageJ. (Scale bar, 100 µm.) plot illustrating the quantification of neuronal 
arC protein levels in iN cultures derived from three donors. Gray points represent individual cells (average 
n = 38 per group, minimum n = 19 per group). Bar show means ± SD of each group. Unpaired t test: *P < 
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Figure 7. Differentiation of healthy and active rat primary hippocampal neurons in BrainPhys 
basal+sm1. (A) rat hippocampal neurons were plated on coated glass coverslips (no feeder layer, no se-
rum) in Brainphys basal medium (with sm1) for ~2 weeks before characterization. (B) Images of a typi-
cal patch-clamped neuron filled with rhodamine. On the right, the shadow is the rhodamine-filled patch 
pipette. electrophysiological characterization was performed in Brainphys. (C) train of aps evoked by a 
small 500-ms depolarizing step of current. I-V traces (clamp -70 mV, steps 5 mV) showing typical voltage-
dependent Na+ and K+ currents. Colored traces correspond to increasing voltage steps. (D) Spontaneous 
aps recorded in current clamp (0 pa). (E) Spontaneous GaBa synaptic events recorded in voltage clamp (at 
0 mV). (F) Spontaneous aMpa synaptic events recorded in voltage clamp (-70 mV). (G) Coverslips were fixed 
after patching and processed for immunohistochemistry. Dendrites were stained with Map2, presynaptic 
terminals with Synapsin, and nuclei with DapI.
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DISCUSSION

Improving Electrical and Synaptic Activity of Mature Human neurons in 
BrainPhys Basal with Supplements
In vivo, electrical activity is the essence of nervous system function. In this study, classic 
cell culture media were fully tested for their influence on fundamental neuronal activity. 
We discovered that many crucial neurophysiological properties were altered in virtually 
all classic media based on DMEM, Neurobasal, or serum. Less physiological conditions 
certainly reduce the clinical relevance of experimental models. To mimic electrical ac-
tivity in vivo [53, 54], we designed a new neuronal culture medium (Supplementary 
Table 5). Over time, the enhancement of neuronal activity in BrainPhys medium was 
not detrimental to the survival of human neurons. To the contrary, we found that long-
term exposure to BrainPhys medium enhanced neuronal synaptic function. Unlike other 
classical media, BrainPhys basal with a mixture of serum-free supplements optimally 
supported fundamental electrical and synaptic activity.

Maturation of Human Neurons in More Physiological Conditions In Vitro
We did not design BrainPhys basal to specifically accelerate maturation. However, the 
superiority of BrainPhys basal in supporting spontaneous electrical and synaptic activity 
may indirectly enhance neuronal development [40, 47-49].

In classic medium, without a feeder layer, the probability of patching mature and syn-
aptically functional human neurons can be relatively low [4, 55]. Like other basal media, 
BrainPhys basal needs to be used with appropriate supplements. Further investigation 
might reveal new sets of growth factors that will better foster neuronal development. 
In our hands, BrainPhys basal with a specific set of supplements (SUPPLEMENTARY 
METHODS and Supplementary Table 6) was able to support the culturing of mature 
human neurons from several cell lines (greater than eight) obtained from a variety of 
patients. It is important to note, however, that we also encountered some cell lines, clones 
or batches that failed to generate mature and active neuronal cultures. Whenever these 
cell lines failed to meet our neurogenic standards, they also failed in other media. In 
addition, it is possible that enhancement of neuronal activity affects, to different degrees, 
various neuronal populations based on their maturity and synaptic profiles. Neverthe-
less, conditions supporting basic neuronal function in vitro will have overall important 
cellular implications. For example, in vivo, both ARC and synaptic activity play vital roles 
in the molecular/cellular mechanisms underlying memory formation and consolidation. 
As a result, ARC downregulation has been implicated in multiple neurological disorders 
[51]. We found that ARC protein expression was significantly increased in human neu-
rons exposed to BrainPhys+sup medium. ARC expression is known to correlate with 
neuronal activity and regulate synaptic strength [51]; therefore, an increase in ARC in 
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healthy neurons exposed to BrainPhys+sup might play a role in the unsilencing of syn-
apses of mature neurons. Although further investigation will be needed to clearly identify 
the neurodevelopment mechanisms involved, our results highlight the need to use more 
physiological media to differentiate brain cells in vitro.

Modeling Neurological Disorders in a Dish with More Realistic Conditions
We report that classic media, which we and others have used to differentiate and culture 
human neurons, are suboptimal to support electrical activity and, therefore, provide very 
different conditions than those observed in the living brain [53, 56]. Most neurological 
disorders are chronic and progressive and are very closely related to neuronal activity and 
synaptic function; thus, when modeling human neurological and psychiatric disorders in 
vitro, the lack of accurate physiological conditions may mask the real mechanisms of the 
pathologies. Although relevant phenotypes have been found between patient and control 
iPSC-derived neuronal cultures differentiated in currently used media [3], we predict 
that new phenotypes might be revealed from studying neurons in conditions that pro-
mote their electrophysiological activity. Neural models closely mimicking the living brain 
will be more likely to recapitulate the dysfunctions occurring in patients’ brains and, in 
turn, lead to the discovery of more effective treatments for neurological and psychiatric 
disorders. The development of a new neuronal medium, such as BrainPhys basal, that 
sustains physiological neural activity in vitro takes us one step closer to this goal.

METHODS

Human iPSC-derived neurons were obtained with previously described protocols, using 
the four Yamanaka factors. The BrainPhys basal medium tested in this study was custom-
made. Detailed methods can be found in the SUPPLEMENTARY METHODS.
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SUPPLEMENTARY METHODS

Human Neurons
Human dermal fibroblasts were reprogrammed into pluripotent cells with the four 
Yamanaka factors (Oct3/4, Sox2, Klf4 and c-Myc) either in a retroviral vector or a non-
integrating Sendai viral vector. Human iPSCs and ESCs were differentiated into NPCs as 
previously described [11]. For neural maturation, NPCs were plated on glass coverslips 
(Fisher Scientific, Cat. No. 12-545-80) coated with poly-ornithine (Sigma, Cat. No. 
P3655) and laminin (Invitrogen, Cat. No. 23017-015) and cultured in neuronal matura-
tion medium (NM, see “Media and Extracellular Solutions” below) in 24-well plates. 
Half of the neuronal medium was gently replaced two to three times a week. The plates 
were kept in a humidified incubator at 37 °C with 5% CO2 and 21% O2. The pH (~7.3-7.4) 
and the osmolarity (~300-305 mOsmol/L) of medium were kept constant over time.

Direct Conversion of Human Dermal Fibroblasts into Induced Neurons (iNs)
Primary human dermal fibroblasts were established from skin biopsies from healthy do-
nors and cultured in DMEM medium containing 15% FBS and 0.1% NEAA (all Gibco). 
Fibroblast cell line #1 was obtained from ATCC (BJ-CRL-2522™ foreskin fibroblasts); lines 
#2 and #3 were obtained from the Coriell Institute (catalog IDs GM22159 and AG08498). 
Direct Ngn2/Ascl1-based conversion was performed as previously described by Ladewig 
et al. with slight modifications [57]. Coding sequences for human Ascl1 and Ngn2 were 
linked by a 2A peptide sequence and cloned into pLVX-Tight-Puro construct (Clontech), 
resulting in the pLVXTP-N2A. Lentiviral particles for pLVX-EtO and pLVXTP-N2A 
were produced in HEK- 293FT cells and enriched by centrifugation. Forty-eight hours 
following transduction, transgenic iN-competent fibroblasts were further passaged in 
the presence of G418 (200 μg/ml; Gibco) and puromycin (1 μg/ml; Sigma-Aldrich) in 
tetracycline-free FBS-containing media. To generate induced neurons, the medium was 
changed to induced neuron conversion (iNC) medium based on either DMEM:F12/
Neurobasal (DN; 1:1 v/v) or BrainPhys (BP) for three weeks. iNC contains the following 
supplements: N2 supplement and B27 supplement (both 1x; Gibco), doxycycline (2 µg/
ml; Sigma-Aldrich), Laminin (1 µg/ml, Life Technologies), dibutyryl cyclic-AMP (500 
µg/ml; Sigma-Aldrich), human recombinant noggin (150 ng/ml; Peprotech), LDN-
193189 (5 µM; Cayman Chemical Co) and A83-1 (5 µM; Stemgent), CHIR99021 (3 µM; 
LC Laboratories), forskolin (5 µM; LC Laboratories) and SB-431542 (10 µM; Cayman 
Chemical Co). The iNC medium (DN-iNC or BP-iNC) was changed every three days. 
To test whether direct iN conversion could be performed in BrainPhys-based media, iN 
cultures that converted for three weeks in either DN-iNC or BP-iNC were fixed with 4% 
PFA and stained for the neuronal markers β-III-tubulin (rabbit, 1:3000; Millipore), hTau 
(PHF1, mouse, 1:500; kind gift from Peter Davies), NeuN (mouse, 1:100; Millipore) and 
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Map2ab (chicken, 1:300; Abcam); see Figure 6B. For full functional maturation, iN cells 
were gently dislodged from their conversion plate using TrypLE and relocated on top of 
a monolayer culture of mouse astrocytes (see Mertens et al. AJP 2013 [58]) and further 
cultured in iN maturation (iNM) medium containing the supplements GDNF, BDNF 
(both 20 ng/ml; R&D), dibutyryl cyclic-AMP (500 µg/ml; SigmaAldrich), doxycycline (2 
µg/ml; Sigma-Aldrich) and laminin (1 µg/ml; Life Technologies). iNM-containing media 
were again either based on DMEM:F12/Neurobasal (DN; 1:1 v/v) or BrainPhys (BP), 
resulting in DN-iNM or BP-iNM, which were changed every three days. Following three 
weeks of maturation (six weeks of conversion in total), cultures were fixed with 4% PFA 
and stained for hTau and ARC (rabbit, 1:200; Acris); see Figure 6F.

Rodent Neurons
Rat hippocampal dissociated cultures were prepared at embryonic day 18. Hippocam-
pal dissections were briefly treated with Papain, then gently dissociated and plated in 
BrainPhys basal + Neurocult sm1 supplement (Stem Cell Technologies, Cat. No. 07511) 
on glass coverslips coated with poly-L-Lysine. To test BrainPhys directly on the brain 
ex vivo rather than in artificial cultures, we prepared 300-μm thick slices of the mouse 
hippocampus (C57Bl6).

Media and Extracellular Solutions
Neural media (NM) consisted of basal media and supplements. We used the following 
basal media: BrainPhys basal (BP, custom-made), Dulbecco’s Modified Eagle’s Medium 
basal (DMEM/F12; Gibco, Cat. No. 10565-018), Neurobasal-A (NB; Gibco, Cat. No. 
10888-022) or a mixture of DMEM/F12 and Neurobasal-A (DN, 50:50). Most of the 
DMEM used in these experiments was obtained from Life Technologies; a few batches were 
custom-made in house. Neurobasal was always obtained from Life Technologies. ACSF 
and BrainPhys basal were custom-made in house. To evaluate the influence of DMEM in 
this study, we always used DMEM/F12 and referred to it as DMEM or DMEM/F12. To 
evaluate the influence of Neurobasal in this study, we almost always used Neurobasal-A 
and referred to it as Neurobasal, NB or NBA. We also tested other commercial versions 
of Neurobasal with unknown formulations (e.g., ref# A1413701 or ref# 21103-049 from 
Life Technologies) and found no improvement in acute electrophysiology. For human 
iPSCs/ESCs, basal media were complemented with the same cocktail of supplements: 
1x N2 (Gibco, Cat No. 17502-048), 1x B27 (Gibco, Cat No. 17504-044), Brain-derived 
Neurotrophic Factor (BDNF, 20 ng/ml; Peprotech, Cat No. 450-02), Glia-derived Neuro-
trophic Factor (GDNF, 20 ng/ml; Peprotech, Cat No. 450-10), ascorbic acid (AA, 200 nM; 
Sigma, Cat No. A0278), dibutyryl cyclic AMP (cAMP, 1mM Sigma, Cat No. D0627) and 
laminin (1 μg/ml; Invitrogen, Cat No 23017-015). For Neurobasal, Glutamax was also 
added (0.5 mM, Gibco, Cat. No. 35050061). In addition to this cocktail of supplements 
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used for neuronal maturation, we occasionally tested the influence of cholesterol (10 μg/
ml; Sigma) and fetal bovine serum (FBS 10%) on acute neuronal activity. The compo-
sition of ACSF was adjusted to match the inorganic salt concentration and osmolarity 
of the DMEM and BrainPhys basal when acutely compared. ACSF contained (in mM) 
121 NaCl, 4.2 KCl, 1.1 CaCl2, 1 MgSO4 (or 0.4 MgSO4 and 0.3 MgCl), 29 NaHCO3, 0.45 
NaH2PO4-H2O, 0.5 Na2HPO4 and 20 glucose (all chemicals from Sigma). Experiments to 
measure electrophysiological activity were performed in ACSF or in basal media with or 
without supplements. Long-term experiments were always performed with basal media 
and supplements.

Patch Clamping
Across all experiments, 292 neurons were patched and analyzed. For whole-cell patch-
clamp recordings, individual coverslips were transferred into a heated recording chamber 
and continuously perfused (1 ml·min-1) with either basal media or artificial cerebrospinal 
fluid (ACSF) bubbled with a mixture of CO2 (5%) and O2 (95%) and maintained at 25 
°C. For targeted whole-cell recordings, we used a 40× water-immersion objective, dif-
ferential interference contrast filters (all Olympus), an infrared digital camera (Rolera XR 
- Qimaging), a digidata 1440A/Multiclamp 700B and Clampex 10.3 (Molecular Devices). 
Patch electrodes were filled with internal solutions containing 130 mM K-gluconate, 6 
mM KCl, 4 mM NaCl, 10 mM Na-HEPES, 0.2 mM K-EGTA; 0.3 mM GTP, 2 mM Mg-
ATP, 0.2 mM cAMP, 10 mM D-glucose, 0.15% biocytin and 0.06% rhodamine. The pH 
and osmolarity of the internal solution were close to physiological conditions (pH 7.3, 
290–300 mOsmol). Data were all corrected for liquid junction potentials (10 mV). Elec-
trode capacitances were compensated on-line in cell-attached mode (~7 pF). Recordings 
were low-pass filtered at 2 kHz, digitized, and sampled at intervals of 50 ms (20 kHz). To 
control the quality and the stability of the recordings throughout the experiments, access 
resistance, capacitance and membrane resistance were continuously monitored on-line 
and recorded. The resistance of the patch pipettes was between 3 and 5 MOhm. The ac-
cess resistance of the cells in our sample was ~40 MOhm on average. Patch-clamping 
results of every tested solution were confirmed by recovery to level comparable to the 
control. Synaptic antagonists were only used on a subset of neurons to confirm the nature 
of the spontaneous synaptic events detected. All events showing typical synaptic AMPA-
receptor-mediated kinetics were blocked by NBQX (10 uM NBQX, Sigma Ref#N183) 
and were observed exclusively in voltage clamp at -70 mV (close to Cl- reversal potential). 
All events showing typical synaptic GABAa receptor-mediated kinetics were blocked by 
gabazine (10 uM SR95531, Sigma Ref#S106) and were observed exclusively in voltage 
clamp at 0 mV (close to Na+ reversal potential).
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Multi-Electrode Arrays (MEAs)
Multi-Well MEA Plates. MEA plates were composed of 48 wells with each well contain-
ing an array of 16 individual embedded nano-textured gold microelectrodes (~40-50 µm 
diameter; 350 µm center-to-center spacing) with 4 integrated ground electrodes, for a 
total of 768 channels (Axion Biosystems). Prior to culture, each well was coated with 
200 µl of a filter-sterilized 0.1% solution of polyethylenimine (Sigma Aldrich) in borate 
buffer (3.10 g of boric acid (Fisher Scientific) and 4.75 g of sodium tetraborate (Sigma 
Aldrich) in 1 L of distilled water) at room temperature. The solution was removed after 
one hour, and the wells were washed four times with sterile water and air-dried overnight 
in a sterile biological safety cabinet.

Cell Culture on MEAs. One vial of cryopreserved human iPSC-derived iCell neurons 
(Cellular Dynamics International) was thawed and pelleted by centrifugation according 
to the manufacturer’s protocol, and resuspended at a concentration of 28,000 viable neu-
rons/µl in iCell Neuron Maintenance Medium with 10 μg/ml laminin (Sigma Aldrich). A 
5-µl droplet of the cell suspension (140,000 neurons) was added to the center of each well 
in the MEA, directly over the electrode area. Sterile water was added to the area around 
the wells to reduce evaporation, and the MEA was incubated with the seeded neurons 
in a cell culture incubator at 37°C and 5% CO2 for one hour. 300 µl of iCell Neuron 
Maintenance Medium was then gently added to each well, and the water surrounding 
the wells was removed. Two days after the cell plating (day in vitro (DIV) 2), the medium 
was replaced with one of eight different media: Neurobasal-A (Life Technologies) with 
10% defined fetal bovine serum (FBS; HyClone); BrainPhys with 10% FBS; DMEM/F12 
(Life Technologies) with 10% FBS; Neurobasal-A supplemented with N2 (Gibco), B27 
(Gibco), BDNF (20 ng/ml; Peprotech), GDNF (20 ng/ml; Peprotech), ascorbic acid (200 
nM; Sigma), cAMP (1mM; Sigma), and laminin (1 μg/ml; Life Technologies); BrainPhys 
with the aforementioned supplements; DMEM/F12 (Life Technologies) with the afore-
mentioned supplements; a 1:1 mixture of Neurobasal-A/DMEM with the aforementioned 
supplements; or fresh iCell Neuron Maintenance Medium (six wells each medium). At 
DIV 6, 9, and 13, 50% of the medium in each well was exchanged with fresh medium. On 
DIV 16, all medium was replaced with BrainPhys basal+sup.

MEA Recording and Data Analysis. Between DIV 2 and 21, spontaneous activity was 
recorded for 10 min each day at 37 °C using the Maestro MEA system (Axion Biosys-
tems) and the associated Axion Integrated Studio (AxIS 1.8.1.5). The 768 channels of 
the MEA were sampled simultaneously with a gain of 1200X and a sampling rate of 12.5 
kHz/channel. For all recordings, a Butterworth band-pass filter (200 Hz – 3 kHz) was 
applied along with an adaptive threshold spike detector set at 6× standard deviation. Data 
from the recordings were saved to three different file types simultaneously; a raw data file 
(*.raw file) that included all data, a spike counts file (*.csv file) that included the spikes 
per electrode with a 1 s bin time, and an alpha map (*.map file) that included spike timing 
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and profile information. The frequency reported in the analysis represent the average 
frequency of 96 to 192 electrodes (6 to 12 wells) for each tested condition. The percentage 
of active electrode represents the number of electrode with a spike frequency >0.005 Hz.

Analysis and Statistics
Statistical analysis of electrophysiology data and calcium imaging was assisted with 
Clampfit 10.3, Matlab 2011b, Igor Pro 6, Prism 5, MiniAnalyis and Microsoft Excel. 
Standard errors of the mean were reported. Statistical significance was assessed with two-
tailed non-parametric paired (Wilcoxon) or unpaired (Mann Whitney) tests.

Calcium Imaging
Neurons attached on glass coverslips were incubated for ~20 min (37 °C, 5% CO2, and 
95% humidity) with 4 μM calcium-sensitive dye Fluo-4 AM (Invitrogen, Cat No. F14201) 
in maturation medium. Fluo-4 was washed and coverslips were transferred into a heated 
recording chamber and continuously perfused (1 ml·min-1) with either basal media or 
ACSF bubbled with a mixture of CO2 (5%) and O2 (95%) and maintained in the chamber 
at 35 °C. We waited at least 15 min after the coverslip transfer before starting any record-
ing. Calcium imaging movies were acquired with a laser-scanning microscope at 471 nm 
(Olympus, Fluoview FV1000MPE) and a 25× objective (Olympus, XLPLN NA 1.05). At 
least two consecutive five-minute movies were recorded in each condition (control, tested 
medium, recovery). In many cases the extracellular medium defined as the control and 
recovery medium was ACSF, but similar results were obtained when the order of media 
perfusion was changed (e.g., control = BrainPhys, tested = ACSF, recovery = BrainPhys). 
When necessary, gain sensitivity and focus were adjusted between movies. Laser power 
was not changed (~2%). After changing each perfusate, we also waited at least five minutes 
to make sure the entire bath solution was replaced before initiating the next recording. We 
analyzed no more than three fields of view per coverslip. Regions of interest (ROIs) were 
categorized as spontaneously active when at least one clear neuronal calcium event was 
detected on a soma. Neuronal calcium events were defined as a sharp transient increase 
in fluorescence intensity (Fluo-4 AM, dF/F >5%, fast rise, slower decay). The time series 
for each ROI were calculated with the Olympus Fluoview FV1000 software.

Immunohistochemistry
Immunohistochemistry experiments were performed on neurons plated on glass cover-
slips in 24-well plates. Comparison between media conditions were made on the same cell 
line, growing side by side in the same plate with the same original cell density. Standard 
immunohistochemistry protocols were used. Coverslips were stained with DAPI and a 
combination of the following antibodies: mouse-Map2(2a+2b) (1:500, Sigma), mouse-
TUJ1 (1:1000, Covance), rabbit-Synapsin1 (1:500, Calbiochem), rabbit-TH (1:500, Pel-
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Freez), rabbit-GFAP (1:200, Dako), rabbit-GABA (1:500, Sigma), goat-DCX (1:500, Santa 
Cruz).

Optimal Use of BrainPhys and Cautionary Notes
BrainPhys basal was specifically designed to support long-term basic synaptic and elec-
trical activity of mature neurons in vitro. BrainPhys basal + supplements should be used 
on mature neurons for at least one or two weeks before phenotyping the cells. Enhancing 
electrical activity may also have indirect beneficial influence on neuronal development, 
and we have shown that BrainPhys basal can also be used successfully in some neural 
maturation protocols. However, optimal maturation and survival can only be achieved 
with appropriate supplements, physical supports and healthy neuronal progenitors. 
These latest technical aspects should be carefully controlled and adapted based on specific 
experimental objectives. It is also important to note that, despite the obvious benefits of 
enhancing neurophysiological activity, there is a possibility that, at least in some cases, in-
creasing cellular metabolism makes the cells more sensitive to stress (e.g., if metabolically 
active during in vitro manipulation). In addition, hyper-osmotic solution may trigger 
neurodegeneration. The osmolarity of BrainPhys basal is close to physiological values 
(~300 mOsmol/L); as evaporation of the medium may induce detrimental osmotic stress 
for the cells, special care should be applied to limit evaporation in the incubator. If Brain-
Phys basal is used in maturation medium, the switch from neural progenitor medium to 
BrainPhys+sup should be gentle and gradual.
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SUPPLEMENTARY INFORMATION
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Supplementary Figure 1. (related to Figure 1 and 2). Influence of different basal media on the activity 
of mature human neurons. DMeM depolarized the membrane potential of every examined neuron and, 
in most cases, it also saturated and silenced spontaneous action potential firing. the traces were obtained 
from whole-cell current-clamp spontaneous recordings of stem cell-derived human neurons in aCSF, 
DMeM or Neurobasal. (A) rare example in which DMeM did not saturate or silence ap firing. (B,C) two 
more typical examples, where DMeM-induced depolarization silenced spontaneous ap firing. (D) Neurons 
recorded in current clamp in aCSF were consistently depolarized by perfusion of DMeM/F12 (n = 22). this 
membrane potential depolarization was associated with passive sodium influx measured in voltage clamp 
at -70 mV (n = 5). (E,F) Voltage-clamp (0 mV) recording showed that DMeM/F12 and Neurobasal induced 
large Cl- currents and blocked spontaneous inhibitory synaptic activity. (G) typical GaBaergic synaptic ac-
tivity in Brainphys that could be blocked by Sr95531 (Gabazine) and recovered.
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Supplementary Figure 2. DMEM without amino acids enhanced electrical activity but did not sus-
tain long-turn survival and maturation in vitro. (A) Spontaneous epSCs (aMpa) were similar in aCSF and 
custom-made DMeM without amino acids. (B) resting membrane potential and action potentials were 
similar in aCSF and custom-made DMeM without amino acids. (C) Custom-made DMeM without amino 
acids (+ standard supplements) failed to support neuronal survival in vitro within about a week.
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Supplementary Figure 3. (related to Figure 1 and 2). Influence of different basal media on the activity 
of human neurons. (A) Top: Voltage-clamp I-V traces (clamp -70 mV, steps 5 mV) show the voltage-de-
pendent Na+ and K+ currents of a typical neuron recorded in Brainphys, Neurobasal and back to Brainphys. 
Bottom: I-V curves of analyzed Nav and Kv peak currents. (B) Spontaneous and evoked aps were similar 
in Brainphys and aCSF. (C) resting membrane potential was unaffected in Neurobasal but the spontane-
ous firing rate was strongly reduced. (D) the activity of human eSC- or ipSC-derived neurons maturing in 
Brainphys and expressing optogenes was effectively controlled by light either in aCSF or Brainphys but not 
in DMeM/F12 or Neurobasal.
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Supplementary Figure  4. (related to Figure 3). Supplements tested with BrainPhys basal did not 
acutely affect the electrical activity. In contrast, serum completely saturated and blocked basic neu-
ronal activity.
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Supplementary Figure 5. (related to Figure 4). BrainPhys basal + serum-free supplements supports 
survival and growth of both human neurons and astrocytes.
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Supplementary Figure  6. (related to Figure 5). Proximal synaptic puncta. (A,B) Immunostaining to 
quantify the number of synapsin puncta on proximal Map2+ dendrites (within ~100 μm from soma) did not 
reveal any significant difference between the tested human neurons maturing in Brainphys or other media.

Supplementary Figure 7. (related to Figure 7). Patch-clamp recordings of mouse brain slices ex vivo 
in BrainPhys. (A-C) typical functional granule neuron patched from the adult mouse hippocampus in 
Brainphys. (A) aps evoked with a 500-ms step of current from resting membrane potential (current clamp 
0 pa). (B) I-V traces of incremental 5-mV steps (voltage clamp -70 mV) showing Nav and Kv currents. (C) 
Spontaneous aMpa synaptic events (voltage clamp -70 mV).
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Supplementary Table 1. (related to Figure 3). Properties of spontaneous firing activity of mature hu-
man iPSC neurons exposed over time to BrainPhys basal+sup medium on multi-well MEAs. Data re-
corded from commercial iCell neurons (Cellular Dynamics) after 4 days and 12 days in Brainphys medium.

Meas 48-well plates, 4 x 4 electrodes per well 4 days 12 days

Mean S.e.M. Mean S.e.M.

total number of recording electrodes 96 N/a 96 N/a

Number of wells 6 N/a 6 N/a

% active electrodes (>0.005 hz) 88 N/a 73 N/a

Spontaneous spike frequency (hz) 0.330 0.053 0.252 0.049

Spike amplitude (mV) 0.0263 0.0006 0.0244 0.0006

Burst Analysis Number of bursts per minute 0.71 0.10 0.59 0.11

% spikes in burst 32 3 27 4

Burst duration (s) 6.50 1.33 6.78 0.86

Number of spikes per burst 10 1 13 3

Inter-spike interval during burst (s) 0.96 0.19 0.99 0.20

Spike frequency during burst (hz) 2.90 0.31 3.11 0.55

peak frequency during burst (hz) 20.47 3.90 29.24 7.90

Interburst interval (s) 107.73 13.58 101.49 14.98
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Supplementary Table  2. (related to Figure 4). Electrophysiological whole-cell properties of single 
mature human neurons cultured several weeks in BrainPhys basal + supplements. Descriptive sta-
tistical analysis was performed on n = 106 neurons with evoked repetitive firing (>10 hz) obtained from 
four different healthy human ipSC-derived lines and one human eSC-derived line (h9). NpCs were plated 
on coated glass coverslips (no feeder layer) and matured in Brainphys basal+sup for several weeks before 
patch clamping.

Median 25th percentile 75th percentile Mean Minimum Maximum

Days in BrainPhys basal+sup 31 25 40 41 17 152

Membrane “passive” properties

Capacitance (pF) 47 32 72 61 14 261

Membrane resistance (MOhm) 1399 949 2048 1610 158 4357

estimated Vm rest at 0 pa (membrane potential mV) -50 -58 -43 -50 -75 -19

Sodium and potassium voltage-dependent currents

threshold to activate Nav max peak (membrane potential mV) -40 -45 -35 -39 -55 -5

Nav currents (max peak in pa) -2828 -4674 -2071 -3575 -9848 -1074

Kv rapidly inactivating currents (pa, max peak) 126 53 253 164 1 1043

Kv slowly or non-inactivating currents (pa, at -10 mV) 386 258 546 416 59 922

Evoked action potential properties

ap max amplitude (membrane potential mV) 22 16 30 23 5 45

Firing frequency above -10 mV (hz) 14 12 18 15.6 10 44

Spike duration (ms) 5.9 5 7.1 6.4 3.4 24

Max rise slope (mV/ms) 86 64 123 97 27 240

Max decay slope (mV/ms) -29 -35 -24 -29 -52 -11

afterhyperpolarization (mV) -9.9 -13 -6 -9.6 -23 -0.45

threshold evoked ap (membrane potential mV) -38 -40 -33 -37 -49 -25

AMPA spontaneous events – functional excitatory synapses

Frequency spontaneous epSCs (hz) 1.3 0.2 4.1 3 0.02 30

amplitude median (pa) 12 9.5 14 13 6.1 30

amplitude mean (pa) 14 11 18 15 7.4 40

rise time 10-90% (ms) 0.88 0.76 1.1 0.96 0.41 2.4

Decay time (ms) 1.7 1.4 2.1 1.9 0.73 5.5

halfwidth (ms) 1.8 1.5 2.2 1.9 0.82 5.2

Patch

pipette resistance (MOhm) 4.5 3.8 5 4.4 3 6

access resistance (MOhm) 24 18 33 26 11 58
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Supplementary Table 3 (related to Figure 5). Electrophysiology analysis of neurons cultured side by 
side for 2-6 weeks in BrainPhys+sup or DMEM/F12+sup medium (patched in ACSF for fair compari-
son). sap, cells with single evoked action potential; rap, cells with repetitive evoked action potentials. *P < 
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

DMeM Culture 
Neurons

Brainphys Culture 
Neurons

% Change 
Brainphys 
vs. DMeM

p Value 
(Mann 

Whitney)

Blind whole-cell recordings of neurons cultured in the same plate in either medium

Number of coverslips used 10 12 ■

Number of patched neurons 33 34 ■

Cell lines h9 (n = 14), 
ipSC (n = 19)

h9 (n = 20), 
ipSC (n = 14)

■

time spent in neural differentiating medium Mean = 29 d 
(range 18-45)

Mean = 28 d 
(range 17-43)

■ 0.5037

time spent in neural differentiating medium (average) (rap) Mean = 31 d 
(range 18-45)

Mean = 29 d 
(range 17-43)

■ 0.5588

Action Potential types

Cells with single evoked action potential (sap) 33% (n = 11) 29% (n = 10) 88% ■

Cells with repetitive evoked action potentials (rap) 67% (n = 22) 71% (n = 24) 106% ■

Neuronal morphology of the patched neurons (rAP) n = 22 n = 24

Number of primary neurites 3.8 ± 0.3 3.9 ± 0.2 103% ■ 0.7155

Soma diameter (μm) * 13 ± 0.5 15.5 ± 0.6 120% ↑ 0.01

Membrane “passive” properties (rAP) n = 22 n = 24

Capacitance (pF) ** 23 ± 2.1 33 ± 2.5 143% ↑ 0.0032

Membrane resistance (MOhm) **** 4787 ± 734 2396 ± 241 50% ↓ <0.0001

estimated Vm at 0 pa (mV) -46 ± 2 -48 ± 3 104% ■ 0.5889

Sodium and potassium voltage-dependent currents (rAP) n = 22 n = 24

threshold to activate Nav max peak (mV) -35 ± 2.3 -36 ± 2.4 103% ■ 0.729

Nav currents (max peak in pa) * -1595 ± 362 -2133 ± 270 134% ↑ 0.017

Kv rapidly inactivating currents (pa, max peak) * 87 ± 18 130 ± 16 149% ↑ 0.025

Kv slowly or non-inactivating (pa, at -10 mV) 223 ± 20 297 ± 32 133% ↗ 0.0874

Evoked action potential properties (rAP) n = 22 n = 24

ap max amplitude (mV) 11 ± 2.8 17 ± 2.6 155% ↗ 0.0718

Firing frequency above -10 mV (hz) * 7.4 ± 0.8 11.8 ± 0.6 159% ↑ 0.022

Spike duration (ms) 9.3 ± 0.9 8.8 ± 1.2 95% ■ 0.3021

Max rise slope (mV/ms) 51 ± 9 68 ± 9 133% ↗ 0.0965

Max decay slope (mV/ms) -19 ± 3 -24 ± 2 126% ↗ 0.0544

afterhyperpolarization (mV) -8.7 ± 0.9 -8.5 ± 1.2 98% ■ 0.9434
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Supplementary Table 3 (related to Figure 5). Electrophysiology analysis of neurons cultured side by 
side for 2-6 weeks in BrainPhys+sup or DMEM/F12+sup medium (patched in ACSF for fair compari-
son). sap, cells with single evoked action potential; rap, cells with repetitive evoked action potentials. *P < 
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (continued)

DMeM Culture 
Neurons

Brainphys Culture 
Neurons

% Change 
Brainphys 
vs. DMeM

p Value 
(Mann 

Whitney)

Spontaneous action potentials firing

Silent (sap) 100% (n = 10/10) 100% (n = 9/9) 100% ■

Silent (rap) 45% (n = 10/22) 33% (n = 8/24) 73% ↘

Single spikes (rap) 9% (n = 2/22) 17% (n = 4/24) 188% ↗

Burst and/or regular firing (rap) 45% (n = 10/22) 50% (n = 12/24) 111% ↗

AMPA spontaneous events – functional excitatory synapses

Frequency spontaneous epSCs (average all sap) (hz) 0 0 100% ■ 1

Frequency spontaneous epSCs (average all rap) (hz) ** 0.4 ± 0.3 0.7 ± 0.3 175% ↑ 0.0017

proportion of rap cells with clear spontaneous epSCs 23% (n = 5/22) 67% (n = 16/24) 291% ↑

Frequency (average connected cells only) (hz) 1.8 ± 1.4 1.0 ± 0.4 56% ■ 0.8794

amplitude (pa) 16 ± 1.7 15 ± 1.4 94% ■ 0.4455

rise time 10-90% (ms) 0.73 ± 0.16 0.78 ± 0.05 107% ■ 0.2977

Decay time (ms) 1.7 ± 0.3 1.8 ± 0.08 106% ■ 0.3528

GABA spontaneous events – functional inhibitory synapses

Frequency spontaneous IpSCs (average all sap) (hz) 0 0 100% ■ 1

Frequency spontaneous IpSCs (average all rap) (hz) 0.03 ± 0.02 0.26 ± 0.15 867% ↗ 0.1366

proportion of rap cells with clear spontaneous IpSCs 24% (n = 5/21) 42% (n = 8/19) 175% ↑

Frequency (average connected cells only) (hz) 0.11 ± 0.05 0.62 ± 0.33 564% ↗ 0.1663

amplitude (pa) 23 ± 5 25 ± 2 109% ■ 0.6775

rise time 10-90% (ms) 2.2 ± 0.3 2.5 ± 0.2 114% ■ 0.5828

Decay time (ms) 10 ± 0.3 9.2 ± 0.7 92% ■ 0.3528
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Supplementary Table 4. BrainPhys basal + supplements medium supports the culture of a large va-
riety of neurons and astrocytes. this table summarizes the different cell types we have tested to date in 
culture with Brainphys basal+sup. evoked aps with peak amplitudes overshooting -10 mV and frequencies 
above 10 hz for 500 ms were defined as “mature aps”. Cells were described with active synapses if more 
than three clean spontaneous events (typical kinetics reversibly blocked by NBQX) were recorded over 5 
min in voltage clamp at -70 mV.

tested with Brainphys basal 
+ sup

experimental evidences of cell 
identity

properties after >2 weeks in 
Brainphys basal + sup

Cell types

Neurons ✔ Map2, tuj1, NeuN; 
electrophysiology

Mature aps + active synapses

astrocytes ✔ GFap immunostaining, GFap 
viral vector

ephys typical of astrocytes

Neuronal classes

Glutamatergic ✔ active aMpa synapses Mature aps + active synapses

GaBaergic ✔ active GaBa synapses; GaBa 
immunostaining

Mature aps + active synapses

Dopaminergic ✔ th immunostaining Mature aps + active synapses

Serotonergic ✔ tph2 immunostaining, tph2 
viral vector

Mature aps + active synapses

Motor neurons ✔ hb9 viral vector Mature aps + active synapses

Dentate gyrus granule neurons ✔ prox1 viral vector Mature aps + active synapses

Cell lines tested from different 
origins

✔

human ipSCs (fibroblast-derived) ✔

human iNs (fibroblast-derived) ✔

human eSCs (h9) ✔

rat hippocampal primary cells ✔

Mouse hippocampal slices ✔
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Supplementary Table 5. Composition of BrainPhys basal designed and tested in the current study.

Compound property Brainphys 
basal used in 
study (mM)

Brainphys 
basal 

suggested 
range (mM)

Neurobasal-a 
(mM)

Neurobasal 
(mM)

DMeM/F12 
ref# 10565 

(mM)

Inorganic Salts

Sodium Chloride (NaCl) Neuroactive 121 >70 and 
<150

68.97 51.72 120.68

potassium Chloride (KCl) Neuroactive 4.2 <5 5.33 5.33 4.16

Calcium Chloride (CaCl2) (anhyd.) Neuroactive 1.1 >0.8 and <1.5 1.8 1.8 1.05

Magnesium Sulfate (MgSO4) (anhyd.) Neuroactive 1.0 <2 0.0 0.0 0.407

Magnesium Chloride (MgCl2) (anhyd.) Neuroactive 0.0 <2 0.814 0.814 0.301

Ferric Nitrate (Fe(NO3)3· 9h2O) Neuroactive 0.000124 <0.0004 0.000248 0.000248 0.000124

Zinc Sulfate (ZnSO4· 7h2O) Neuroactive 0.0015 <0.002 0.000674 0.000674 0.0015

Cupric Sulfate (CuSO4· 5h2O) Neuroactive 0.0 <0.00001 0.0 0.0 0.0000052

Ferric Sulfate (FeSO4 · 7h2O) Neuroactive 0.0 <0.0015 0.0 0.0 0.0015

Sodium Bicarbonate (NahCO3) ph 29 <35 26.19 26.19 29.02

Sodium phosphate Dibasic (Na2hpO4) (anhyd.) ph 0.5 <1 0.0 0.0 0.5

Sodium phosphate Monobasic (Nah2pO4· h2O) ph 0.45 <1 0.906 0.906 0.453

Amino Acids

Glycine Neuroactive 0.002 <0.05 0.4 0.4 0.25

L-alanine Neuroactive 0.002 <0.05 0.0225 0.0225 0.05

L-aspartic acid Neuroactive 0.0 <0.003 0.0 0.0 0.05

L-Glutamic acid Neuroactive 0.0 <0.02 0.0 0.0 0.05

L-Serine Neuroactive 0.002 <0.03 0.4 0.4 0.25

L-alanyl-L-Glutamine 0.5 <0.5 0.0 0.0 2.5

L-arginine hydrochloride 0.3 <0.5 0.398 0.398 0.699

L-asparagine-h2O 0.05 <0.05 0.00553 0.00553 0.05

L-Cysteine hydrochloride-h2O 0.1 <0.15 0.26 0.26 0.0998

L-Cystine 2hCl 0.0 0.0 0.0 0.0 0.1

L-histidine hydrochloride-h2O 0.15 <0.2 0.2 0.2 0.15

L-Isoleucine 0.416 <0.8 0.802 0.802 0.416

L-Leucine 0.451 <0.8 0.802 0.802 0.451

L-Lysine hydrochloride 0.499 <0.8 0.798 0.798 0.499

L-Methionine 0.116 <0.2 0.201 0.201 0.116

L-phenylalanine 0.215 <0.4 0.4 0.4 0.215

L-proline 0.06 <0.1 0.0675 0.0675 0.15

L-threonine 0.449 <0.7 0.798 0.798 0.449

L-tryptophan 0.0441 <0.07 0.0784 0.0784 0.0442

L-tyrosine Disodium Salt Dihydrate 0.214 <0.4 0.398 0.398 0.214

L-Valine 0.452 <0.7 0.803 0.803 0.452
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Supplementary Table 5. Composition of BrainPhys basal designed and tested in the current study. 
(continued)

Compound property Brainphys 
basal used in 
study (mM)

Brainphys 
basal 

suggested 
range (mM)

Neurobasal-a 
(mM)

Neurobasal 
(mM)

DMeM/F12 
ref# 10565 

(mM)

Energetic Substrates

D-Glucose (Dextrose) energy 2.5 <5 25.0 25.0 17.51

Sodium pyruvate energy 0.5 <1 0.227 0.227 0.5

Vitamins

Choline Chloride 0.0641 <0.07 0.0286 0.0286 0.0641

D-Calcium pantothenate (B5) 0.0047 <0.006 0.00839 0.00839 0.0047

Folic acid (B9) 0.00601 <0.006 0.00907 0.00907 0.00601

i-Inositol 0.07 <0.07 0.04 0.04 0.07

Niacinamide (B3) 0.0166 <0.02 0.0328 0.0328 0.0166

pyridoxine hydrochloride 0.00986 <0.010 0.0196 0.0196 0.00986

thiamine hydrochloride 0.00644 <0.007 0.0119 0.0119 0.00644

Vitamin B12 (Cyanocobalamin) 0.000502 <0.0006 0.000005 0.000005 0.000502

riboflavin (B2) 0.000582 <0.0006 0.00106 0.00106 0.000582

Other

hepeS (ph buffer) ph 5.0 <10 10.92 10.92 0.0

phenol red (ph indicator) ph 0.0215 <0.07 0.0736 0.0215 0.0215

Excluded from BrainPhys Basal (* = removed because in B27 supplement)

hypoxanthine Na (other component) 0 <0.015 0.0 0.0 0.015

Lipoic acid (organosulfur compound) 0 <0.0006 0.0 0.0 0.00051

thymidine (DNa nucleoside) 0 <0.002 0.0 0.0 0.00151

* Linoleic acid (essential fatty acid) 0 <0.00015 0.0 0.0 0.00015

* putrescine 2hCl (organic chemical 
compound)

0 <0.15 0.0 0.0 0.000503

* Biotin (B7) (vitamin) 0 <0.0001 0.0 0.0 0.0000143

Properties

Osmolarity QC 305 
mOsmol/L

280-330 
mOsmol/L

257 
mOsmol/L

220 
mOsmol/L

315 
mOsmol/L

ph QC 7.4 7.3-7.5
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Supplementary Table 6. Composition of BrainPhys supplements tested in the current study.

Compound Compound class Notes, properties Concentration used 
in study

Suggested range for 
use with Brainphys

Brain Derived Neurotrophic Factor (BDNF) protein (Neurotrophic 
Factors)

20 μg/L <40 μg/L

Glial Cell Derived Neurotrophic Factor 
(GDNF)

protein (Neurotrophic 
Factors)

20 μg/L <40 μg/L

Laminin protein ~1 mg/L <20 mg/L

Bovine Serum albumin (BSa), Fatty acid-
Free Fraction V

protein part of B27 B27

Catalase protein part of B27 B27

human recombinant Insulin protein part of B27 B27

human transferrin protein part of B27 B27

Superoxide Dismutase protein part of B27 B27

human transferrin (holo) protein part of N2 0.0010000 mM

Insulin recombinant Full Chain protein part of N2 0.0008610 mM

Corticosterone Steroid hormone part of B27 B27

progesterone Steroid hormone part of N2/B27 0.0000200 mM + B27

t3 (triodo-I-thyronine) thyroid hormone part of B27 B27

Linoleic acid essential Fatty acid part of B27 B27

Linolenic acid essential Fatty acid part of B27 B27

Cholesterol Lipid 0 or 10 μg/mL <6 μg/mL

ascorbid acid (Vitamin C) Vitamin 0.2 μM <0.3

Biotin (B7) Vitamin part of B27 B27

DL alpha tocopherol acetate Vitamin part of B27 B27

DL alpha-tocopherol Vitamin part of B27 B27

Vitamin a (retinoic acid) Vitamin part of B27 B27

Selenite Sulfate Mineral part of N2/B27 0.00003 mM + B27

putrescine 2hCl Organic Chem. Comp. part of N2/B27 0.1001 mM + B27

D-Galactose Monosacharide part of B27 B27

Dibutyril caMp Sodium Salt Nucleotide 0.0010000 mM <0.002 mM

Serum Supplement Neuroactive 0 mM 0 mM CRITICAL TO 
EXCLUDE
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ABSTRACT

Human neural progenitors derived from pluripotent stem cells develop into electrophysi-
ologically active neurons at heterogeneous rates, which can confound disease-relevant 
discoveries in neurology and psychiatry. By combining patch clamping, morphological 
and transcriptome analysis on single-human neurons in vitro, we defined a continuum of 
poor to highly functional electrophysiological states of differentiated neurons. The strong 
correlations between action potentials, synaptic activity, dendritic complexity and gene 
expression highlight the importance of methods for isolating functionally comparable 
neurons for in vitro investigations of brain disorders. Although whole-cell electrophysiol-
ogy is the gold standard for functional evaluation, it often lacks the scalability required for 
disease modeling studies. Here, we demonstrate a multimodal machine-learning strategy 
to identify new molecular features that predict the physiological states of single neurons, 
independently of the time spent in vitro. As further proof of concept, we selected one 
of the potential neurophysiological biomarkers identified in this study—GDAP1L1—to 
isolate highly functional live human neurons in vitro.
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INTRODUCTION

The unprecedented access to live neurons from patients via human induced pluripotent 
stem cell (iPSC) models is revolutionizing medical research opportunities in neurology 
and psychiatry. The translational success of these models depends on the ability to re-
capitulate in vitro the complexity of functional human brain circuits. Rapidly growing 
technological advances, which build on decades of elegant investigations on neurode-
velopmental processes in animal models [1, 2], offer a panoply of protocols to drive 
cellular fates towards neurons of particular neurotransmitter classes (e.g., dopaminergic, 
serotonergic) and brain region identities (e.g., cortical neurons, midbrain neurons, motor 
neurons) [3-7]. Many important studies have also shown that electrophysiologically active 
neurons can be generated from iPSCs or fibroblast-direct conversion [5, 8-13]. Despite 
the clear success of generating highly functional neurons, it is also evident that such hu-
man cultures often comprise neuronal populations of heterogeneous electrophysiological 
states [14]. Indeed, patch-clamping experiments have reported an important variability 
of functional maturity among cell lines, cell batches and even within the same culture 
dish [15-17]. Co-culture with astrocytes or lengthy periods of time spent in neuronal 
medium have been reported to increase neuronal maturity on average but may also 
increase tissue culture variability [18]. In addition, the length of time required to reach 
functional maturation significantly varies among numerous published reports from 3 
weeks to more than 5 months [18, 19]. Such wide ranges may depend on many technical 
aspects such as loose criteria defining maturity, discrepancies in tissue culture protocols, 
or inherent differences among batches of cells [20]. Patch clamping is the current gold 
standard to demonstrate the functionality of a neuronal culture. However, patch clamping 
is low throughput and provides information for only a handful of neurons selected from 
several hundreds of thousands of cells. This technical limitation precludes a thorough 
characterization of the functional maturity of the actual neurons used with a variety of 
read outs for identifying the particular traits of patients’ cell lines (e.g., biochemistry, 
morphology, cell survival). In this study, we demonstrate a strategy to define functional 
states of human neurons in vitro, independently of time spent in culture. We bridge the 
gap between electrophysiology and molecular profile by successfully combining patch 
clamping, morphology and RNA-seq on single human neurons (Patch-seq). Using a 
machine-learning classifier trained on our multimodal data set, we reveal new biomark-
ers that efficiently predict which neurons are highly functional. These biomarkers allow 
for the functional classification of a large number of neurons without patch clamping and 
can be used to stratify functional heterogeneity.
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METHODS

Human Neuronal Culture
Human dermal fibroblasts were reprogrammed into pluripotent cells with the four 
Yamanaka factors (Oct3/4, Sox2, Klf4 and c-Myc), either in a retroviral vector or a non-
integrating Sendai viral vector. Human iPSCs and embryonic stem cells (ESCs) were 
differentiated into neural progenitor cells (NPCs) as previously described [6]. NPCs were 
expanded for 3 to 5 passages (split 1:2 or 1:3 per passage) and stored at -80 °C. Then they 
were thawed and expanded for at least one more passage in neural progenitor medium 
(DMEM/F12 supplemented with FGF8, SHH, B27 and N2, without retinoic acid). Dis-
sociated NPCs were directly plated on glass coverslips (Fisher Scientific, Cat. No. 12-545-
80) coated with poly-ornithine (Sigma, Cat. No. P3655) and laminin (Invitrogen, Cat. No. 
23017-015) in 24-well plates. Twenty-four hours later, the cells were switched gradually 
(half medium change) to neuronal medium: BrainPhys basal [13] supplemented with 1x 
N2 (Gibco, Cat No. 17502-048), 1x B27 (Gibco, Cat No. 17504-044), brain-derived neu-
rotrophic factor (BDNF, 20 ng/ml; Peprotech, Cat No. 450-02), glia-derived neurotrophic 
factor (GDNF, 20 ng/ml; Peprotech, Cat No. 450-10), ascorbic acid (AA, 200 nM; Sigma, 
Cat No. A0278), dibutyryl cyclic AMP (cAMP, 1mM Sigma, Cat No. D0627), and lam-
inin (1 μg/ml; Invitrogen, Cat No 23017-015). Half of the neuronal medium was gently 
replaced two to three times a week. The plates were kept in a humidified incubator at 37°C 
with 5% CO2 and 21% O2. The pH (~7.3-7.4) and the osmolarity (~300-305 mOsmol/L) 
of medium were maintained constant over time.

Patch Clamping
For whole-cell patch-clamp recordings, individual coverslips were transferred into a 
heated recording chamber and continuously perfused (1 ml·min-1) with either BrainPhys 
basal medium or artificial cerebrospinal fluid (ACSF) bubbled with a mixture of CO2 (5%) 
and O2 (95%) and maintained at 25°C. The composition of ACSF was adjusted to match 
the inorganic salt concentration and osmolarity of BrainPhys basal. ACSF contained (in 
mM) 121 NaCl, 4.2 KCl, 1.1 CaCl2, 1 MgSO4 (or 0.4 MgSO4 and 0.3 MgCl), 29 NaHCO3, 
0.45 NaH2PO4-H2O, 0.5 Na2HPO4 and 20 glucose (all chemicals from Sigma).

For single-cell patch-clamp electrophysiological recordings, we used a digidata 1440A/
Multiclamp 700B and Clampex 10.3 (Molecular Devices). Patch electrodes were filled 
with internal solutions containing 130 mM K-gluconate, 6 mM KCl, 4 mM NaCl, 10mM 
Na-HEPES, 0.2 mM K-EGTA; 0.3mM GTP, 2 mM Mg-ATP, 0.2 mM cAMP, 10 mM D-
glucose, 0.15% biocytin and 0.06% rhodamine. The pH and osmolarity of the internal 
solution were close to physiological conditions (pH 7.3, 290–300 mOsmol). Data were 
all corrected for liquid junction potentials (10 mV). Electrode capacitances were com-
pensated on-line in cell-attached mode (~7 pF). Recordings were low-pass filtered at 2 
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kHz, digitized, and sampled at intervals of 50 ms (20 kHz). To control the quality and the 
stability of the recordings throughout the experiments, access resistance, capacitance and 
membrane resistance were continuously monitored on-line and recorded. The resistance 
of the patch pipettes was between 3 and 5 MOhm. The access resistance of the cells in our 
sample was ~40 MOhm on average. Spontaneous synaptic AMPA events were recorded at 
the reversal potential of Cl- and could be reversibly blocked by AMPA receptor antagonist 
(10 uM NBQX, Sigma Ref#N183). Spontaneous synaptic GABA events were recorded at 
the reversal potential of cations and could be reversibly blocked with GABAa receptor 
antagonist (10 uM SR95531, Sigma Ref#S106). Statistical analysis of electrophysiology 
data was assisted with Clampfit 10.3, Matlab 2014b, Igor Pro 6, Prism 6, MiniAnalyis, 
Excel and custom-made Python programs.

Electrophysiological Recording Protocol
The same electrophysiological protocol was applied to all neurons (n = 290). Whole 
cell patch-clamp recordings were obtained in the absence of any receptor antagonists 
in ACSF or BrainPhys basal. After breaking the membrane seal, we first maintained the 
cell in voltage clamp (VC) at -70 mV by injecting small amounts of current when neces-
sary (“Baseline at -70 mV”). We applied a test pulse of -5 mV to measure passive cell 
properties (membrane resistance, access resistance, capacitance). Voltage-dependent so-
dium and potassium channels properties were examined with an IV curve. Spontaneous 
synaptic events mediated by AMPA receptors were recorded for at least 5 min at -70 mV 
(close to Cl- reversal potential). The nature of AMPA synaptic events was confirmed on a 
small subset of cells (n = 15, excluded from RNA-seq) by reversible blockade with AMPA 
receptor antagonist (10 μM NBQX). The patch was then switched to current clamp. Small 
currents were injected if necessary to maintain the cell resting potential around -70 mV. 
Current steps (increments 2 pA, n = 15, 500 ms) were applied to measure the properties 
of evoked action potentials (APs). Next, spontaneous APs were recorded for 1 to 5 min 
at –70 mV and then at resting potential without injecting any current (CC 0 pA). The 
patch was then reversed to voltage clamp and slowly increased to the reversal potential 
of cations (~0 mV). Once the baseline stabilized, we recorded spontaneous GABAergic 
synaptic activity for 5 to 10 min. The nature of GABA synaptic events was confirmed on a 
small subset of cells (n = 5, excluded from RNA-seq) by reversible blockade with GABAA 
receptor antagonist (10 μM Gabazine).

AP Types Classification
“Type 0 cells” did not express voltage-dependent sodium currents and were excluded 
from analysis. “Type 1 neurons” expressed small Nav currents but were not able to fire 
APs above -10 mV. The arbitrary limit of -10 mV was chosen as it is close to the reversal 
potential of cations (0 mV). Healthy APs usually reach or overshoot the reversal potential 
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of cations. “Type 2 neurons” fired one AP above -10 mV, which was followed by a plateau. 
“Type 3 neurons” also fired one AP above -10 mV and one or a few aborted spikes below 
-10 mV. “Type 4 neurons” fired more than one AP above -10 mV but at a frequency below 
10 Hz. “Type 5 neurons” fired APs above -10 mV at 10 Hz or more. Our categorization 
of functional types of neurons followed a continuum that relates to the stage of maturity 
of the neurons. While Type 1 neurons are considered immature, Type 5 neurons are 
considered more mature and functionally active. Although after ~3-6 weeks of matura-
tion we found on average ~75% of Type 4-5 neurons, we found every AP type of cell at 
most differentiation time points we looked at (range of 2 weeks to 5 months after NPC 
maturation). This finding suggests some degree of variability in the electrophysiological 
maturity of neurons even within cultures of the same age. Remarkably, in our samples, 
the large majority of cells receiving active excitatory synapses were Type 5 neurons and 
we almost never found clear, spontaneously active AMPA and GABA synaptic inputs in 
Type 1 neurons and rarely in Type 2.

Neuromorphometry
Images of the patch-clamped cells were taken with a 40× water-immersion objective, 
differential interference contrast filters (all Olympus), an infrared digital camera (Rolera 
XR -Qimaging), and an epifluorescence mercury lamp. Mosaics of the several fields of 
views to cover the span of the neurites were taken and stitched later on Neurolucida 
(MBF Biosciences). Before patch clamping, the targeted cells were imaged with DIC and 
epiflucorescence (most cells patched expressed Synapsin-GFP). The entire cells were 
filled with a red fluorescent dye (rhodamine) and another set of images was taken rapidly 
after completion of the electrophysiological recordings. All the images were stitched and 
analyzed on Neurolucida. The soma size and shape were measured on the DIC images 
before patching to avoid deformation by the patch pipette. The images from the intracel-
lular rhodamine dye, occasionally supplemented by GFP vectors, were used to guide the 
neuromorphological reconstruction. For all cells, the morphology was reconstructed 
within a radius of 150 μm. Many cell processes reached beyond that distance but, for ho-
mogeneity of the sample, we restricted the analysis to that arbitrary radius. Occasionally, 
patched cells with pictures of insufficient quality were excluded from the analysis. When 
necessary, some processes partially hidden by the patch electrode were extrapolated.

Single-Cell Collection and cDNA Preparation
Following electrophysiological recording, we applied slight additional negative pres-
sure to establish a stronger connection between cell and patch electrode, but without 
completely aspirating the cell in the pipette. The neuron, including its processes (axon 
and dendrites), was then transferred in a volume of ~2 μl of internal patch solution 
into a PCR tube containing 8.0 μl sample buffer by slowly retracting the patch pipette 
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from the chamber bath and breaking the tip of the electrode along the inside wall of the 
tube. Sample buffer was made according to the protocol supplied by Clontech with the 
SMARTer™ Ultra Low RNA Kit and included both ERCC spike-ins (Life Technologies) 
and ArrayControl spikes 1, 4 and 7 (RNA standard for the Fluidigm C1) for the purpose 
of quality control (QC). Successful removal of the cell from the coverslip was always 
confirmed by DIC optics. Collected single cells were immediately spun down and put 
on ice for SMARTer™ cDNA synthesis following manufacturer’s instructions (Clontech). 
Briefly, first-strand cDNA was synthesized from poly(A)+ RNA by incubation with 1 μl of 
3’ SMART CDS Primer II A (24 μM) for 3 min at 72°C, followed by reverse transcription 
in a 20-μl final reaction volume using 200 units of SMARTScribe™ Reverse Transcriptase 
for 90 min at 42 °C and inactivation for 10 min at 70°C. First-strand cDNA was then 
purified using Agencourt AMPure XP SPRI Beads (Beckman Coulter Genomics) and 
amplified by long-distance PCR using the Advantage® 2 PCR Kit (Clontech) with the fol-
lowing PCR thermocycler program: 95°C for 1 min, 18 cycles of 95°C for 15 s, 65°C for 30 
s, 68°C for 6 min, and 72°C for 10 min. PCR-amplified double-stranded (ds) cDNA was 
immobilized onto SPRI beads, purified by two washes in 80% ethanol, and eluted in 12 μl 
of purification buffer (Clontech). The quality (Agilent 2100 Bioanalyzer High Sensitivity 
DNA Kit; Agilent) and quantity (Qubit dsDNA High Sensitivity Assay Kit; Invitrogen) of 
each ds cDNA sample were assessed prior to library preparation.

qPCR Assays
To select the single-cell cDNA samples suitable for mRNA-seq, we determined the level of 
expression of GAPDH and ACTB in each sample by TaqMan real-time PCR. Samples with 
Ct values ≤ 30 for both housekeeping genes were typically considered positive for library 
preparation. For each gene, duplicate 10-μl PCR reactions were performed on an ABI 
Prism 7900 Sequence Detector (Applied Biosystems) using 0.50 μl of 1:5-diluted ds cDNA 
template in standard TaqMan Gene Expression Assay with FAM reporter. Real-time PCR 
assays for detection of the ERCCs and ArrayControl RNA spikes were performed using, 
respectively, standard TaqMan Gene Expression Assays (Life Technologies) and SYBR 
Green PCR Master Mix (Applied Biosystems) with custom primers (Fluidigm).

Illumina Transcriptome Library Preparation and Sequencing
Construction of single-cell mRNA-seq libraries was typically performed with 0.25 ng 
of input cDNA using the Nextera XT DNA sample prep kit (Illumina) with modified 
protocol. Briefly, cDNA was tagmented for 5 min at 55°C in a 5-μl reaction containing 
2.5 μl of Tagment DNA Buffer and 1.25 μl of Amplicon Tagment Mix; tagmentation was 
neutralized with 1.25 μl of Neutralize Tagment Buffer for 5 min. Tagmented DNA was 
then subjected to 12-cycle PCR amplification using 3.75 μl of Nextera PCR Master Mix 
and 1.25 μl each of index 1 (i7) and index 2 (i5) library-identifying (barcoded) sequenc-
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ing primers. The constructed libraries were run on a 1.5% agarose gel in Tris-borate/
EDTA buffer, stained with SYBR Gold (Invitrogen), and size selected for ~300-400 or 
~300-650 bp (insert size of ~165-265 or ~165-515 bp, respectively). Gel-excised library 
fragments were purified with the Wizard SV Gel and PCR Clean-Up System (Promega), 
eluted in 40 μl of nuclease-free water, and concentrated by speedvacuum centrifugation. 
Each library was then quantified (Qubit dsDNA High Sensitivity Assay Kit; Invitrogen) 
and examined for correct size (Agilent 2200 TapeStation High Sensitivity D1K Screen-
Tape Assay; Agilent), after which equimolar amounts of uniquely barcoded libraries were 
pooled together and used for cluster generation and 100-bp paired-end sequencing on a 
HiSeq 2000 or 2500 sequencer (Illumina).

Bioinformatic Analysis of Single-Cell Transcriptomes
Single cell mRNA sequencing data from n = 56 patched human neurons, which passed 
a series of QC, allowed us to correlate electrophysiological profiles with gene expression 
profiles. For each of n = 56 neurons, raw sequencing reads were mapped to the human 
reference transcriptome (Gencode v19) using gapped-alignment strategies. Alignment was 
performed by STAR (version 2.3.0) followed by gene-level quantification with HTseq (ver-
sion 0.6.1). Per-gene expression outputs were scaled to transcripts per million (tpm) units.

Data Transformation and Dimensionality Reduction for Transcriptome 
Principal Component Analysis
Whole-gene expression tpm counts were log-transformed: log(tpm+1) to normalize their 
distribution. PCA was performed on the log-transformed expression matrix E (cells = 
rows, genes = columns). Prior to PCA dimensionality reduction, the expression of each 
gene (column) was standardized by subtracting the mean expression of that gene across 
all 56 cells and dividing by its standard deviation. All 56 cells were scatter-plotted against 
the first two principal components of the expression matrix E. While the PCA of the 
transcriptomes was unsupervised, each cell was later colored on the plot by its respective 
AP Type, allowing us to visually assess any functionally significant clustering. To formal-
ize this, we also performed hierarchical agglomerative clustering (Euclidean distance, 
average linkage) of the cell-cell covariance matrix (E*E’).

Differential Expression Between Intermediate and Functional Neuron States
The five AP Types of differentiated neurons were stratified into immature (Types 1-3), 
transitional (Type 4) and highly functional (Type 5) neurons. To identify differentially 
expressed genes in these neuron groups, two non-parametric statistical tests were used: 
Mann-Whitney U (MWU) and Kolmogorov-Smirnoff 2-sided (KS2). The reported P-
values are presented, but the threshold for significance is Bonferroni-corrected from P < 
0.05 to P < 3.1e-6.
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Extremely Randomized Trees Classifier
The algorithm learned to classify the functional states of neurons solely based on their 
molecular phenotypes (gene expression). We stratified the cells into two classes based 
on electrophysiological states. The classifier randomly selected 90% of the cells in our 
sample for training. The testing was performed on the remaining 10%. To obtain a predic-
tive value for each cell, we reiterated the learning phase 10 times. Using the extremely 
randomized trees classifier [21] with 10-fold cross-validation, we achieved good valida-
tion performance with >85% generalization accuracy, as shown by a high area under 
the Receiver Operating Characteristic (ROC) curve (area under the curve = 0.93). The 
maximum number of features was 200, and we used 900 estimators.

Construction of GDAP1L1-EGFP Lentiviral Reporter Vector
A transcriptional reporter lentivector encoding EGFP was designed to track human cells 
expressing gene GDAP1L1 (ganglioside-induced differentiation associated protein 1-like 
1). A 1350 bp 5’ gene region–chr20:44,245,985-44,247,334–UCSC Human Genome 
Browser Dec. 2013 (GRCh38/hg38) Assembly, located precisely upstream to the gene’s 
translation start codon and including a 77 bp 5’ UTR, was used as a promoter. The se-
quence was amplified from male genomic DNA (Promega) with Phusion High-Fidelity 
DNA Polymerase (NEB) using the forward primer G220 (5’–CGTTATCGATGTATGCT-
GAACCAGGGAGGCT), which adds a ClaI site, and the reverse primer G221 (5’–attactc-
gaggacagcccggaatcagaggca), which adds a XhoI site. The PCR product was introduced as 
a promoter into the LV pCSC-Syn-mcs-EGFP, a derivative of pCSC-SP-PW-EGFP [22]. 
The construct (pCSC-GDAP1L1-EGFP) was verified by DNA sequencing.

Immunohistochemistry
Immunohistochemistry experiments were performed on neurons plated on glass cov-
erslips. Standard immunohistochemistry protocols were used. Coverslips were stained 
with DAPI and a combination of the following antibodies: mouse-Map2(2a+2b) (1:500, 
Sigma), mouse-TUJ1 (1:1000, Covance), Rabbit-GFAP (1:200, Dako) and GDAP1L1 
(1:250, Origene).

FACS Analysis
Adherent neuronal cultures were thoroughly washed with DPBS without Mg+ and Ca+ 
before dissociating with Accutase containing DNase (100 U mL-1) for 5 min at room 
temperature. Cell suspensions were collected with DPBS containing 1% Knockout Serum 
Replacement (KOSR) and span down at 200 rfc for 5 minutes. The cell pellet was gently 
resuspended in DPBS containing 1% KOSR, 2mM EDTA, and DNase (100 U mL-1). Cell 
suspension was passed through a 70-μm nylon cell strainer and sorted using a Becton-
Dickinson Influx™ cytometer. Gated samples were collected in 15-mL tubes containing 
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BrainPhys-based neuronal differentiation medium containing Rho kinase (ROCK) 
inhibitor (StemCell Tech.) and penicillin-streptomycin (Life Tech.). After sorting, we 
re-plated 50,000 neurons (GDAP1L1:GFP-positive and GFAP:dsRED-negative) per well 
(48-well plate) onto poly-ornithine/laminin-coated 8-mm glass coverslips containing 
established human astrocytes-cerebellar (ScienCell) at 70% confluence. The medium was 
changed 24 h post-sort to BrainPhys differentiation medium without ROCK inhibitor, 
and the re-plated cells were cultured as previously described [13].

Statistics
Unless specified clearly otherwise, throughout the manuscript we present the mean and 
standard error of the mean. Concerned to avoid the assumption of Gaussian distribu-
tion in our samples, we consistently used non-parametric statistics such as Spearman, 
Mann-Whitney and Wilcoxon. Statistics were two-tailed and Bonferroni corrected for 
multiple hypotheses tests. In several plots, to estimate the goodness of fit of the linear 
regression represented graphically, we reported the R2 and the corresponding P-values, 
which estimates how significantly the slope deviates from zero.

RESULTS

Human neuronal circuits were established in vitro from iPSCs and ESCs (H9 line) 
(Figure 1A). IPSCs were reprogrammed from the fibroblast cells of four healthy indi-
viduals. IPSCs and ESCs were differentiated towards midbrain NPCs using an established 
protocol [6]. NPCs were expanded for 5-11 passages and re-plated in neuronal medium 
(BrainPhys basal + serum free supplements) that enabled differentiation and maturation 
under conditions supporting optimal electrophysiological activity [13]. Following this 
protocol, the human NPCs differentiated into cultures comprising about 50% astrocytes 
(GFAP+) and 50% neurons (TUJ1+/MAP2+). We did not use additional feeder layers of 
astrocytes for initial neuronal maturation. Based on immunostainings, we estimated that 
the neural circuits were formed with a majority of glutamatergic neurons (~62%) and 
smaller percentages of GABAergic neurons (~27%, GABA+) and dopaminergic neurons 
(~11%, TH+) [13]. Based on patch-clamping data, we also found that neurons in highly 
functional states received 2.3 times more spontaneously active AMPA-mediated synap-
tic inputs than GABAergic synaptic inputs. The neurons were analyzed after ~30 days 
on average in neuronal medium (the full range tested throughout the entire study was 
0-30 weeks). Each cell was tested with a consistent electrophysiological patch-clamping 
protocol measuring voltage-gated Na+/K+ currents, evoked and spontaneous APs, mem-
brane resistance, resting potential, capacitance and synaptic activity (AMPA/GABA) 
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(Supplementary Figure 1) and was filled with a dye (rhodamine) to allow morphological 
reconstruction. The same live cells were also collected for RNA-seq analysis.

Electrophysiological Traits of Human Neurons In Vitro Reveal a Continuum of 
Functional States
We used unbiased statistical analyses to identify the broad range of functional states of 
differentiated neurons in vitro. To define the functional properties of each neuron, we 
performed a series of patch-clamping tests (Supplementary Figure 1). Then, we applied 
a principal component analysis (PCA) on 25 electrophysiological measurements mostly 
reflecting the functional intrinsic properties of 246 patch-clamped neurons (Figure 1B; 
ePhys PCA features and corresponding loadings listed in Figure 1C). Such analysis aimed 
to describe objectively the inherent variation in the basic electrophysiological profiles of 
human iPSC-derived neurons that is routinely observed in vitro by many independent 
laboratories. The first principal component, ePhys PC1, explained 42% of the variation 
in the dataset (Supplementary Figure 2A), and revealed a continuum of functional 
neuronal states that we separated into three broad groups: “immature states,” “transition 
states” and “highly functional states.” These neuronal states appeared to reflect increasing 
stages of electrophysiological maturation. In support, we found significant correlations 
with several properties that are associated with neurophysiological development. The 
strongest correlation was obtained with AP firing properties. Indeed, the amplitude (“AP 
peak”) and the firing rate (“AP frequency above -10 mV”) of evoked APs stand out as two 
of the most influential loadings in PC1 (Figure 1C). We combined these two AP metrics 
to further categorize the neurons into five “AP Types” (Figure 1D, Supplementary Fig-
ure 2B), which significantly aligned with ePhys PC1 (Figure 1E, P < 0.01). Our analysis 
suggests that either metrics – “ePhys PC1” or “AP Types” – can be used objectively to 
determine the functional states of human neurons in vitro. Importantly, we demonstrated 
that these metrics largely reflect stages of neurophysiological maturation. For instance, 
we found significant correlations of AP Type classification with several other electro-
physiological properties that typically associate with neuronal maturation, such as the 
cell membrane resistance, which is typically lower in more mature neurons (Figure 1F, 
Supplementary Figure 2D). Naturally, neurodevelopment also correlates with time spent 
in culture, and indeed we found a smaller fraction of AP Type 4 or 5 neurons in the first 
three weeks in neuronal medium than at later time points (Figure 1G). We also found 
a significant correlation of the PC1 variance with the time the cells spent in neuronal 
medium. However, the correlation between time in culture and the functional state of 
the neurons was rather weak (Figure 1H), which may be a consequence of the fact that 
single human neurons differentiate at variable rate in vitro. In addition, different tissue 
culture practice may influence the efficiency and speed of maturation. For example, we 
found that simply increasing the passage number of NPCs before neuronal differentia-
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P
 = 0.007

Figure 1. Human neurons in culture can be categorized into different electrophysiological states. 
(A) human eSCs (h9) or ipSCs from healthy subjects were converted to neuronal progenitor cells (NpCs). 
Neurons and astrocytes derived from the same progenitors were then cultured in neuronal medium 
(Brainphys basal medium with supplements). See methods for more details. (B) principal component analy-
sis (pCa) of 25 electrophysiological properties (listed in C) measured with patch clamping of human neu-
rons (n = 246). this pCa integrates basic cell-intrinsic electrophysiological properties such as passive mem-
brane properties, voltage-dependent sodium and potassium currents and aps firing. each dot represents a 
neuron. astrocytes or any cells that did not express at least small voltage-dependent sodium currents were 
not included in the pCa. Cells that did not have unambiguous analysis of all the chosen 25 properties were 
also excluded from this pCa. (C) the dot graph represents the relative values of the loadings onto the first 
principal component (pC1) for each of the 25 properties used in the above pCa. the loadings highlighted in 
red correspond to the two measures that were used subsequently to define a continuum of five functional 
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tion significantly reduced the proportion of Type 5 neurons within subsequent cultures 
(Figure 1I). Similarly, various cell lines may generate variable proportions of AP Type 5 
neurons. We propose that, to identify accurate neuronal phenotypes between cell lines 
(e.g., patients vs. healthy subjects), it is important to compare neurons of equivalent 
functional states, rather than relying exclusively on the time the cells have spent maturing 
in vitro.

Synaptic Activity Correlates with AP Types
Synaptic activity is the essence of neuronal communication and its disruption is often 
the cause of behavioral defects in neurological disorders. Therefore, many recent studies 
have focused on measuring possible synaptic abnormalities in iPSC-derived neurons in 
the modeling of neural diseases in vitro [23-26]. As synaptic activity is associated with 
the functional maturity of neuronal circuits [27], we examined the relationship between 

states. (D) representation of the typical heterogeneous neuronal responses to optimal depolarizing cur-
rent steps for 500 ms (Vm rest clamped around -70mV). We classified those heterogeneous states of differ-
entiated neurons into a continuum of five ap types based on the combination of key electrophysiological 
properties identified with unbiased pCa: (1) the maximal peak of ap (Vm measured at the top of the best 
evoked ap), and (2) the frequencies of aps overshooting -10mV. the same neuronal color key throughout 
the figure corresponds to this ap types classification (see also Supplementary Figure 2B). (E) the graphs 
show the pC1 value for each neuron (n = 246) against the key ap properties and the corresponding ap type 
classification. ephys pC1 values highly correlate with the maximum peak and frequencies of aps (evoked 
aps freq were counted only if overshooting -10 mV in response to a square pulse of current of 500 ms from 
resting -70mV). Linear regression fits ± 95% confidence intervals are shown. (F) Most measurements listed 
on each row significantly correlate with the ap types classification (columns 1-5 of heat map). the values 
in the central heat map represent the median for the neurons in respective ap type categories. to illustrate 
the direction of the measurement variations between ap types, we color coded the heat map (values nor-
malized by row with mean = 0 and variance = 1) from low to high values (blue, to white, to red). the last two 
columns show the Spearman’s correlation coefficient (R) and its significance (P-val) between the measure-
ments (rows) vs. the numerical class (1-5) of ap types. the properties were sorted by decreasing correlation 
coefficient obtained. the P-values were corrected for multiple hypothesis testing (Bonferroni correction: P 
< 0.05 (2e-03), P < 0.01 (3e-04), P < 0.001 (3e-05)). (G) the differentiated neurons were patch clamped after 
different periods in neuronal medium. Days were counted from the switch of neuronal progenitor medium 
to neuronal medium (Brainphys basal + supplements from 0 to up to 7 months). the proportion of more 
functional neurons (type 4 and 5) significantly increased the first 3 weeks in neuronal medium, implying 
that an early maturation phase corresponds with the development of electrophysiological types; however, 
the proportions of type 4 and 5 appeared to plateau after that period. the significance of this relation-
ship in single neurons was measured with Spearman correlation between days in neuronal medium (x 
axis) and the numerical class (1-5) of ap types. (H) We found a significant but poor correlation of the time 
spent in neuronal medium and functional states (measured by ephys pC1 or ap types). (I) after expansion 
(six passages) and storage at -80 °C, NpCs derived from the same cell line (h9) were thawed and cultured 
for another two to five passages before re-plating in neuronal medium. the neurons (n = 89) were patch 
clamped after 4-6 weeks in neuronal medium and categorized into ap types. the proportion of type 5 
neurons significantly decreased with high NpC passage numbers. the significance of this relationship in 
single neurons was measured with the Spearman correlation between passage numbers (x axis) and the 
numerical class (1-5) of ap types.
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spontaneous synaptic activity and our AP Type categories (Figure 2A). Our culture 
protocol generated roughly two times more glutamatergic neurons than GABAergic 
neurons. This bias was strongly reflected in a higher likelihood to record spontaneous 
active excitatory inputs than GABAergic synaptic inputs. Despite those differences, we 
found that both AMPA and GABA activity significantly increased along the continuum 
of AP Types (Figure 2B,C). In our conditions, 95% of AP Type 5 neurons received active 
pre-synaptic inputs, whereas only ~10% of Type 2 neurons did. This result is particularly 
important to consider in iPSC disease models, which compare synaptic functions be-
tween patients. Overall, our analysis highlights the point that, if neural cell lines do not 
have similar proportions of AP Types, such variability will influence differences in the 
measured synaptic activity.

Neuromorphological Features of AP Types
To further investigate how our classification of AP Types reflects neurodevelopmental 
stages, we filled 256 patched neurons with an inert red dye (rhodamine) and reconstructed 
their morphology (Figure 3A). We analyzed 20 morphological features (listed in Figure 
3B; Supplementary Figure 3C) and found that the size of the soma and the complexity 
of neurite arborization increased in higher AP Types (Figure 3C,D). The arborizations of 
Type 4 and 5 neurons were significantly more complex than those of Types 1, 2 or 3. Fur-
thermore, the increase in soma size and distant arborization complexity were consistent 
with larger intracellular volume, which was estimated with the cell capacitance. Despite 
high cell-to-cell variabilities even within functional states, the most highly functional 
neurons (i.e., AP Type 5) tended to have overall significantly larger intracellular volume 
(Figure 3E). This multimodal analysis demonstrates that the electrophysiological states 
correlate with morphological neurodevelopmental phenotypes.

Single-Cell Transcriptome Analysis of Patch-Clamped Neurons
To examine the relationship between gene expression and electrophysiology, we gener-
ated single-cell transcriptome data from the same neurons that were analyzed for elec-
trophysiology and morphology. At the end of the patch-clamping and imaging protocol, 
which lasted about 30 min, each cell was isolated with negative pressure applied to the 
same pipette that was used for the whole-cell recordings. Images acquired before and after 
single-cell collection confirmed that only the targeted single cells were taken out, leaving 
surrounding cells in place (Figure 4A). Importantly, we collected the entire neuron, in-
cluding the soma, nucleus and neurites (Figure 4A, right panel). Poly-A selected mRNA 
molecules were reverse transcribed to cDNA and amplified immediately after patching 
and isolation to avoid RNA degradation. Before RNA-seq library preparation, we sub-
jected the cDNA from each cell to a set of QC criteria to exclude potentially low-quality 
captures and amplifications (Figure 4B). We then generated RNA-seq libraries from 



137

Functional transcriptomics of human neurons in vitro

Ch
a

pt
er

 4
a

amplified cDNA. Highly expressed housekeeping genes such as ACTB and GAPDH were 
readily measured, and quantitative real-time PCR measurements significantly correlated 
with sequencing read counts (Figure 4C,D; Supplementary Figure 4A,B). The transcript 
abundances of artificial RNA spike-ins mixed in with the single-cell RNA (ERCCs and 
ArrayControl spike-in RNA standards) were also highly correlated with the normalized 
sequencing counts (FPKM) (Supplementary Figure 4C). These observations support the 

Figure 2. Synaptic input activity highly correlates with AP states. (A) Frequency distribution of ap 
types and differentiated neurons with active synaptic inputs against the ephys pC1 measure in Figure 1B. 
(B) the trace represents typical spontaneous (Spont) aMpa events (NBQX-sensitive). patched neurons were 
classified as synaptically active (active synaptic inputs) in the left histogram if more than three clear gluta-
matergic spontaneous events were detected (with typical aMpa kinetics and amplitude above noise levels) 
within 5-min recordings in voltage clamp close to the reversal potential of Cl- channels (-70 mV). (C) the 
trace represents typical spontaneous GaBa events (Gabazine-sensitive). patched neurons were classified as 
pre-synaptically active in the left histogram if more than three clear GaBaergic spontaneous events were 
detected (with typical GaBa kinetics and amplitude above noise levels) within 5-min recordings in voltage 
clamp close to the reversal potential of Na+ channels (0 mV). (B,C) Mean ± S.e.M. shown. For the sponta-
neous events amplitudes, the medians were 13% lower than mean but strongly correlated (R2 = 0.90, P < 
0.0001). For each graph a linear regression was fitted and the significant P-values were noted in brackets 
with R2 and n. Non-significant regression fit P-values >0.05 were noted as ‘(ns)’. additional statistics between 
individual types were performed with Mann Whitney two-tailed test, and only the significant P-values from 
these tests were noted in the graphs above each compared group.
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Figure 3. Morphological features that correlate with AP states. (A) Stitched photos of a live patched 
neuron, which was filled with rhodamine (left) and morphogically reconstructed with Neurolucida (right). 
(B) Correlation of morphological measurements (rows) with ap types (columns 1-5). the values in the cen-
tral heat map represent the median for the neurons in respective ap type categories. to illustrate the direc-
tion of the measurement variations between ap types, we color coded the heat map (values normalized by 
row with mean = 0 and variance = 1) from low to high values (blue, to white, to red). the last two columns 
show the Spearman correlation coefficient (R) and significance (P-val) of Spearman’s rank correlation be-
tween the electrophysiological measures (rows) and the numerical class (1-5) of ephys type. the proper-
ties were sorted by decreasing correlation coefficient. (C) Mean soma diameter significantly increased in 
more functional ap types. (D) Sholl analysis revealed that more functional ap types had significantly more 
complex dendritic/axonal arborization. Mann-Whitney U two-tailed tests were performed at 20, 50 and 100 
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quality of our single-cell transcriptomic data. To minimize erroneous conclusions that 
arise from lowly expressed, highly varying genes, we excluded reads that were detected 
below 1 tpm (transcripts per million). Additionally, a small number of cells (n = 3) with 
fewer than 2,000 genes detected above 5 tpm were excluded. Without these outliers, an 
average of ~3,000 genes per cell was detected above 5 tpm (Figure 4E). Interestingly, 
the number of genes detected was significantly higher in Type 5 neurons and astrocytes 
than in less active AP Types (Figure 4E). However, we found no significant correlation 
between the number of detected genes (>5 tpm) and the size of the cells (Figure 4F).

Molecular Signatures Distinguish Neuronal Functional States In Vitro
To examine variation in the single-cell gene expression, we excluded the outliers with 
trace of DNA contamination, abnormal expression level of housekeeping genes, dam-
aged axons and dendrites from the collection, unstable physiological recordings before 
collection, abnormal cDNA quantity, low number of uniquely mapped reads and low 
number of detected genes. We then performed a hierarchical clustering analysis and PCA 
with the transcriptomes of 56 single cells (50 differentiated neurons, and 6 astrocytes) 
that passed all QC (Figure 5A,B). This unsupervised and unbiased single-cell RNA-seq 
analysis revealed a distinct transcriptomic cluster of neurons corresponding to highly 
functional states (83% AP Type 5 neurons, 17% AP Type 4 neurons). This highly func-
tional cluster separated from astrocytes and a mixed group of neurons that represents 
“transitory” neuronal states (Figure 5B, Supplementary Figure 5A). Furthermore, the 
molecular profiles of cells in distinct functional states grouped together, independently 
of individual genetic background (cell lines from different subjects) and the time spent in 
culture (Figure 5A,B).

To better recapitulate the transcriptional dynamics of functional states, we also dem-
onstrated the molecular trajectory of the electrophysiological maturation by applying 
monocle analysis [28]. Interestingly, AP Types 1 and 2 clustered at the beginning of the 
pseudotime and branched out towards astrocytes (GFAP+) or towards AP Type 3 and 4 
neurons, and highly functional AP Type 5 neurons clustered at the end of the pseudotime 
(Figure 5C). Together, these results indicate that mRNA expression correlates strongly 
with neurophysiological states.

To obtain physiologically relevant neuronal circuits, we generated mixed cultures of 
neurotransmitter classes and astrocytes. The patch clamping was not targeting a specific 
subpopulation of neurons, and most patched cells were tagged with Synapsin:GFP lenti-

μm between different types. the dendritic complexities of type 4 and 5 neurons were not significantly dif-
ferent, and the complexity between types 1, 2, 3 was not either. however, types 4 and 5 were significantly 
more complex than types 1, 2, 3. Mean ± S.e.M. shown. (E) the capacitance significantly increased in more 
functional ap types of neurons. Significance threshold was P < 0.05. Mann-Whitney U two-tailed P-values 
are shown in C, D and E.
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vector. Therefore, to better characterize our sample, we isolated the AP Type 5 neurons 
that were sequenced (n = 22) and determined the nature of their neurotransmitter 
classes. Based on the normalized expression of five known genes, most Type 5 neurons 
segregated into different neurotransmitter classes (36% glutamatergic VGLUT3, 27% 
GABAergic GAD1, 14% dopaminergic VMAT2 or COMT, 9% serotonergic TPH2, and 

Figure 4. Whole single-cell RNA-seq of patch-clamped neurons (Patch-seq). (A) the photos show an 
example of neuronal culture stained with GFp before and after a single neuron was patched and collected 
for transcriptome analysis. For every cell included in the analysis, the entire neuron was collected, including 
the soma/nucleus and neurites. the photos permitted us to confirm that only the patched neuron filled 
with rhodamine was collected, leaving the surrounding tissue intact. (B) Following electrophysiological 
and morphological analyses of live neurons, the single cells were collected and their transcriptome pro-
cessed for deep sequencing, bioinformatics processing and statistical analysis. (C,D) housekeeping genes 
such as ACTB and GAPDH were detected in every cell. their expression levels were not significantly different 
between types of neurons and astrocytes. (E) Significantly more genes were expressed in astrocytes and 
type 5 neurons compared to the other neuronal types. asterisks represent Mann Whitney P-values <0.05. 
(F) the number of detected genes above 5 tpm did not significantly correlate with the size of the neurons, 
estimated here by capacitance. the ap types are color coded in the graph (red: t5, orange: t4, green: t3, 
blue: t2, gray: t1).
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14% undefined neurons) (Figure 5D). These results demonstrate that our functional 
classification is sufficiently broad to incorporate more detailed subcategories of various 
neurotransmitter classes.

To further characterize the molecular profiles of differentiated neurons in various 
functional states, we compared the single-cell mRNA expression of 45 genes typically 
known for their importance to neuronal functions (Figure 5E, Supplementary Figure 
5B). Not surprisingly, most well-known neuronal genes (e.g., pan neuronal, synaptic, 
APs, ion channels genes) were expressed in all the differentiated neurons in our sample. 
Typical astrocytic/glial genes (e.g., AQP4, GFAP, S100B, GJA1, SLC1A3, EFNB1) were 
expressed in astrocytes, which were identified based on LV marker GFAP:tdTomato, dis-
tinctive morphology and electrophysiology. Genes typical of early neuronal development 
(e.g., SOX2, NES) were expressed mostly in immature AP Types and some astrocytes. 
A few neuronal genes appeared expressed in all AP Types and even in astrocytes/glia 
(e.g., MAP2, TUBB3, TUBB). Interestingly though, many neuronal genes that were 
exclusive to neurons expressed at similar levels in all AP Types (e.g., MAPT, NCAM1, 
ANK3, SYN1, SYP). Therefore, we asked whether some genes may specifically express 
in highly functional AP Types of neurons. We first assessed the Spearman’s correlation 
between gene expression and AP Type classification, which revealed 45 genes that most 
significantly correlated (Figure 5F). Some of these genes have known neuronal functions 
such as synaptic plasticity (e.g., RAB3B [29, 30], PCLO/Piccolo) or voltage-gated sodium 
channels (e.g., SCN9A/Nav1.7). However, interestingly, a majority of these genes have 
not been investigated before for specific neuronal functions and may be used as new 
potential biomarkers to identify functional human neurons in vitro. This finding then 
led us to propose that single-cell gene expression data has utility in the prediction of the 
electrophysiology of human neurons.

Machine-Learning Classifiers Integrate Transcriptome Features to Predict 
Functional States
To identify the single-cell transcriptomic signature important to predict functional states, 
we trained an Extremely Randomized Trees classifier using 56 single cells (Figure 6A). 
We used a randomized 10-fold cross-validation to evaluate the performance of the algo-
rithm in classifying cells in different functional state categories (Figure 6). In Figure 6, we 
illustrated the results of three classifiers: the first one isolates AP Types 4-5 neurons with 
92% accuracy in a mixed population including astrocytes (Figure 6B); the second isolates 
AP Type 5 neurons with 83% accuracy in a population of differentiated neurons only 
(Figure 6C); and the third isolates highly functional neuronal states (based on transcrip-
tome PCA clustering in Figure 5B) with 86% accuracy in a population of differentiated 
neurons only (Figure 6D, Supplementary Figure 6A). For higher accuracy (more true 
positive), the classifiers can be trained differently by adjusting the “classifier score split”, 
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Figure 5. Single-cell transcriptomes segregate functional states of differentiated neurons. Unbiased 
and unsupervised analysis was performed on the transcriptome (17,757 genes detected >5 tpm in at least 
one cell) on a sample of 56 whole single cells (including nucleus, soma and distant neurites), which passed 
all QC. this sample comprised 50 differentiated neurons displaying Nav currents and 6 astrocytes express-
ing GFap:GFp. (A) Unsupervised clustered heat map of cell-to-cell transcriptome correlations (euclidean 
distances). the linkage distances of the hierarchical clustering represent an estimate of the quality of the 
unbiased/unsupervised clusters. (B) Unsupervised principal component analysis on the entire single-cell 
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but the algorithm may also generate more false negatives, resulting in lower sensitivity. 
The area under the curve (AUC) of the receiver-operating characteristic, which is a mea-
sure of the trade-off between sensitivity and specificity, was 0.93, clearly above random 
prediction (0.50) (Supplementary Figure 6B). The unbiased training algorithms selected 
and weighted the optimal genes to predict functional types (Figure 6).

Identification and Isolation of Functional Neurons with a GDAP1L1 Promoter-
Driven GFP Viral Vector
In addition to the machine-learning classifier, we performed an in-depth differential ex-
pression analysis to reveal a complementary set of genes specifically expressed in Type 5 
neurons (Figure 7A). Altogether, we performed three independent unbiased analyses to 
identify a total of 165 genes (Supplementary Table 1) related to specific electrophysiological 
functional states (Spearman correlation in Figure 5F; machine learning in Figure 6B-D, dif-
ferential expression in Figure 7A). Among the most highly ranked genes, 29 genes appeared 
in more than one analysis (Supplementary Table 1). Only one gene appeared in all of those 
independent analyses: GDAP1L1. GDAP1L1, which is the human paralog of the ganglio-
side GDAP1, had been previously suspected to have an important function in neuronal 
cells because of its high abundance in brain tissues [31]. Interestingly, GDAP1L1 mRNA is 
expressed exclusively in brain tissues in human (Supplementary Figure 7A). We confirmed 
with immunostaining that GDAP1L1 protein was present in human iPSC-derived neurons 
but not in astrocytes (Figure 7B). Our immunohistochemistry staining also suggested that 
GDAP1L1 was only present in a subset of TUJ1+ neurons (Figure 7C), presumably highly 
functional neurons (Type 5). To confirm this hypothesis, we constructed a lentiviral vector 
expressing GFP under the control of the GDAP1L1 promoter. We infected three different 

transcriptomes. Cell transcriptome profiles (symbols) are represented in a two-dimensional principal com-
ponent space. these unsupervised analyses reveal molecular segregation between groups of neurons in 
highly functional states (almost all ap type 5 – 85%), less functional neurons in ‘transition states’ (mix of 
different ap types with significantly less type 5 – 15%) and astrocytes. Furthermore, the functional molecu-
lar clusters surpassed transcriptional differences between ipSC lines from different subjects and even an 
embryonic stem cell line. (C) Monocle analysis illustrates the progress through functional states by pseu-
dotemporal ordering of single-cell mrNa expression profiles. Cell expression profiles (points) are repre-
sented in a two-dimensional independent component space. Lines connecting points represent edges of 
the minimum spanning tree constructed by monocle. Solid black line indicates the main diameter path 
of the minimum spanning tree and provides the backbone of monocle’s pseudotime ordering of the cells 
based on molecular profiles. (D) the expression of five key neurotransmitter genes in 20 sequenced type 5 
neurons was normalized and compared to determine their neurotransmitter identity. Most cells could be 
classified as either glutamatergic, GaBaergic, dopaminergic or serotonergic, and a few cells remained un-
defined. (E) heatmap of single-cell gene expression levels. the genes were selected and grouped based on 
known neuronal functions. For comparison, ap type 5 genes identified in the present study are in red/bold. 
See also Supplementary Figure 5B. (F) Genes significantly correlating with numerical ap types classification 
by Spearman’s rank correlation coefficient (P < 0.001).
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Figure 6. Machine-learning tree classifiers predict functional states of neurons based on single-cell 
transcriptome and reveal potential biomarkers. (A) extremely randomized trees (ert) classifier built 
with the transcriptome of 56 single cells and trained with electrophysiological data. actual classes were at-
tributed by electrophysiological measurements. predicted classes were attributed by the machine-learning 
algorithm based on single-cell transcriptomes. (B-D) each ert classifier was trained to categorize the cells 
in two functional classes. Classifier B was trained to predict ap types 4-5 in a mixed group of cells including 
differentiated neurons and astrocytes. Classifier C was trained to predict type 5 neurons from other differ-
entiated neurons. Classifier D was trained to predict highly functional (hF) neurons from other differenti-
ated neurons in transitional states determined by the pCa clusters. the lists show the top 45 genes selected 
by the ert classifier with the highest Gini scores. the green heat map columns represent the normalized 
importance of each gene attributed by the classifier (Gini score). the blue-red heat map matrices represent 
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cell lines of human neurons with the vector (Figure 7D, see also Supplementary Figure 
6 for additional IHC of vector). While GDAP1L1 mRNA and protein were not found in 
astrocytes, the GFP under the control of GDAP1L1 gene promoter was occasionally found 
in astrocytes (GFAP+). Nevertheless, we patched the neurons with the brightest GFP and 
clear neuronal morphology and found that all of them were highly functional neurons (n 
= 10/12 were Type 5, n = 2/12 were Type 4, and n = 11/12 neurons had clear spontaneous 
AMPA synaptic activity) (Figure 7E,F). Next, we asked whether this strategy could be used 
to isolate mature functional human neurons by a higher-throughput technique. With that 
aim, we derived NPCs from three different cell lines and differentiated them into neurons 
for ~4 weeks in neuronal maturation medium. Then, we infected the neuronal cultures with 
two lentiviral vectors (LV), GDAP1L1-GFP (to identify functional neurons) and GFAP-
tdTomato (to identify astrocytes). A few days later we processed the cells with FACS. After 
exclusion of dead cells and GFAP+ cells, we isolated a population of neurons with high 
GDAP1L1-GFP expression (Figure 7A). This subset of neurons with high GADAP1L1-GFP 
also showed particularly high abundance of TRAPPC6B protein (measured with primary 
antibody) (Figure 7A). TRAPPC6B is another top gene candidate that appeared from our 
transcriptome analysis to be predictive of highly functional neurons. This finding further 
supported our premise that this subpopulation of high GDAP1L1-GFP neurons represents 
the electrophysiologically active state. Therefore, we repeated the FACS experiment with 
live cells differentiated for ~4 weeks and sorted out three subsets of live cells: (1) presumably 
highly functional neurons (GDAP1L1:GFP-highly positive and GFAP:tdTomato-negative), 
(2) astrocytes (GFAP:tdTomato-positive and GDAP1L1:GFP-negative) and (3) the rest of 
the cells, including less functional neurons (Supplementary Figure 8). We then re-plated 
50,000 neurons with high GDAP1L1-GFP per well (48-well plate) onto a glass coverslip 
coated with a layer of human cerebellum astrocytes. Four days after re-plating, we patch-
clamped the GDAP1L1:GFP-positive sorted cells and confirmed that they were highly 
functional Type 5 neurons (Figure 7B, n = 5/5). Altogether, these findings demonstrate 
a first proof of concept that the genes identified in our multimodal analysis may be used 
as biomarkers to help identify, enrich or isolate highly functional states of iPSC-derived 
human neurons in vitro.

the mean expression normalized (mean 0 and variance 1) of each gene from high (red) to low (blue) in ac-
tual cell types. the genes were ordered by euclidean clustering of the gene expression by actual functional 
states. Confusion matrices are displayed below the heat maps. the confusion matrices values represent the 
numbers of cells in each category. predictions were annotated with a green checkmark if correct and a red 
cross if false. the test-fold score for each cell was recorded and a score histogram was computed for each 
cell group (blue and red bars). Classes were predicted with a determined classifier score split, indicated by 
a gray dashed line in the histograms. See also Supplementary Figure 6.
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Figure 7. Biomarkers to isolate highly functional Type 5 neurons  . (A) the top 16 genes expressed 
mostly in type 5 neurons. the genes were selected based on the combination of several criteria: OFF (<10 
tpm) in all astrocytes, OFF in >70% of types 1-2-3 neurons, OFF in >50% of type 4 neurons, ON (>10 tpm) 
in >50% type 5 neurons and then by the genes significantly more expressed in type 5 versus all other cell 
types (P-values from a Mann Whitney test). the selected genes were then ordered by P-values and the most 
significant 16 genes are shown (P < 0.001). Significance was tested with two-tailed Mann-Whitney U test 
between type 5 neurons and all the other cells. the expression of the top two genes was plotted. each gray 
point represents a single neuron. the red curve is the mean ± S.e.M. In the bottom charts black bars repre-
sent the proportion of cells in each cell type group with ON expression (>10 tpm). (B,C) Immunostainings 
of fixed human neuronal cultures confirm the translation of GDap1L1 at the protein level in some neurons 
(Map2+, tUJ1+) but not in astrocytes (GFap+). (D) example of a live human neuron expressing GFp un-
der GDap1L1 promoter and filled with rhodamine with the patch-clamping pipette. (E) Whole-cell patch-
clamp recordings from GDap1L1-GFp neurons. the brightest GFp cells with neuronal morphology were 
selected for patch clamping after ~4 weeks in Brainphys neuronal medium. the neurons expressed strong 
Nav/Kv currents (top left). the evoked aps were measured by slightly hyperpolarizing the cells to reduce 
spontaneous activity (top right). Spontaneous aps were recorded at resting membrane potential with zero 
current injected (middle). Spontaneous aMpa-mediated excitatory synaptic activity was recorded in volt-
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DISCUSSION

Studies of post-mortem human brain tissues have revealed some molecular and ana-
tomical features in neurodevelopment and in the adult brain [32]. However, studying the 
neurophysiological properties of live single neurons in the human brain is technically 
challenging and so far has been mostly restricted to animal models, occasionally to brain 
slices of aborted human fetus [33, 34], and more recently to human neuron cultures 
reprogrammed from fibroblasts [13, 16, 25, 26, 35, 36]. In this study, we have bridged 
human neurophysiology and gene expression by integrating single-cell electrophysiology, 
morphology and transcriptomics analysis of live human neural cells.

Single-Cell Patch-Seq: Multimodal Analysis of Electrophysiology, Morphology 
and Transcriptomic Profiles
Recent breakthroughs in single-cell transcriptomic methods have emphasized the impor-
tance of identifying different biological types of cells [37-47]. To resolve the diversity of 
cellular states, the use of single-cell analysis yields important insights that are masked or 
misrepresented in bulk RNA preparation from mixed cell populations [39, 48, 49]. For 
many years, only a few studies succeeded in applying gene expression analysis to patch-
clamped neurons [50-56]. Here, we demonstrate the possibility of performing whole-
transcriptome analysis on patch-clamped single human neurons derived from iPSCs or 
ESCs. Interestingly, many neuronal mRNAs are transported to the synapses and spines 
for rapid on-demand local translation [57, 58]. Unlike most single-cell methods relying 
on tissue dissociation and flow cytometry, the method developed in this study processes 
the entire neuron and therefore includes mRNA from the nucleus, the soma and distant 
axons/dendrites, which may provide a more accurate representation of the transcriptome 
[58]. This approach may also be relevant for specific neurological disorders that may af-

age clamp at -70 mV (bottom). (F) the electrophysiological properties of the patched GDap1L1-GFp neu-
rons (n = 12) were mature and functional. Means ± S.e.M. shown. the properties of single neurons are 
represented by each dot in the graphs. aps were counted only if amplitude was above -10 mV. Spontaneous 
ap frequencies were measured at resting membrane potential. (G) three human neuronal cell lines, which 
matured for 5 weeks in Brainphys basal + supplements, were infected with LV GDap1L1:eGFp for 5 days 
before being dissociated, fixed and stained. healthy cells not expressing GFap (GFap-neg; top graphs) were 
analyzed for their expression of trappC6B protein and LV GDap1L1:GFp expression (bottom graphs). the 
green rectangles highlight the cells expressing high levels of GFp under GDap1L1 promoter and high levels 
of trappC6B protein. the proportion of presumably mature ephys types of neurons varied highly between 
the three cell lines. (H) Using two lentiviral vectors we sorted live astrocytes and live neurons from IpSC#1 
after 5 weeks in Brainphys and re-plated them on glass coverslips for 4 days before electrophysiological 
evaluation. the population of neurons expressing high levels of GFp under GDap1L1 promoter (and no 
GFap:tdtomato) were patched and all the cells were classified as highly functional neurons (n = 5) with 
on average high evoked firing frequencies (16 ± 2 hz), low resting potentials (-58 ± 2 mV), and large ap 
amplitude (91 ± 4 mV).
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fect mRNA dendritic/axonal trafficking or the function of mRNA at synaptic sites [59, 
60]. Most importantly, in addition to the transcriptomic profile, our method provides 
unique physiological and morphological information about the cells. Our results reveal 
the strong correlation between functional and molecular profiles, validate the biological 
relevance of our methods merging patch-clamping analysis and single cell RNA-seq, and 
demonstrate that transcriptome analysis can be used to predict the physiology of a cell. 
This approach can be applied to any kind of electrophysiological type of cell and may help 
to better define the cellular diversity in the brain [61-64]. Beyond the usefulness of such 
multimodal analysis in cellular neuroscience, this framework may also branch out to 
other fields of cell biology to correlate human cell physiology and molecular signatures.

Functional Neuronal States and Neurodevelopmental Timeline In Vitro
Typically, neurodevelopmental processes are described over a specific timeline. For 
example, newly born mouse neurons mature in pre-existing adult brain circuits by fol-
lowing a timed sequence of physiological events [65, 66]. However, at the single-cell level, 
intrinsic and extrinsic programs can dynamically influence the rate and speed at which 
different human neurons reach functional states in vitro. The prediction of this matura-
tion process is sometimes challenging as it may vary between cell types, individuals and 
species [15-17]. For example, the human brain matures over a longer period of time than 
most other species studied in laboratories. Similarly, human neurons in vitro usually take 
a longer time than rodent neurons to reach the equivalent maturity [35]. In addition, the 
technical variability of tissue culture protocols between independent labs makes “time in 
vitro” an unreliable metric to objectively assess the functional maturity of neurons. As an 
alternative, we propose a method to efficiently quantify and isolate defined neurophysi-
ological profiles in vitro based on data-driven features that do not require the measure of 
time in vitro. In this classification, we define the AP Type 5 neurons as a highly functional 
state of maturity; we define this stage as a broad minimal requirement to study functional 
human neurons in vitro. However, it is important to note that this stage is not necessarily 
terminal. For example, we have recorded the electrophysiological properties of neurons 
that were matured and kept in BrainPhys with supplements for more than 20 weeks and, 
while the broad properties used to define Type 5 neurons were indistinguishable from 
those of neurons maturing in the same medium for 6 weeks, we found that the membrane 
resistance significantly decreased over the longer time periods (e.g., Type 5 neurons Rm 
was 1612+208 MOhm after 45 days in BrainPhys (n = 17) and 224+26 MOhm after 150 
days in BrainPhys (n = 11), see also ref. [35]). Furthermore, we based our functional state 
classification on a PCA that only integrated cell-intrinsic electrophysiological properties 
(25 features). Following this reasoning, we excluded synaptic input properties from that 
PCA because they most strongly depend on extrinsic neuronal network properties. This 
approach also allows us to use our classification model to compare synaptic function in 
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cells of equivalent AP Types with less bias. Nevertheless, adding healthy synaptic activity 
to the PCA expands mostly PC2 and does not affect PC1 or our functional state classifica-
tion.

Neuronal Diversity
In the present study, we present an unbiased profiling of the electrophysiological states 
of human neurons in vitro. The framework that we propose here is sufficiently broad to 
include a wide heterogeneity of neuronal neurotransmitter classes (e.g., glutamatergic, 
GABAergic, dopaminergic, serotonergic and motorneurons). Similarly, we found that 
each of our defined AP Types could be obtained from neurons categorized in various 
morphological classes (e.g., bipolar, fusiform, pyramidal, multipolar; see Supplemen-
tary Figure 3A,B). Finally, the framework is also sufficiently broad to avoid masking 
relevant differences in disease modeling studies. While the present study points out the 
importance of resolving broad neurophysiological states in vitro, several other important 
studies have also highlighted the unique nature of cellular and brain region identities 
of neurons in rodents [55, 56, 62, 63, 67-70] and human brain [71, 72]. The complex, 
precise, heterogeneous and dynamic assembly of 100 billion cells in the human brain is 
the best living illustration of cellular diversity in functional tissues. Interestingly, each 
neuron has the potential to be unique even at the genomic level [73]. The depth of the 
classification one should reach remains arbitrary [62]. Further work will be needed to 
deepen our broad functional states classification to more precise sub-classification. For 
example, it is possible that within AP Type 5 neuron categories, different neurotransmitter 
classes have subtle different physiological properties that they may acquire over various 
periods in vitro. Regardless, our results point out the importance of stratifying neurons 
into equivalent functional states before investigating the differences among patients in 
disease models in vitro.

Models of Neurological Disorders In Vitro Will Benefit from Better 
Characterization and Quantification of Electrophysiologically Active Human 
Neurons
Advances in human cellular reprogramming have propelled a new wave of in vitro experi-
ments to identify differences between healthy subjects and patients with neurological and 
psychiatric diseases [24, 74-77].

Studies of iPSC models in vitro have found that neurons obtained from patients affected 
by autism have significantly smaller soma, reduced dendritic complexity and less synaptic 
activity [78]. We found the same set of phenotypes when comparing less functional AP 
Types (Types 1-2-3) with more functional AP Types (Types 4-5). Together, these find-
ings support the hypothesis that autistic neurons suffer from a general lack of functional 
maturity, which may cause an indirect defect in synapses. Being able to examine many 
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cellular phenotypes simultaneously in the same single neurons may help to discern the 
causes of a disease from subsequent pathophysiological cascades and may be critical to 
the discovery of effective treatments.

Despite the huge promises for translational research, the inherent technical and bio-
logical variability of iPSC technologies remain a significant hurdle [16, 24]. Disorders 
that reveal symptoms relatively late in adulthood, such as Parkinson’s or Alzheimer’s, 
are less likely to reveal early neurodevelopmental features. Therefore, it is important, at 
least in these latter models, to compare neurons of equivalent functional maturity, and 
efficient ways to identify electrophysiologically active neurons are needed. By revealing 
the molecular signature of highly functional states of differentiated neurons (AP Type 
5), we have shown the possibility to predict functional profiles without the need of elec-
trophysiological measurements. The ability to efficiently identify neurons in a specific 
functional state compensates for the heterogeneous proportion of functional neurons 
among cell lines and will strengthen comparative analysis in stem cell models of brain 
disorders. Ultimately, strategies to provide electrophysiologically homogeneous human 
neurons will assist large-scale drug screening, which can lead to the discovery of efficient 
treatments for neurological and psychiatric disorders.
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SUPPLEMENTARY INFORMATION

Supplementary Figure 1. (related to Figure 1). Electrophysiological patch-clamping measurements of 
human neurons. (A) properties of evoked action potentials (aps) were measured in current clamp at an im-
posed resting potential around -70 mV. the best firing responses were chosen from a series of incremental 
depolarizing steps of currents (+2pa, 500 ms). (B) Spontaneous aps were measured for 3 to 5 min in current 
clamp with 0 pa injected current. (C) the properties of single action potentials were analyzed from the first 
spike of the train of evoked aps as shown in A. (D) Voltage-dependent sodium (Nav) and pottassium (Kv) 
currents were measure in voltage clamp at an imposed resting potential around -70 mV with a series of in-
cremental depolarizing steps of voltage (+5mV, 50 ms). (E,F) Spontaneous synaptic activity was measured 
in voltage clamp for 5 min or more. aMpa events were measured at -70 mV, close to the anions reversal 
potential. GaBa events were measured at 0 mV, close to cations reversal potential. (G) Membrane proper-
ties were obtained from averaging the voltage clamp responses (n = 15) to a test pulse (-5 mV) at -70 mV.
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Supplementary Figure 2. (related to Figure 1). Electrophysiological measurements. (A) pC1 explained 
most of the variance obtained in the pCa in Figure 1B. (B) Decision tree used to classify ap types based 
on a single patch-clamping current-clamp test consisting of a series of depolarizing steps from -70 mV. 
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(C) We defined 5 electrophysiological types of neurons (ap types) based on the combination of two key 
ephys properties – the maximal peak and frequencies of evoked action potentials (aps). (D) the heat map 
represents the normalized values of electrophysiological properties (y axis) for each single human neuron 
patched (x axis). euclidean hierarchical clustering was applied to the electrophysiological properties. the 
single neurons were ordered by ephys type. Mann Whitney P-values were measured between type 5 neu-
rons and all the other types and corrected for multiple hypothesis testing (Bonferroni).
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Supplementary Figure 3. (related to Figure 3). Morphological measurements. (A) typical morphologi-
cal classes of human neurons in vitro. Original pictures of morphological types used for the drawings. (B) 
proportion of ephys types found in each morphological category. Only neurons unambiguously classified 
were used in this sample (n = 224). We did not find any correspondence among specific morphological 
classes and the ephys types. (C) the heat map represents the normalized values of morphological proper-
ties (y axis) for each patched single neuron (x axis). euclidean hierarchical clustering was applied to the 
morphological properties. the single neurons were ordered by ephys type.
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Supplementary Figure 4. (related to Figure 4). Single-cell RNA-seq data of Patch-seq neurons. (A,B) 
We found a significant correlation between single-cell gene expression measured by rNa-seq and qpCr. 
the solid lines represent the regression model fit to data with 95% confidence intervals. (C) each cell sample 
was mixed with artificial transcripts of known abundance, which linearly correlated with the transcript lev-
els measured with sequencing. 71/73 erCC transcripts were detected across all cells (n = 40 cells). each 
point represents the measure of each erCC transcript averaged for all cells. (D) the variance of the mea-
sured transcript levels was the highest for transcripts of particularly low abundance.
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Supplementary Figure 5. (related to Figure 5). Single-cell transcriptomes segregate functional states 
of differentiated neurons. (A) pCa only on differentiated neurons (without astrocytes) shows similar clus-
ter of highly functional neuronal states observed in pCa of Figure 5B. (B) the heat map complements Figure 
5D by averaging the gene expression of single cells by neuronal ap types or astrocytes for clarity.
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Supplementary Figure 6. (related to Figure 6). Extremely randomized tree classifier. (A) the heatmap 
complements Figure 6D by showing the normalized gene expression levels averaged by ap types. (B) 
receiver Operating Characteristic (rOC) curve of the Mature/Functional vs. Immature/Non-functional neu-
ron classifier shows trade-offs between true positive rate (tpr = Sensitivity, y axis) and False positive rate 
(Fpr = 1-Specificity, x axis), with a good cross-validated performance: area Under the Curve (aUC) = 0.93.
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Supplementary Figure 7. (related to Figure 7). GDAP1L1 exclusive to neural tissue in vivo and addi-
tional staining in vitro. (A) GDap1L1 expression is exclusive to neural tissue in human. Data source: Gtex 
analysis release V4 (dbGap accession phs000424.v4.p1). (B) Immunostainings of fixed human neuronal 
cultures confirm the translation of GDap1L1 at the protein level in some neurons (Map2+) but not in less 
mature neural progenitors (Nestin+). (C) example of a neuron expressing high levels of GDap1L1:GFp (len-
tivector) and immunostained with tUJ1.
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Supplementary Figure 8. (related to Figure 7). Live single-cell FACS sorting to select subpopulation 
for replating. Live human neuronal cultures (5 weeks in Brainphys + supplements) were infected with 
lentivectors GDap1L1:GFp and GFap:tdtomato and stained with DapI before dissociation and FaCS sort-
ing. (A) Live cells were distinguished from dead cells and debris based on DapI staining (y axis, lei graph) 
and size (FSC-a, FSC-W). (B) Glia and astrocytes were identified with the expression of tdtomato under the 
control of GFap promoter. the control was a sample of cells infected with LV GDap1L1:GFp only to account 
for the leak of GFp in the red channel. (C) the expression of GDap1L1:GFp was measured in the cells com-
pletely negative for GFap:tdtomato. the GFap-negative cells expressing high levels of GFp were isolated 
and re-plated for patch-clamping analyses.
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Supplementary Table 1. List of genes that appeared in the top lists of independent analyses for the 
paper (regression, machine learning, differential expression). among the most highly ranked genes, 29 
genes appeared in two or more analyses (highlighted in lightgray). Only one gene appeared in all of these 
independent analyses: GDap1L1 (highlighted in darkgray). the descriptions for each gene were obtained 
from https://david.ncifcrf.gov and http://string-db.org. 

top genes DaVID_GO functions StrING_GO functions

aCOt7 acyl-Coa thioesterase 7 acyl-Coa thioesterase 7 (380 aa)

aFMID arylformamidase arylformamidase; Catalyzes the hydrolysis of N-formyl-L-kynurenine 
to L- kynurenine, the second step in the kynurenine pathway of 
tryptophan degradation. Kynurenine may be further oxidized to 
nicotinic acid, NaD(h) and NaDp(h). required for elimination of 
toxic metabolites (By similarity) (308 aa)

aGXt2L2 alanine-glyoxylate aminotransferase 2-like 2 alanine-glyoxylate aminotransferase 2-like 2; Catalyzes the 
pyridoxalphosphate-dependent breakdown of 5-phosphohydroxy-
L-lysine, converting it to ammonia, inorganic phosphate and 
2-aminoadipate semialdehyde (450 aa)

ahI1 abelson helper integration site 1 abelson helper integration site 1; Component of the tectonic-like 
complex, a complex localized at the transition zone of primary cilia 
and acting as a barrier that prevents diffusion of transmembrane 
proteins between the cilia and plasma membranes (By similarity)
(1196 aa)

aIMp3 hCG2043275; Uncharacterized protein (151 aa)

aKr1C1 aldo-keto reductase family 1, member C1 
(dihydrodiol dehydrogenase 1; 20-alpha 
(3-alpha)-hydroxysteroid dehydrogenase)

aldo-keto reductase family 1, member C1 (dihydrodiol 
dehydrogenase 1; 20-alpha (3-alpha)-hydroxysteroid 
dehydrogenase) (323 aa)

aKr1C2 aldo-keto reductase family 1, member C2 
(dihydrodiol dehydrogenase 2; bile acid 
binding protein; 3-alpha hydroxysteroid 
dehydrogenase, type III)

aldo-keto reductase family 1, member C2 (dihydrodiol 
dehydrogenase 2; bile acid binding protein; 3-alpha hydroxysteroid 
dehydrogenase, type III) (323 aa)

aLDh1B1 aldehyde dehydrogenase 1 family, member B1 aldehyde dehydrogenase 1 family, member B1; aLDhs play a major 
role in the detoxification of alcohol-derived acetaldehyde. they are 
involved in the metabolism of corticosteroids, biogenic amines, 
neurotransmitters, and lipid peroxidation (517 aa)

aNKrD13B ankyrin repeat domain 13B ankyrin repeat domain 13B (626 aa)

aNKrD36C ankyrin repeat domain 36C (1778 aa)

aNKrD39 ankyrin repeat domain 39 ankyrin repeat domain 39 (183 aa)

apOO apolipoprotein O apolipoprotein O; promotes cholesterol efflux from macrophage 
cells. Detected in hDL, LDL and VLDL. Secreted by a microsomal 
triglyceride transfer protein (Mttp)-dependent mechanism, 
probably as a VLDL-associated protein that is subsequently 
transferred to hDL. May be involved in myocardium-protective 
mechanisms against lipid accumulation (198 aa)

arhGeF3 rho guanine nucleotide exchange factor 
(GeF) 3

rho guanine nucleotide exchange factor (GeF) 3 (558 aa)

atp6V1C2 atpase, h+ transporting, lysosomal 42kDa, V1
subunit C2

atpase, h+ transporting, lysosomal 42kDa, V1 subunit C2; Subunit 
of the peripheral V1 complex of vacuolar atpase. Subunit C is 
necessary for the assembly of the catalytic sector of the enzyme 
and is likely to have a specific function in its catalytic activity. 
V-atpase is responsible for acidifying a variety of intracellular 
compartments in eukaryotic cells (427 aa)
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Supplementary Table 1. (continued)

top genes DaVID_GO functions StrING_GO functions

BCL10 B-cell CLL/lymphoma 10; hypothetical 
LOC646626

B-cell CLL/lymphoma 10; promotes apoptosis, pro-caspase-9 
maturation and activation of NF-kappa-B via NIK and IKK. May be an 
adapter protein between upstream tNFr1-traDD-rIp complex and 
the downstream NIK-IKK-IKap complex. Is a substrate for MaLt1 
(233 aa)

BeX4 brain expressed, X-linked 4 brain expressed, X-linked 4 (120 aa)

BOLa2 bola homolog 2 (E. coli); bola homolog 2B 
(E. coli)

bola homolog 2 (e. coli) (152 aa)

BOLa2B bola homolog 2 (E. coli); bola homolog 2B 
(E. coli)

bola homolog 2B (e. coli) (152 aa)

CaMLG calcium modulating ligand calcium modulating ligand; Likely involved in the mobilization of 
calcium as a result of the tCr/CD3 complex interaction. Binds to 
cyclophilin B (296 aa)

CCDC137 coiled-coil domain containing 137 coiled-coil domain containing 137 (289 aa)

CKDN2D cyclin-dependent kinase inhibitor 2D (p19, 
inhibits CDK4)

cyclin-dependent kinase inhibitor 2D (p19, inhibits CDK4); Interacts 
strongly with CDK4 and CDK6 and inhibits them (166 aa)

ChChD6 coiled-coil-helix-coiled-coil-helix domain 
containing 6

coiled-coil-helix-coiled-coil-helix domain containing 6; required for 
maintaining mitochondrial crista morphology, atp production and 
oxygen consumption (235 aa)

CKMt1a creatine kinase, mitochondrial 1a; creatine 
kinase, mitochondrial 1B

creatine kinase, mitochondrial 1a; reversibly catalyzes the transfer 
of phosphate between atp and various phosphogens (e.g. creatine 
phosphate). Creatine kinase isoenzymes play a central role in 
energy transduction in tissues with large, fluctuating energy 
demands, such as skeletal muscle, heart, brain and spermatozoa 
(417 aa)

CKMt1B creatine kinase, mitochondrial 1a; creatine 
kinase, mitochondrial 1B

creatine kinase, mitochondrial 1B (417 aa)

CNOt4 CCr4-NOt transcription complex, subunit 4 CCr4-NOt transcription complex, subunit 4 (713 aa)

COMMD1 copper metabolism (Murr1) domain 
containing 1

copper metabolism (Murr1) domain containing 1; promotes 
ubiquitination of NF-kappa-B subunit reLa and its subsequent 
proteasomal degradation. Down-regulates NF-kappa-B 
activity. Down-regulates SOD1 activity by interfering with its 
homodimerization. plays a role in copper ion homeostasis. Can 
bind one copper ion per monomer. May function to facilitate biliary 
copper excretion within hepatocytes (190 aa)

DeDD death effector domain containing death effector domain containing; a scaffold protein that 
directs CaSp3 to certain substrates and facilitates their ordered 
degradation during apoptosis. May also play a role in mediating 
CaSp3 cleavage of Krt18. regulates degradation of intermediate 
filaments during apoptosis. May play a role in the general 
transcription machinery in the nucleus and might be an important 
regulator of the activity of GtF3C3. Inhibits DNa transcription in 
vitro (By similarity) (318 aa)

DSeL dermatan sulfate epimerase-like dermatan sulfate epimerase-like (1222 aa)

DYNC1I2 similar to dynein cytoplasmic 1 intermediate 
chain 2; dynein, cytoplasmic 1, intermediate 
chain 2

dynein, cytoplasmic 1, intermediate chain 2 (638 aa)

eCh1 enoyl Coenzyme a hydratase 1, peroxisomal enoyl Coa hydratase 1, peroxisomal; Isomerization of 3-trans,5-
cisdienoyl-Coa to 2-trans,4- trans-dienoyl-Coa (By similarity) (328 
aa)
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Supplementary Table 1. (continued)

top genes DaVID_GO functions StrING_GO functions

eDIL3 eGF-like repeats and discoidin I-like domains 3 eGF-like repeats and discoidin I-like domains 3; promotes adhesion 
of endothelial cells through interaction with the alpha-v/beta-3 
integrin receptor. Inhibits formation of vascular-like structures. May 
be involved in regulation of vascular morphogenesis of remodeling 
in embryonic development (480 aa)

eeF1a1 eukaryotic translation elongation factor 1 
alpha-like 7; eukaryotic translation elongation 
factor 1 alpha-like 3; similar to eukaryotic 
translation elongation factor 1 alpha 1; 
eukaryotic translation elongation factor 1 
alpha 1

eukaryotic translation elongation factor 1 alpha 1; this protein 
promotes the Gtp-dependent binding of aminoacyl-trNa to the 
asite of ribosomes during protein biosynthesis. With parp1 and 
tXK, forms a complex that acts as a t helper 1 (th1) cell-specific 
transcription factor and binds the promoter of IFN-gamma to 
directly regulate its transcription, and is thus involved importantly 
in th1 cytokine production (462 aa)

eeF1a1p24 eukaryotic translation elongation factor 1 
alpha-like 7; eukaryotic translation elongation 
factor 1 alpha-like 3; similar to eukaryotic 
translation elongation factor 1 alpha 1; 
eukaryotic translation elongation factor 1 
alpha

eeF1a1p5 eukaryotic translation elongation factor 1 
alpha-like 7; eukaryotic translation elongation 
factor 1 alpha-like 3; similar to eukaryotic 
translation elongation factor 1 alpha 1; 
eukaryotic translation elongation factor 1 
alpha 1

eeF1a1p9 eukaryotic translation elongation factor 1 
alpha-like 7; eukaryotic translation elongation 
factor 1 alpha-like 3; similar to eukaryotic 
translation elongation factor 1 alpha 1; 
eukaryotic translation elongation factor 1 
alpha 1

eIF2S1 eukaryotic translation initiation factor 2, 
subunit 1 alpha, 35kDa

eukaryotic translation initiation factor 2, subunit 1 alpha, 35kDa; 
Functions in the early steps of protein synthesis by forming a 
ternary complex with Gtp and initiator trNa. this complex binds 
to a 40S ribosomal subunit, followed by mrNa binding to form a 
43S preinitiation complex. Junction of the 60S ribosomal subunit 
to form the 80S initiation complex is preceded by hydrolysis of the 
Gtp bound to eIF-2 and release of an eIF-2-GDp binary complex. In 
order for eIF-2 to recycle and catalyze another round of initiation, 
the GDp bound to eIF-2 must exchange with Gtp by way of a 
reaction [...] (315 aa)

eMC4 er membrane protein complex subunit 4; May mediate 
antiapoptotic activity (183 aa)

eNSG00000268220 cDNa FLJ37906 fis, clone COLON2004318 (138 aa)

epB41L1 erythrocyte membrane protein band 4.1-like 1 erythrocyte membrane protein band 4.1-like 1 (881 aa)
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Supplementary Table 1. (continued)

top genes DaVID_GO functions StrING_GO functions

erCC2 excision repair cross-complementing rodent 
repair deficiency, complementation group 2

excision repair cross-complementing rodent repair deficiency, 
complementation group 2; atp-dependent 5’-3’ DNa helicase, 
component of the core- tFIIh basal transcription factor. Involved in 
nucleotide excision repair (Ner) of DNa by opening DNa around 
the damage, and in rNa transcription by rNa polymerase II by 
anchoring the CDK-activating kinase (CaK) complex, composed of 
CDK7, cyclin h and Mat1, to the core-tFIIh complex. Involved in 
the regulation of vitamin-D receptor activity. as part of the mitotic 
spindle-associated MMXD complex it plays a role in chromosome 
segregation. Might h [...] (760 aa)

FBLN1 fibulin 1 fibulin 1 (703 aa)

FGF14 fibroblast growth factor 14 fibroblast growth factor 14; probably involved in nervous system 
development and function (252 aa)

FNDC3a fibronectin type III domain containing 3a fibronectin type III domain containing 3a (1198 aa)

GatC glutamyl-trNa(Gln) amidotransferase, subunit 
C homolog (bacterial)

glutamyl-trNa(Gln) amidotransferase, subunit C; allows the 
formation of correctly charged Gln-trNa(Gln) through the 
transamidation of misacylated Glu-trNa(Gln) in the mitochondria. 
the reaction takes place in the presence of glutamine and atp 
through an activated gamma-phospho-Glu- trNa(Gln) (136 aa)

GDap1L1 ganglioside-induced differentiation-associated 
protein 1-like 1

ganglioside induced differentiation associated protein 1-like 1 (367
aa)

GNaI1 guanine nucleotide binding protein (G 
protein), alpha inhibiting activity polypeptide 
1

guanine nucleotide binding protein (G protein), alpha inhibiting 
activity polypeptide 1 (354 aa)

GNaL guanine nucleotide binding protein (G 
protein), alpha activating activity polypeptide, 
olfactory type

guanine nucleotide binding protein (G protein), alpha activating 
activity polypeptide, olfactory type; Guanine nucleotide-binding 
proteins (G proteins) are involved as modulators or transducers in 
various transmembrane signaling systems. G(olf ) alpha mediates 
signal transduction within the olfactory neuroepithelium and 
the basal ganglia. May be involved in some aspect of visual 
transduction, and in mediating the effect of one or more 
hormones/neurotransmitters (458 aa)

GNG4 guanine nucleotide binding protein (G 
protein), gamma 4

guanine nucleotide binding protein (G protein), gamma 4; 
Guanine nucleotide-binding proteins (G proteins) are involved as 
a modulator or transducer in various transmembrane signaling 
systems. the beta and gamma chains are required for the Gtpase 
activity, for replacement of GDp by Gtp, and for G protein- effector 
interaction (By similarity) (75 aa)

GpS1 G protein pathway suppressor 1 G protein pathway suppressor 1; essential component of the COp9 
signalosome complex (CSN), a complex involved in various cellular 
and developmental processes. the CSN complex is an essential 
regulator of the ubiquitin (Ubl) conjugation pathway by mediating 
the deneddylation of the cullin subunits of SCF-type e3 ligase 
complexes, leading to decrease the Ubl ligase activity of SCF-type 
complexes such as SCF, CSa or DDB2. the complex is also involved 
in phosphorylation of p53/tp53, c-jun/JUN, IkappaBalpha/NFKBIa, 
ItpK1 and IrF8/ICSBp, possibly via its association with CK2 and pKD 
kinases. [...] (527 aa)
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Supplementary Table 1. (continued)

top genes DaVID_GO functions StrING_GO functions

GtF2F general transcription factor IIF, polypeptide 
2, 30kDa

general transcription factor IIF, polypeptide 2, 30kDa; tFIIF is a 
general transcription initiation factor that binds to rNa polymerase 
II and helps to recruit it to the initiation complex in collaboration 
with tFIIB. It promotes transcription elongation. this subunit shows 
atp-dependent DNa- helicase activity (249 aa)

hGS hepatocyte growth factor-regulated tyrosine 
kinase substrate

hepatocyte growth factor-regulated tyrosine kinase substrate; 
Involved in intracellular signal transduction mediated by cytokines 
and growth factors. When associated with StaM, it suppresses DNa 
signaling upon stimulation by IL-2 and GM-CSF. Could be a direct 
effector of pI3-kinase in vesicular pathway via early endosomes 
and may regulate trafficking to early and late endosomes by 
recruiting clathrin. May concentrate ubiquitinated receptors within 
clathrincoated regions. Involved in down- regulation of receptor 
tyrosine kinase via multivesicular body (MVBs) when complexed 
with StaM (e [...] (777 aa)

hIF1aN hypoxia inducible factor 1, alpha subunit 
inhibitor

hypoxia inducible factor 1, alpha subunit inhibitor; hydroxylates 
hIF-1 alpha at ‘asp-803’ in the C-terminal transactivation domain 
(CaD). Functions as an oxygen sensor and, under normoxic 
conditions, the hydroxylation prevents interaction of hIF-1 with 
transcriptional co-activators including Cbp/p300- interacting 
transactivator. Involved in transcriptional repression through 
interaction with hIF1a, VhL and histone deacetylases. hydroxylates 
specific asn residues within ankyrin repeat domains (arD) of 
NFKB1, NFKBIa, NOtCh1, aSB4, ppp1r12a and several other arD-
containing proteins. also [...] (349 aa)

hNrNpa0 heterogeneous nuclear ribonucleoprotein a0 heterogeneous nuclear ribonucleoprotein a0; mrNa-binding 
component of ribonucleosomes. Specifically binds aU-rich 
element (are)-containing mrNas. Involved in post- transcriptional 
regulation of cytokines mrNas (305 aa)

Iah1 isoamyl acetate-hydrolyzing esterase 1 
homolog (S. cerevisiae)

isoamyl acetate-hydrolyzing esterase 1 homolog (S. cerevisiae); 
probable lipase (By similarity) (248 aa)

IFI27L2 interferon, alpha-inducible protein 27-like 2 interferon, alpha-inducible protein 27-like 2 (130 aa)

IL6St interleukin 6 signal transducer (gp130, 
oncostatin M receptor)

interleukin 6 signal transducer (gp130, oncostatin M receptor); 
Signal-transducing molecule. the receptor systems for IL6, LIF, OSM, 
CNtF, IL11, CtF1 and BSF3 can utilize gp130 for initiating signal 
transmission. Binds to IL6/IL6r (alpha chain) complex, resulting 
in the formation of high-affinity IL6 binding sites, and transduces 
the signal. Does not bind IL6. May have a role in embryonic 
development (By similarity). the type I OSM receptor is capable of 
transducing OSM-specific signaling events (918 aa)

INO80 INO80 homolog (S. cerevisiae) INO80 homolog (S. cerevisiae); DNa helicase and probable main 
scaffold component of the chromatin remodeling INO80 complex 
which is involved in transcriptional regulation, DNa replication 
and probably DNa repair; according to pubMed-20687897 the 
contribution to DNa double-strand break repair appears to be 
largely indirect through transcriptional regulation. recruited by YY1 
to YY1-activated genes, where it acts as an essential co-activator. 
Binds DNa. In vitro, has double stranded DNa-dependent atpase 
activity. Involved in UV-damage excision repair, DNa replication 
and chromosome segreg [...] (1556 aa)
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Supplementary Table 1. (continued)

top genes DaVID_GO functions StrING_GO functions

INO80D INO80 complex subunit D INO80 complex subunit D; putative regulatory component of 
the chromatin remodeling INO80 complex which is involved in 
transcriptional regulation, DNa replication and probably DNa 
repair (1027 aa)

IrGQ immunity-related Gtpase family, Q immunity-related Gtpase family, Q (623 aa)

KIaa1456 KIaa1456 (454 aa)

KIF3C kinesin family member 3C kinesin family member 3C; Microtubule-based anterograde 
translocator for membranous organelles (By similarity) (793 aa)

LOC100134230 hypothetical protein LOC100134230; 
similar to KIaa0454 protein; similar to 
phosphodiesterase 4D interacting protein 
isoform 2; phosphodiesterase 4D interacting 
protein

LOC646626 B-cell CLL/lymphoma 10; hypothetical 
LOC646626

LOC652164 hypothetical protein LOC100134230; 
similar to KIaa0454 protein; similar to 
phosphodiesterase 4D interacting protein 
isoform 2; phosphodiesterase 4D interacting 
protein

LOC727927 hypothetical protein LOC100134230; 
similar to KIaa0454 protein; similar to 
phosphodiesterase 4D interacting protein 
isoform 2; phosphodiesterase 4D interacting 
protein

LOC728532 similar to dynein cytoplasmic 1 intermediate 
chain 2; dynein, cytoplasmic 1, intermediate 
chain 2

Lppr2 Lipid phosphate phosphatase-related protein type 2 (343 aa)

LrrC40 leucine rich repeat containing 40 leucine rich repeat containing 40 (602 aa)

LrrD1 leucine-rich repeats and death domain containing 1 (860 aa)

LSM7 LSM7 homolog, U6 small nuclear rNa 
associated (S. cerevisiae)

LSM7 homolog, U6 small nuclear rNa associated (S. cerevisiae); 
Binds specifically to the 3’-terminal U-tract of U6 snrNa and is 
probably a component of the spliceosome (103 aa)

Map1LC3B2 microtubule-associated protein 1 light chain 
3 beta 2

microtubule-associated protein 1 light chain 3 beta 2; 
probably involved in formation of autophagosomal vacuoles 
(autophagosomes) (By similarity) (125 aa)

MDGa2 MaM domain containing 
glycosylphosphatidylinositol anchor 2

MaM domain containing glycosylphosphatidylinositol anchor 2; 
May be involved in cell-cell interactions (By similarity) (1025 aa)

Metap1 methionyl aminopeptidase 1 methionyl aminopeptidase 1; removes the N-terminal methionine 
from nascent proteins. required for normal progression through 
the cell cycle (386 aa)
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Supplementary Table 1. (continued)

top genes DaVID_GO functions StrING_GO functions

Mt-CO1 mitochondrially encoded cytochrome c oxidase I; Cytochrome c 
oxidase is the component of the respiratory chain that catalyzes 
the reduction of oxygen to water. Subunits 1- 3 form the functional 
core of the enzyme complex. CO I is the catalytic subunit of the 
enzyme. electrons originating in cytochrome c are transferred via 
the copper a center of subunit 2 and heme a of subunit 1 to the 
bimetallic center formed by heme a3 and copper B (By similarity) 
(513 aa)

MtSS1 metastasis suppressor 1 metastasis suppressor 1; May be related to cancer progression or 
tumor metastasis in a variety of organ sites, most likely through an 
interaction with the actin cytoskeleton (755 aa)

ND4 NaDh-ubiquinone oxidoreductase chain 4L; 
NaDh-ubiquinone oxidoreductase chain 4

ND4L NaDh-ubiquinone oxidoreductase chain 4L; 
NaDh-ubiquinone oxidoreductase chain 4

NDUFa9 NaDh dehydrogenase (ubiquinone) 1 alpha 
subcomplex, 9, 39kDa

NaDh dehydrogenase (ubiquinone) 1 alpha subcomplex, 9, 39kDa; 
accessory subunit of the mitochondrial membrane respiratory 
chain NaDh dehydrogenase (Complex I), that is believed not to be 
involved in catalysis. Complex I functions in the transfer of electrons 
from NaDh to the respiratory chain. the immediate electron 
acceptor for the enzyme is believed to be ubiquinone (377 aa)

NDUFaF2 NaDh dehydrogenase (ubiquinone) 1 alpha 
subcomplex, assembly factor 2

NaDh dehydrogenase (ubiquinone) complex I, assembly factor 
2; acts as a molecular chaperone for mitochondrial complex I 
assembly (169 aa)

NeCaB1 N-terminal eF-hand calcium binding protein 1 N-terminal eF-hand calcium binding protein 1 (351 aa)

NeFL neurofilament, light polypeptide

NeLL2 NeL-like 2 (chicken) NeL-like 2 (chicken) (866 aa)

NF2 neurofibromin 2 (merlin) neurofibromin 2 (merlin) (595 aa)

NKIraS2 NFKB inhibitor interacting ras-like 2 NFKB inhibitor interacting ras-like 2; atypical ras-like protein that 
acts as a potent regulator of NF-kappa-B activity by preventing the 
degradation of NF-kappa-B inhibitor beta (NFKBIB) by most signals, 
explaining why NFKBIB is more resistant to degradation. May act 
by blocking phosphorylation of NFKBIB and nuclear localization 
of p65/reLa NF- kappa-B subunit. It is unclear whether it acts as a 
Gtpase. Both Gtp- and GDp-bound forms block phosphorylation of 
NFKBIB (By similarity) (191 aa)

NMe1 non-metastatic cells 1, protein (NM23a) 
expressed in; NMe1-NMe2 readthrough 
transcript; non-metastatic cells 2, protein 
(NM23B) expressed in

NMe/NM23 nucleoside diphosphate kinase 1; Major role in the 
synthesis of nucleoside triphosphates other than atp. possesses 
nucleoside-diphosphate kinase, serine/threonine-specific protein 
kinase, geranyl and farnesyl pyrophosphate kinase, histidine 
protein kinase and 3’-5’ exonuclease activities. Involved in cell 
proliferation, differentiation and development, signal transduction, 
G protein-coupled receptor endocytosis, and gene expression. 
required for neural development including neural patterning and 
cell fate determination (177 aa)

NMe1-NMe2 non-metastatic cells 1, protein (NM23a) 
expressed in; NMe1-NMe2 readthrough 
transcript; non-metastatic cells 2, protein 
(NM23B) expressed in
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Supplementary Table 1. (continued)

top genes DaVID_GO functions StrING_GO functions

NMe2 non-metastatic cells 1, protein (NM23a) 
expressed in; NMe1-NMe2 readthrough 
transcript; non-metastatic cells 2, protein 
(NM23B) expressed in

NUDCD1 NudC domain containing 1 NudC domain containing 1 (583 aa)

pCLO piccolo (presynaptic cytomatrix protein) piccolo (presynaptic cytomatrix protein) (5142 aa)

pDe4DIp hypothetical protein LOC100134230; 
similar to KIaa0454 protein; similar to 
phosphodiesterase 4D interacting protein 
isoform 2; phosphodiesterase 4D interacting 
protein

phosphodiesterase 4D interacting protein (2362 aa)

pFDN2 prefoldin subunit 2 prefoldin subunit 2; Binds specifically to cytosolic chaperonin 
(c-CpN) and transfers target proteins to it. Binds to nascent 
polypeptide chain and promotes folding in an environment in 
which there are many competing pathways for nonnative proteins 
(154 aa)

pGM2L1 phosphoglucomutase 2-like 1 phosphoglucomutase 2-like 1; Glucose 1,6-bisphosphate synthase 
using 1,3- bisphosphoglycerate as a phosphate donor and a series 
of 1-phosphate sugars as acceptors, including glucose 1-phosphate, 
mannose 1-phosphate, ribose 1-phosphate and deoxyribose 
1-phosphate. 5 or 6-phosphosugars are bad substrates, with 
the exception of glucose 6-phosphate. also synthesizes ribose 
1,5-bisphosphate. has only low phosphopentomutase and 
phosphoglucomutase activities (622 aa)

pID1 phosphotyrosine interaction domain 
containing 1

phosphotyrosine interaction domain containing 1; Increases 
proliferation of preadipocytes without affecting adipocytic 
differentiation (248 aa)

pItrM1 pitrilysin metallopeptidase 1 pitrilysin metallopeptidase 1 (1038 aa)

pKM pyruvate kinase, muscle (531 aa)

pLeKhB2 pleckstrin homology domain containing, 
family B (evectins) member 2

pleckstrin homology domain containing, family B (evectins) 
member 2; Involved in retrograde transport of recycling endosomes 
(222 aa)

pOLG2 polymerase (DNa directed), gamma 2, 
accessory subunit

polymerase (DNa directed), gamma 2, accessory subunit; 
Mitochondrial polymerase processivity subunit. Stimulates 
the polymerase and exonuclease activities, and increases the 
processivity of the enzyme. Binds to ss-DNa (485 aa)

pOLr1C polymerase (rNa) I polypeptide C, 30kDa polymerase (rNa) I polypeptide C, 30kDa; DNa-dependent rNa 
polymerase catalyzes the transcription of DNa into rNa using 
the four ribonucleoside triphosphates as substrates. Common 
component of rNa polymerases I and III which synthesize 
ribosomal rNa precursors and small rNas, such as 5S rrNa and 
trNas, respectively. rpaC1 is part of the pol core element with the 
central large cleft and probably a clamp element that moves to 
open and close the cleft (By similarity) (346 aa)
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top genes DaVID_GO functions StrING_GO functions

pOLr2I polymerase (rNa) II (DNa directed) 
polypeptide I, 14.5kDa

polymerase (rNa) II (DNa directed) polypeptide I, 14.5kDa; 
DNa-dependent rNa polymerase catalyzes the transcription of 
DNa into rNa using the four ribonucleoside triphosphates as 
substrates. Component of rNa polymerase II which synthesizes 
mrNa precursors and many functional non-coding rNas. pol II is 
the central component of the basal rNa polymerase II transcription 
machinery. It is composed of mobile elements that move relative 
to each other. rpB9 is part of the upper jaw surrounding the central 
large cleft and thought to grab the incoming DNa template (By 
similarity) (125 aa)

ppFIa2 protein tyrosine phosphatase, receptor type, 
f polypeptide (ptprF), interacting protein 
(liprin), alpha 2

protein tyrosine phosphatase, receptor type, f polypeptide (ptprF), 
interacting protein (liprin), alpha 2; alters ptprF cellular localization 
and induces ptprF clustering. May regulate the disassembly of 
focal adhesions. May localize receptor-like tyrosine phosphatases 
type 2a at specific sites on the plasma membrane, possibly 
regulating their interaction with the extracellular environment and 
their association with substrates (1257 aa)

ppM1J protein phosphatase 1J (pp2C domain 
containing)

protein phosphatase, Mg2+/Mn2+ dependent, 1J (505 aa)

pSMC3Ip pSMC3 interacting protein pSMC3 interacting protein; plays an important role in meiotic 
recombination. Stimulates DMC1-mediated strand exchange 
required for pairing homologous chromosomes during meiosis. the 
complex pSMC3Ip/MND1 binds DNa, stimulates the recombinase 
activity of DMC1 as well as DMC1 D-loop formation from double-
strand DNa. this complex stabilizes presynaptic raD51 and DMC1 
filaments formed on single strand DNa to capture double-strand 
DNa. this complex stimulates both synaptic and presynaptic critical 
steps in raD51 and DMC1-promoted homologous pairing. May 
inhibit hIV-1 viral protein tat activ [...] (217 aa)

pSMD12 proteasome (prosome, macropain) 26S 
subunit, non-atpase, 12

proteasome (prosome, macropain) 26S subunit, non-atpase, 
12; acts as a regulatory subunit of the 26S proteasome which 
is involved in the atp-dependent degradation of ubiquitinated 
proteins (456 aa)

raB12 raB12, member raS oncogene family raB12, member raS oncogene family; the small Gtpases rab 
are key regulators of intracellular membrane trafficking, from the 
formation of transport vesicles to their fusion with membranes. 
rabs cycle between an inactive GDp-bound form and an active 
Gtp-bound form that is able to recruit to membranes different 
set of downstream effectors directly responsible for vesicle 
formation, movement, tethering and fusion. that rab may play a 
role in protein transport from recycling endosomes to lysosomes 
regulating, for instance, the degradation of the transferrin receptor 
(By similarity) (244 aa)

raB33a raB33a, member raS oncogene family raB33a, member raS oncogene family (237 aa)

raB3B raB3B, member raS oncogene family raB3B, member raS oncogene family; protein transport. probably 
involved in vesicular traffic (By similarity) (219 aa)

raB6B raB6B, member raS oncogene family raB6B, member raS oncogene family; Seems to have a role in 
retrograde membrane traffic at the level of the Golgi complex. May 
function in retrograde transport in neuronal cells (208 aa)
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Supplementary Table 1. (continued)

top genes DaVID_GO functions StrING_GO functions

rFC5 replication factor C (activator 1) 5, 36.5kDa replication factor C (activator 1) 5, 36.5kDa; the elongation of 
primed DNa templates by DNa polymerase delta and epsilon 
requires the action of the accessory proteins proliferating cell 
nuclear antigen (pCNa) and activator 1 (340 aa)

rGS9 regulator of G-protein signaling 9 regulator of G-protein signaling 9; Inhibits signal transduction by 
increasing the Gtpase activity of G protein alpha subunits thereby 
driving them into their inactive GDp-bound form. Binds to G(t)-
alpha. Involved in phototransduction; key element in the recovery 
phase of visual transduction (By similarity) (674 aa)

rNF2 ring finger protein 2 ring finger protein 2; e3 ubiquitin-protein ligase that mediates 
monoubiquitination of ‘Lys-119’ of histone h2a, thereby playing 
a central role in histone code and gene regulation. h2a ‘Lys-119’ 
ubiquitination gives a specific tag for epigenetic transcriptional 
repression and participates in X chromosome inactivation of female 
mammals. May be involved in the initiation of both imprinted and 
random X inactivation. essential component of a polycomb group 
(pcG) multiprotein prC1-like complex, a complex class required 
to maintain the transcriptionally repressive state of many genes, 
includ [...] (336 aa)

rpL13 ribosomal protein L13 pseudogene 12; 
ribosomal protein L13

ribosomal protein L13 (211 aa)

rpL13a ribosomal protein L13a pseudogene 7; 
ribosomal protein L13a pseudogene 5; 
ribosomal protein L13a pseudogene 16; 
ribosomal protein L13a; ribosomal protein 
L13a pseudogene 18

ribosomal protein L13a; associated with ribosomes but is not 
required for canonical ribosome function and has extra-ribosomal 
functions. Component of the GaIt (gamma interferon-activated 
inhibitor of translation) complex which mediates interferon-
gamma-induced transcript-selective translation inhibition in 
inflammation processes. Upon interferon-gamma activation and 
subsequent phosphorylation dissociates from the ribosome and 
assembles into the GaIt complex which binds to stem loop-
containing GaIt elements in the 3’-Utr of diverse inflammatory 
mrNas (such as ceruplasmin) and suppresses [...] (203 aa)

rpL13ap16 ribosomal protein L13a pseudogene 7; 
ribosomal protein L13a pseudogene 5; 
ribosomal protein L13a pseudogene 16; 
ribosomal protein L13a; ribosomal protein 
L13a pseudogene 18

rpL13ap18 ribosomal protein L13a pseudogene 7; 
ribosomal protein L13a pseudogene 5; 
ribosomal protein L13a pseudogene 16; 
ribosomal protein L13a; ribosomal protein 
L13a pseudogene 18

rpL13ap5 ribosomal protein L13a pseudogene 7; 
ribosomal protein L13a pseudogene 5; 
ribosomal protein L13a pseudogene 16; 
ribosomal protein L13a; ribosomal protein 
L13a pseudogene 18

apL13ap7 ribosomal protein L13a pseudogene 7; 
ribosomal protein L13a pseudogene 5; 
ribosomal protein L13a pseudogene 16; 
ribosomal protein L13a; ribosomal protein 
L13a pseudogene 18
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top genes DaVID_GO functions StrING_GO functions

rpL13p12 ribosomal protein L13 pseudogene 12; 
ribosomal protein L13

rpL13p5 ribosomal protein L13 pseudogene 5

rpL39 ribosomal protein L39 pseudogene 10; 
ribosomal protein L39 pseudogene 20; 
ribosomal protein L39 pseudogene 27; 
ribosomal protein L39; ribosomal protein 
L39 pseudogene 13; ribosomal protein L39 
pseudogene 32

ribosomal protein L39 (51 aa)

rpL39p10 ribosomal protein L39 pseudogene 10; 
ribosomal protein L39 pseudogene 20; 
ribosomal protein L39 pseudogene 27; 
ribosomal protein L39; ribosomal protein 
L39 pseudogene 13; ribosomal protein L39 
pseudogene 32

rpL39p13 ribosomal protein L39 pseudogene 10; 
ribosomal protein L39 pseudogene 20; 
ribosomal protein L39 pseudogene 27; 
ribosomal protein L39; ribosomal protein 
L39 pseudogene 13; ribosomal protein L39 
pseudogene 32

rpL39p20 ribosomal protein L39 pseudogene 10; 
ribosomal protein L39 pseudogene 20; 
ribosomal protein L39 pseudogene 27; 
ribosomal protein L39; ribosomal protein 
L39 pseudogene 13; ribosomal protein L39 
pseudogene 32

rpL39p27 ribosomal protein L39 pseudogene 10; 
ribosomal protein L39 pseudogene 20; 
ribosomal protein L39 pseudogene 27; 
ribosomal protein L39; ribosomal protein 
L39 pseudogene 13; ribosomal protein L39 
pseudogene 32

rpL39p32 ribosomal protein L39 pseudogene 10; 
ribosomal protein L39 pseudogene 20; 
ribosomal protein L39 pseudogene 27; 
ribosomal protein L39; ribosomal protein 
L39 pseudogene 13; ribosomal protein L39 
pseudogene 32

SChIp-1 IQCJ-SChIp1 readthrough (563 aa)

SCN3B sodium channel, voltage-gated, type III, beta sodium channel, voltage-gated, type III, beta subunit; Modulates 
channel gating kinetics. Causes unique persistent sodium currents. 
Inactivates the sodium channel opening more slowly than the 
subunit beta-1. Its association with neurofascin may target the 
sodium channels to the nodes of ranvier of developing axons and 
retain these channels at the nodes in mature myelinated axons (By 
similarity) (215 aa)

SCN9a sodium channel, voltage-gated, type IX, alpha 
subunit

sodium channel, voltage-gated, type IX, alpha subunit (1977 aa)
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top genes DaVID_GO functions StrING_GO functions

SCp2 sterol carrier protein 2 sterol carrier protein 2; Mediates in vitro the transfer of all common 
phospholipids, cholesterol and gangliosides between membranes. 
May play a role in regulating steroidogenesis (547 aa)

SeC11C SeC11 homolog C (S. cerevisiae) SeC11 homolog C (S. cerevisiae); Component of the microsomal 
signal peptidase complex which removes signal peptides from 
nascent proteins as they are translocated into the lumen of the 
endoplasmic reticulum (By similarity) (192 aa)

SLC25a14 solute carrier family 25 (mitochondrial carrier, 
brain), member 14

solute carrier family 25 (mitochondrial carrier, brain), member 14; 
participates in the mitochondrial proton leak measured in brain 
mitochondria (325 aa)

SLC25a3 solute carrier family 25 (mitochondrial carrier; 
phosphate carrier), member 3

solute carrier family 25 (mitochondrial carrier; phosphate carrier), 
member 3; transport of phosphate groups from the cytosol to the 
mitochondrial matrix. phosphate is co-transported with h(+). May 
play a role regulation of the mitochondrial permeability transition 
pore (mptp) (362 aa)

SNapC5 small nuclear rNa activating complex, 
polypeptide 5, 19kDa

small nuclear rNa activating complex, polypeptide 5, 19kDa; part 
of the SNapc complex required for the transcription of both rNa 
polymerase II and III small-nuclear rNa genes. Binds to the proximal 
sequence element (pSe), a non-tata-box basal promoter element 
common to these 2 types of genes. recruits tBp and BrF2 to the U6 
snrNa tata box (98 aa)

SparCL1 SparC-like 1 (hevin) SparC-like 1 (hevin) (664 aa)

SpINt2 serine peptidase inhibitor, Kunitz type, serine peptidase inhibitor, Kunitz type, 2; Inhibitor of hGF activator. 
also inhibits plasmin, plasma and tissue kallikrein, and factor Xia 
(252 aa)

SUMF2 sulfatase modifying factor 2 sulfatase modifying factor 2 (358 aa)

taOK3 taO kinase 3 taO kinase 3; Serine/threonine-protein kinase that acts as a 
regulator of the p38/MapK14 stress-activated MapK cascade 
and of the MapK8/JNK cascade. acts as an activator of the p38/
MapK14 stress- activated MapK cascade. In response to DNa 
damage, involved in the G2/M transition DNa damage checkpoint 
by activating the p38/MapK14 stress-activated MapK cascade, 
probably by mediating phosphorylation of upstream Map2K3 and 
Map2K6 kinases. Inhibits basal activity of MapK8/JNK cascade and 
diminishes its activation in response epidermal growth factor (eGF) 
(898 aa)

tCteX1D2 tctex1 domain containing 2 tctex1 domain containing 2 (142 aa)

tIMM10B Fracture callus 1 homolog (rat); cDNa FLJ11268 fis, clone 
pLaCe1009186, highly similar to Mitochondrial import inner 
membrane translocase subunit tim9B; cDNa, FLJ92024, homo 
sapiens fracture callus 1 homolog (rat) (FXC1), mrNa ; Component 
of the tIM22 complex, a complex that mediates the import 
and insertion of multi-pass transmembrane proteins into the 
mitochondrial inner membrane. the tIM22 complex forms a 
twinpore translocase that uses the membrane potential as the 
external driving force. In the tIM22 complex, it may act as a docking 
point for the soluble 70 kDa complex that guide [...] (103 aa)

tMeM50a transmembrane protein 50a transmembrane protein 50a (157 aa)
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top genes DaVID_GO functions StrING_GO functions

tMSB4Xp4 thymosin beta 4, X-linked pseudogene 4 (44 aa)

trappC4 trafficking protein particle complex 4 trafficking protein particle complex 4; May play a role in vesicular 
transport from endoplasmic reticulum to Golgi (219 aa)

trappC6B trafficking protein particle complex 6B trafficking protein particle complex 6B; May play a role in vesicular 
transport from endoplasmic reticulum to Golgi (By similarity) (158
aa)

trIM2 tripartite motif-containing 2 tripartite motif containing 2; UBe2D1-dependent e3 ubiquitin-
protein ligase that mediates the ubiquitination of NeFL and of 
phosphorylated BCL2L11 (By similarity). plays a neuroprotective 
function (By similarity). May play a role in neuronal rapid ischemic 
tolerance (By similarity) (771 aa)

tStD2 chromosome 9 open reading frame 97 thiosulfate sulfurtransferase (rhodanese)-like domain containing 
2 (516 aa)

tUBB4a tubulin, beta 4a class IVa; tubulin is the major constituent of 
microtubules. It binds two moles of Gtp, one at an exchangeable 
site on the beta chain and one at a non-exchangeable site on the 
alpha chain (By similarity) (444 aa)

U2SUrp U2 snrNp-associated SUrp domain containing (1029 aa)

UBXN1 UBX domain protein 1 UBX domain protein 1; Ubiquitin-binding protein that interacts 
with the BrCa1- BarD1 heterodimer, and regulates its activity. 
Specifically binds ‘Lys-6’-linked polyubiquitin chains. Interaction 
with auto-ubiquitinated BrCa1, leads to inhibit the e3 ubiquitin-
protein ligase activity of the BrCa1-BarD1 heterodimer. 
Component of a complex required to couple deglycosylation and 
proteasome-mediated degradation of misfolded proteins in the 
endoplasmic reticulum that are retrotranslocated in the cytosol 
(312 aa)

UQCrC1 ubiquinol-cytochrome c reductase core 
protein I

ubiquinol-cytochrome c reductase core protein I; this is a 
component of the ubiquinol-cytochrome c reductase complex 
(complex III or cytochrome b-c1 complex), which is part of 
the mitochondrial respiratory chain. this protein may mediate 
formation of the complex between cytochromes c and c1 (480 aa)

Vat1L vesicle amine transport protein 1 homolog (T. 
californica)-like

vesicle amine transport protein 1 homolog (T. californica)-like (419
aa)

WSB2 WD repeat and SOCS box-containing 2 WD repeat and SOCS box containing 2; May be a substrate 
recognition component of a SCF-like eCS (elongin-Cullin-SOCS-
box protein) e3 ubiquitin ligase complex which mediates the 
ubiquitination and subsequent proteasomal degradation of target 
proteins (By similarity) (404 aa)

YWhaG tyrosine 3-monooxygenase/tryptophan 
5-monooxygenase activation protein, gamma 
polypeptide

tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 
activation protein, gamma polypeptide; adapter protein implicated 
in the regulation of a large spectrum of both general and 
specialized signaling pathways. Binds to a large number of partners, 
usually by recognition of a phosphoserine or phosphothreonine 
motif. Binding generally results in the modulation of the activity of 
the binding partner (247 aa)

ZFhX2 zinc finger homeobox 2 zinc finger homeobox 2; May be involved in transcriptional 
regulation (2572 aa)
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ZFhX4 zinc finger homeobox 4 zinc finger homeobox 4; May play a role in neural and muscle 
differentiation (By similarity). May be involved in transcriptional 
regulation (3616 aa)

ZNF587 zinc finger protein 587 zinc finger protein 587; May be involved in transcriptional 
regulation (575 aa)
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ABSTRACT

Single-cell RNA-sequencing (scRNA-seq) has emerged as a powerful tool for stratifying 
the heterogeneity of cellular populations. However, the risk of including low-quality or 
compromised samples in downstream bioinformatics pipelines poses a significant chal-
lenge to accurate data analysis and interpretation, as distinguishing technical artifacts 
from intrinsic biological variability in scRNA-seq data is rather difficult. Here, we report a 
pre-sequencing quality control (QC) pipeline, applied to single-neuron samples captured 
for transcriptome analysis following electrophysiological recording (i.e., Patch-seq), 
that can be used to identify and filter out potentially spurious cell samples in advance of 
deep sequencing. By preventing the redundant, and costly, sequencing of poor-quality 
cDNA preps, the presented framework forms a basis for better methodological designs, 
which may increase the power with which altered gene expression levels can be detected 
between experimental samples in single-cell transcriptome analyses.

Keywords: single-cell RNA-seq, Patch-seq, pre-sequencing quality control (QC)
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Recent advances in whole-transcriptome amplification and next-generation sequencing 
technologies have enabled efficient, nucleotide-resolution profiling of RNA isolated from 
individual cells. At present, the profiling of single-cell transcriptomes by RNA-sequenc-
ing (scRNA-seq) represents a highly demanded strategy to define and disentangle, in a 
relatively unbiased manner, the heterogeneity of seemingly identical cell types in mixed 
cell populations [1]. It is without doubt that a comprehensive, transcriptome-based 
deconvolution of complex tissue into cellular subtypes will greatly aid researchers in 
better defining cell identity, and understanding cellular function and behavior in healthy, 
developmental and disease states [1-3].

scRNA-seq data is very different from bulk RNA-seq data generated from whole tis-
sue or cell populations in the sense that its full exploitation requires relatively novel and 
continuously evolving bioinformatics analysis strategies [4, 5]. In particular, a major 
challenge in scRNA-seq analysis is to distinguish technical noise from genuine biological 
variation (e.g., is a transcript absent in the cell because the gene is not transcribed at the 
time of capture, or could the transcript not be detected due to a stochastic, procedural 
loss of lowly expressed mRNAs?) [6]. scRNA-seq experiments suffer considerably from 
high levels of technical noise owing to the low amount of starting RNA material that 
requires PCR amplification [7]. To identify potential (technical) outlier samples, stud-
ies commonly evaluate various quality control (QC) metrics after sequencing, such as 
the rate of read mapping to the reference transcriptome, the number of detected genes 
and transcripts, and the count levels of common housekeeping genes that are believed 
to have detectable levels of expression [8]. Here, we evaluated the relationship between 
such post-sequencing QC measures and quantitative data obtained from several pre-
sequencing QC assays used to assess sample quality prior to RNA-seq. The outcomes of 
this exploration enabled us to establish a pre-sequencing QC pipeline that can be used to 
filter out potentially spurious (i.e., poor-quality or compromised) samples in advance of 
sequencing (Figure 1).

We collected electrophysiologically and morphologically characterized single human 
neurons derived from embryonic and induced pluripotent stem cells (ESCs/iPSCs) for 
single-cell gene expression analysis with RNA-seq – a procedure nowadays referred to as 
“Patch-seq” [9]. Following whole-cell patch-clamping and imaging, we applied additional 
negative pressure to the same pipette used for electrophysiological recording to establish 
a stronger seal between neuron and patch electrode. Then, careful retraction of the glass 
microelectrode from the recording chamber bath and breaking its tip along the inside 
wall of an RNase-free PCR tube filled with sample buffer enabled us to isolate the neuron 
for whole-transcriptome analysis. Contrary to most other single-cell capture methods, 
which involve neurite-damaging cell dissociation or micro-aspiration of cytosolic con-
tents [3], our method collects the entire neuron including all its processes (axon and 
dendrites; see also Figure 4A in CHAPTER 4A), and therefore potentially provides a 



Chapter 4B

182

Fi
gu

re
 1

. 
Pr

e-
se

qu
en

ci
ng

 Q
C 

pi
pe

lin
e 

fo
r s

in
gl

e-
ne

ur
on

 P
at

ch
-s

eq
 e

xp
er

im
en

ts
. F

ol
lo

w
in

g 
pa

tc
h-

cl
am

p 
re

co
rd

in
g 

an
d 

m
or

ph
ol

og
ic

al
 c

ha
ra

ct
er

iz
at

io
n,

 si
ng

le
 n

eu
-

ro
ns

 w
he

re
 c

ol
le

ct
ed

 b
y 

pi
pe

tt
e 

m
ic

ro
m

an
ip

ul
at

io
n.

 S
uc

ce
ss

fu
l n

eu
ro

n 
ca

pt
ur

e 
w

as
 a

lw
ay

s 
co

nfi
 rm

ed
 b

y 
m

ic
ro

sc
op

ic
 q

ua
lit

at
iv

e 
ev

al
ua

tio
n 

(c
om

pa
re

 b
ef

or
e 

an
d 

af
te

r 
pi

ct
ur

es
). 

Si
ng

le
-c

el
l m

rN
a

, a
lo

ng
 w

ith
 e

xo
ge

no
us

 sp
ik

e-
in

 tr
an

sc
rip

ts
, w

as
 th

en
 re

ve
rs

e-
tr

an
sc

rib
ed

 a
nd

 a
m

pl
ifi 

ed
 u

si
ng

 S
m

ar
t-

se
q 

te
ch

no
lo

gy
 [6

]. 
th

e 
ge

ne
ra

te
d 

cD
N

a
 

w
as

 th
en

 s
ub

je
ct

ed
 to

 a
 s

er
ie

s 
of

 q
ua

lit
y 

co
nt

ro
l s

te
ps

 b
as

ed
 o

n 
th

re
e 

si
m

pl
e 

as
sa

ys
: (

i) 
fl u

or
om

et
ric

 q
ua

nt
ita

tio
n 

of
 c

D
N

a
 y

ie
ld

 (Q
ub

it)
, (

ii)
 e

xp
re

ss
io

n 
pr

ofi
 li

ng
 o

f c
om

-
m

on
 h

ou
se

ke
ep

in
g 

ge
ne

s 
(q

ua
nt

ita
tiv

e 
re

al
-t

im
e 

pC
r)

, a
nd

 (i
ii)

 s
ub

je
ct

iv
e 

qu
al

ita
tiv

e 
an

al
ys

is
 o

f c
D

N
a

 fr
ag

m
en

t p
ro

fi l
es

 (a
gi

le
nt

 B
io

an
al

yz
er

). 
Co

nt
am

in
at

ed
 s

am
pl

es
 

w
er

e 
ch

ar
ac

te
riz

ed
 b

y 
an

 a
bn

or
m

al
ly

 h
ig

h 
yi

el
d 

of
 c

D
N

a
 (Q

ub
it 

>3
 n

g/
μl

) t
ha

t a
pp

ea
re

d 
on

 th
e 

fr
ag

m
en

t a
na

ly
ze

r a
s a

 b
ro

ad
er

 p
ea

k 
w

ith
 a

 sl
ig

ht
ly

 “j
ag

ge
d”

 p
at

te
rn

 (s
ee

 
al

so
 F

ig
ur

e 
2)

. W
e 

al
so

 id
en

tifi
 e

d 
ce

lls
 n

ot
 e

xp
re

ss
in

g 
ei

th
er

 o
f t

he
 tw

o 
ho

us
ek

ee
pi

ng
 g

en
es

 G
AP

D
H

 a
nd

 A
CT

B 
(C

t v
al

ue
 >

30
 a

s 
th

re
sh

ol
d)

 a
s 

sp
ur

io
us

 s
am

pl
es

, a
s 

th
ey

 
w

er
e 

ty
pi

ca
lly

 re
co

gn
iz

ed
 a

s 
ou

tli
er

s 
(lo

w
 n

um
be

r o
f g

en
es

 d
et

ec
te

d)
 b

y 
ou

r p
os

t-
se

qu
en

ci
ng

 b
io

in
fo

rm
at

ic
s 

Q
C 

(s
ee

 te
xt

 fo
r d

et
ai

ls
). 

pe
rc

en
ta

ge
s 

in
 th

e 
fi g

ur
e 

in
di

ca
te

 
th

e 
su

cc
es

s 
ra

te
 o

f s
am

pl
e 

in
cl

us
io

n 
af

te
r e

ac
h 

re
sp

ec
tiv

e 
Q

C 
st

ep
.



183

a pre-sequencing QC pipeline for patch-seq experiments

Ch
a

pt
er

 4
B

more accurate representation of the transcriptional program of the cell [10]. Successful 
removal of the neuron from the coverslip was always confirmed by microscopical evalu-
ations, and samples were discarded from further processing if complete collection was 
ambiguous. This control step represents the first QC checkpoint in our pre-sequencing 
QC pipeline (Figure 1).

Following capture of a single neuron, its poly-adenylated mRNA was reverse-tran-
scribed and amplified using Smart-seq technology [6] with minimal delay and without 
intermittent sample freezing to avoid RNA degradation. To assess technical performance 
of the reverse transcription and amplification reactions, the sample buffer used con-
tained known amounts of exogenous reference transcripts (ERCCs and ArrayControl 
spike-in RNAs) [11, 12]. As revealed by fluorometric quantitation of cDNA yield (Qubit 
fluorometer, Invitrogen), the Smart-seq protocol typically yielded sufficient amounts of 
full-length cDNA for scRNA-seq. Prior to library preparation and sequencing, however, 
we profiled the expression of common housekeeping genes and the added spike-ins with 
quantitative real-time PCR to identify potentially low-quality captures and amplifications 
for exclusion (Figure 1). Although the expression levels of housekeeping genes may be 
considerably variable between individual cells and can even distinguish human cell types 
[13], we assumed that samples not expressing either of the two housekeeping genes 
GAPDH and ACTB (i.e., Ct value “Not Detected” or >30) are spurious, and therefore we 
typically excluded them from further consideration. We also subjectively assessed the 
quality of each cDNA sample by Agilent Bioanalyzer profiling of cDNA size distribution, 
which enabled us to detect and exclude contaminated samples prior to transcriptome 
profiling (Figure 1).

To get insight into the relationship between pre-sequencing QC data and post-se-
quencing measures of sample quality, we initially sequenced 35 libraries generated from 
collected single-neuron samples irrespective of whether or not these samples passed all 
the QC criteria of our pipeline mentioned above. These libraries were sequenced on an Il-
lumina HiSeq platform with 100-base-pair (bp) paired-end strategy at moderate sequenc-
ing depth (~36.5 million (M) reads per sample on average). The mean number of reads 
mapped to the reference transcriptome was 20.8 M (range 0.27-43.5 M), corresponding 
to an efficiency of 56.9%. The wide range in read mappability pointed to the presence of a 
number of samples (n = 7) with exceptionally low mapping rate. As low read mappability 
is indicative of technical issues [14], we aimed to explore whether any of the quantitative 
pre-sequencing QC metrics was specifically associated with this post-sequencing QC 
variable, so that poor-quality samples could be easily identified and excluded from future 
sequencing runs. Notably, we found the cDNA concentration after amplification to be 
predictive of the read mapping rate. Specifically, 4 out of 7 samples with <40% mapped 
reads were characterized by abnormally high (>3 ng/μl) cDNA yields (Figure 2A), mo-
tivating us to focus future sequencing experiments on samples with a cDNA yield below 
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this arbitrary cut-off. Additional subjective inspection of the cDNA fragment profiles 
(Agilent Bioanalyzer) of the poor-mapping samples revealed that most (3 out of 4) of the 
samples with high (>3 ng/μl) cDNA yield were characterized by a broader than normal 
peak with increased cDNA amounts at lower bp sizes and a slightly “jagged” pattern 
indicative of PCR primer/adapter contamination (Figure 2B). In contrast, samples with 
a high mapping rate had a shallow peak with a maximum at ~2000 bp, no jaggedness, 
and no low bp-sized cDNA product (Figure 2C). Taken together, these results indicate 
that both a quantitative and qualitative assessment of Smart-seq-synthesized cDNA prior 
to library prepration and sequencing can be used to identify, and filter out, cell samples 
generating low-quality data.
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A B Electropherogram features contaminated samples
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Electropherogram features good-quality samples

contamination (Bioanalyzer)

abnormally low gene count

only 1 housekeeping gene w/ Ct value  30  Shallow peak
Max at ~2000 bp

Broad peak
High cDNA yield
  (especially at low bp)

Jaggedness

Figure 2. Contaminated samples, identified by a high cDNA yield and distinctive electropherogram 
features, are associated with low read mapping. (A) 4 out of 7 samples with <40% mapped reads are 
characterized by abnormally high cDNa yields (Qubit fluorometric quantitation >3 ng/μl). In addition, 2 
out of 3 samples with a normal number of mapped reads but with a significantly reduced number of de-
tected genes are positive for only one of two housekeeping genes (GAPDH, ACTB) whose expression we 
determined with pCr. (B) Most samples with high cDNa yield are characterized by distinctive features of 
the cDNa fragment profile that indicate pCr primer/adapter contamination: a broader than normal peak 
with increased cDNa amounts at lower base-pair (bp) sizes and a slightly “jagged” pattern. (C) Samples 
generating high-quality data have a shallow peak with a maximum at ~2000 bp (range ~400-9000 bp), no 
jaggedness, and no cDNa product at lower bp sizes.

Apart from the seven samples with poor read mappability, our bioinformatics QC 
identified a few samples (n = 3) with a normal number of mapped reads, but with a sig-
nificantly lower number of detected genes (P < 0.05). Notably, we found two out of three 
of these samples to be positive for only one of the two but not both housekeeping genes 
(GAPDH, ACTB) whose expression we profiled with PCR prior to sequencing (Figure 
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2A). Confirming the notion that expression of a few housekeeping genes is reflective of 
total gene expression in single cells, we found, in a larger sample of n = 102 cells, a highly 
significant negative correlation between the number of total genes detected with RNA-seq 
and the PCR Ct value of either housekeeping gene (GAPDH: r = -0.64, P < 0.0001; ACTB: 
r = -0.54, P < 0.0001) (Figure 3A,B). In addition, a random forest machine learning clas-
sifier trained to discriminate samples with a high number of detected genes (i.e., upper 
25th percentile of the range) from all other samples (i.e., lower 75th percentile) based on 
various pre-sequencing QC information identified a combined measure of GAPDH and 
ACTB PCR expression as the top predictor of “high” versus “other” gene count (Figure 
3C-F). The accuracy with which our classifier algorithm distinguished the two groups of 
samples was 86%, significantly above chance level (Figure 3D).

Our work demonstrates that pre-sequencing measures of cDNA quantity and quality 
are, to considerable extent, predictive of two post-sequencing metrics related to RNA-seq 
data quality [8]: (i) the rate of read mapping to the reference transcriptome, and (ii) the 
number of detected genes/transcripts. Based on the results of this study, we established 
a QC pipeline that may facilitate the identification and filtering out of contaminated and 
poor-quality single-neuron Patch-seq samples ahead of library preparation and sequenc-
ing (Figure 1). It has to be pointed out, however, that the number of genes detected in a 
RNA-seq experiment is related to both the quality of the library and the biological cell 
type [14, 15]. Jiang et al.’s analysis of a highly heterogeneous scRNA-seq dataset comprised 
of a multitude of cell types found the number of genes detected to be highly variable 
between different cell types [14]. Also, mRNA production has been shown to be subject 
to intrinsically stochastic molecular events [16, 17] and to be dependent on the cell cycle 
state of the cell [18], phenomena that are likely to considerably contribute to cell-to-cell 
variation in gene expression. Hence, substantial bias may be introduced if studies use 
the number of detected genes as a QC metric to select samples for biological analysis. 
Of note, however, Jiang et al. found that in a dataset composed of only one cell type, 
as opposed to a dataset of a mixture of cell types, samples with a significantly reduced 
number of genes detected had a higher probability of being technical artifacts than of 
being cells with variable mRNA expression [14]. Therefore, we believe that our decision 
to exclude samples based on abnormal Ct values for detection of housekeeping genes, is 
justified. Yet, it is clear from our study, and that of Jiang et al. [14], that scRNA-seq QC 
still faces many challenges. While the pre-sequencing QC pipeline presented here will 
reduce the chances of spurious sample inclusion, thereby reducing experimental vari-
ability and increasing the power with which altered gene expression levels are detected 
between conditions, future research efforts should be directed toward investigating which 
specific RNA-seq data properties are best reflective of sample quality.
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Figure 3. Expression of GAPDH and ACTB housekeeping genes is reflective of total gene expression 
in single cells. (A,B) Quantitative real-time pCr expression of GAPDH and ACTB is negatively correlated 
with the number of genes detected by rNa-seq above 1 FpKM cut-off in a large sample of n = 102 single 
cells collected for patch-seq. (C-F) random forest machine learning classifier algorithm accurately predicts 
samples with a high number of genes detected based on pre-sequencing measures (Qubit-quantified 
cDNa yield, pCr-measured expression of GAPDH and ACTB housekeeping genes, and quantitative informa-
tion extracted from Bioanalyzer electropherogram profiles; see Supplementary Methods for details). (C) 
Single-cell samples for which there was data on all pre-sequencing measures (n = 66) were randomly di-
vided into training (n = 52) and testing (n = 14) data sets, and dichotomized as “high” or “other” gene count 
based on whether the total number of genes detected by rNa-seq was among the upper 25th percentile 
of the range (“high”) or not (“other”). Median (interquartile range) shown for training and testing data. (D) 
Confusion matrix of the number of true (green) and false (red) positives and negatives of the classifier algo-
rithm prediction performed on the testing data set. the classifier distinguished the two groups of samples 
with an accuracy of 86%, significantly above chance level. (E) receiver Operating Characteristic (rOC) curve 
of the “high” vs. “other” classifier showing trade-offs between true positive rate (tpr = Sensitivity, y axis) 
and False positive rate (Fpr = 1-Specificity, x axis), with good cross-validated performance: area Under the 
Curve (aUC) >0.8. (F) top predictive pre-sequencing variables selected by the machine learning classifier 
(ranked by Gini score). a single variable explaining most variation in pCr expression of GAPDH and ACTB 
housekeeping genes was identified as the top predictor of “high” vs. “other” gene count.
FpKM: fragments per kilobase of exon per mapped million reads.
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METHODS

Details of the methods are available in the SUPPLEMENTARY METHODS.
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SUPPLEMENTARY METHODS

Human Neuronal Culture
Human dermal fibroblasts were reprogrammed into pluripotent cells with the four 
Yamanaka factors (Oct3/4, Sox2, Klf4 and c-Myc), either in a retroviral vector or a non-
integrating Sendai viral vector. Human iPSCs and embryonic stem cells (ESCs) were dif-
ferentiated into neural progenitor cells (NPCs) as previously described [19]. NPCs were 
expanded for 3 to 5 passages (split 1:2 or 1:3 per passage) and stored at -80 °C. Then they 
were thawed and expanded for at least one more passage in neural progenitor medium 
(DMEM/F12 supplemented with FGF8, SHH, B27 and N2, without retinoic acid). Dis-
sociated NPCs were directly plated on glass coverslips (Fisher Scientific, Cat. No. 12-545-
80) coated with poly-ornithine (Sigma, Cat. No. P3655) and laminin (Invitrogen/Thermo 
Fisher Scientific, Cat. No. 23017-015) in 24-well plates. Twenty-four hours later, the cells 
were switched gradually (half medium change) to neuronal medium: BrainPhys basal 
[20] supplemented with 1x N2 (Gibco/Thermo Fisher Scientific, Cat No. 17502-048), 1x 
B27 (Gibco/Thermo Fisher Scientific, Cat No. 17504-044), brain-derived neurotrophic 
factor (BDNF, 20 ng/ml; PeproTech, Cat No. 450-02), glia-derived neurotrophic factor 
(GDNF, 20 ng/ml; PeproTech, Cat No. 450-10), ascorbic acid (AA, 200 nM; Sigma, Cat 
No. A0278), dibutyryl cyclic AMP (cAMP, 1mM Sigma, Cat No. D0627), and laminin 
(1 μg/ml; Invitrogen/Thermo Fisher Scientific, Cat No 23017-015). Half of the neuronal 
medium was gently replaced two to three times a week. The plates were kept in a humidi-
fied incubator at 37°C with 5% CO2 and 21% O2. The pH (~7.3-7.4) and the osmolarity 
(~300-305 mOsmol/L) of medium were maintained constant over time.

Patch Clamping, Single-Neuron Collection and cDNA Preparation
Whole-cell patch-clamping was performed as previously prescribed [9]. Following elec-
trophysiological recording, we applied slight additional negative pressure to establish a 
stronger connection between cell and patch electrode, but without completely aspirating 
the cell in the pipette. The neuron, including its processes (axon and dendrites), was then 
transferred in a volume of ~2 μl of internal patch solution into a PCR tube containing 
8.0 μl sample buffer by slowly retracting the patch pipette from the chamber bath and 
breaking the tip of the electrode along the inside wall of the tube. Sample buffer was made 
according to the protocol supplied by Clontech with the SMARTer™ Ultra Low RNA Kit 
and included both ERCC spike-ins (Thermo Fisher Scientific) and ArrayControl spikes 
1, 4 and 7 (RNA standard for the Fluidigm C1) for the purpose of quality control (QC). 
Successful removal of the cell from the coverslip was always confirmed by DIC optics. 
Collected single cells were immediately spun down and put on ice for SMARTer™ cDNA 
synthesis following manufacturer’s instructions (Clontech). Briefly, first-strand cDNA 
was synthesized from poly(A)+ RNA by incubation with 1 μl of 3’ SMART CDS Primer 
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II A (24 μM) for 3 min at 72°C, followed by reverse transcription in a 20-μl final reaction 
volume using 200 units of SMARTScribe™ Reverse Transcriptase for 90 min at 42 °C and 
inactivation for 10 min at 70°C. First-strand cDNA was then purified using Agencourt 
AMPure XP SPRI Beads (Beckman Coulter Genomics) and amplified by long-distance 
PCR using the Advantage® 2 PCR Kit (Clontech) with the following PCR thermocycler 
program: 95°C for 1 min, 18 cycles of 95°C for 15 s, 65°C for 30 s, 68°C for 6 min, and 
72°C for 10 min. PCR-amplified double-stranded (ds) cDNA was immobilized onto SPRI 
beads, purified by two washes in 80% ethanol, and eluted in 12 μl of purification buffer 
(Clontech). The quality (Agilent 2100 Bioanalyzer High Sensitivity DNA Kit; Agilent 
Technologies) and quantity (Qubit dsDNA High Sensitivity Assay Kit; Invitrogen/Thermo 
Fisher Scientific) of each ds cDNA sample were assessed prior to library preparation.

qPCR Assays
To select the single-cell cDNA samples suitable for mRNA-seq, we determined the level 
of expression of GAPDH and ACTB in each sample by TaqMan real-time PCR. Samples 
with Ct values ≤ 30 for both housekeeping genes were typically considered positive for 
library preparation. For each gene, duplicate 10-μl PCR reactions were performed on an 
ABI Prism 7900 Sequence Detector (Applied Biosystems/Thermo Fisher Scientific) using 
0.50 μl of 1:5-diluted ds cDNA template in standard TaqMan Gene Expression Assay 
with FAM reporter. Real-time PCR assays for detection of the ERCCs and ArrayControl 
RNA spikes were performed using, respectively, standard TaqMan Gene Expression As-
says and SYBR Green PCR Master Mix (Thermo Fisher Scientific) with custom primers 
(Fluidigm).

Illumina Transcriptome Library Preparation and Sequencing
Construction of single-cell mRNA-seq libraries was typically performed with 0.25 ng 
of input cDNA using the Nextera XT DNA sample prep kit (Illumina) with modified 
protocol. Briefly, cDNA was tagmented for 5 min at 55°C in a 5-μl reaction containing 
2.5 μl of Tagment DNA Buffer and 1.25 μl of Amplicon Tagment Mix; tagmentation was 
neutralized with 1.25 μl of Neutralize Tagment Buffer for 5 min. Tagmented DNA was 
then subjected to 12-cycle PCR amplification using 3.75 μl of Nextera PCR Master Mix 
and 1.25 μl each of index 1 (i7) and index 2 (i5) library-identifying (barcoded) sequencing 
primers. The constructed libraries were run on a 1.5% agarose gel in Tris-borate/EDTA 
buffer, stained with SYBR Gold (Invitrogen), and size selected for ~300-400 or ~300-650 
bp (insert size of ~165-265 or ~165-515 bp, respectively). Gel-excised library fragments 
were purified with the Wizard SV Gel and PCR Clean-Up System (Promega), eluted in 40 
μl of nuclease-free water, and concentrated by speedvacuum centrifugation. Each library 
was then quantified (Qubit dsDNA High Sensitivity Assay Kit; Invitrogen/Thermo Fisher 
Scientific) and examined for correct size (Agilent 2200 TapeStation High Sensitivity D1K 
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ScreenTape Assay; Agilent Technologies), after which equimolar amounts of uniquely 
barcoded libraries were pooled together and used for cluster generation and 100-bp 
paired-end sequencing on a HiSeq 2000 or 2500 sequencer (Illumina).

Alignment & Gene-Level Quantitation
Raw sequencing read data was mapped to the human reference transcriptome (Gencode 
v19) using gapped-alignment strategies. Alignment was performed by STAR (version 
2.3.0) [21] followed by gene-level quantification with HTseq (version 0.6.1) [22].

Random Forest Machine Learning Classifier
A random forest classifier [23] was trained to predict from a total of 16 quantitative pre-
sequencing QC features whether or not a sample was characterized by a high number 
of genes detected. The majority (13 out of 16) of predictive QC metrics were extracted 
from the cDNA sample electropherogram (Bioanalyzer) profiles, and included for both 
the specific (400-9000 bp) and non-specific (50-400 bp) product regions measures on 
the concentration/molarity, area under the curve (AUC), average bp size and coefficient 
of variation in size distribution, as well as more general variables related to the overall 
degree of noise and the number of detected peaks. Principal components analysis (PCA) 
was used to summarize the main components of variation in the GAPDH and ACTB Ct 
expression values into a single predictor. A similar predictor variable was built explaining 
most variation in the Ct values of our ArrayControl RNA spikes. cDNA yield (Qubit) 
constituted a separate predictive variable. Single-cell samples for which there was data 
on all these pre-sequencing measures (n = 66) were dichotomized based on whether the 
total number of genes detected by RNA-seq for that sample was among the upper 25th 
percentile of the range (“high gene count”) or not (“other gene count”), and were ran-
domly subsampled into a training (80%) and testing (20%) subset for model building and 
cross-validation purposes, respectively. Using the random forest classifier, we achieved 
good validation performance with 86% generalization accuracy, as shown by a high area 
under the Receiver Operating Characteristic (ROC) curve (AUC >0.8, Figure 3E).

Statistics
GraphPad Prism (GraphPad Software Inc., Version 5.0) was used for all statistical analy-
sis and graph presentation. Linear regression was used to correlate housekeeping gene 
Ct values (PCR) with the number of total genes detected (RNA-seq). To estimate the 
goodness of fit of the linear regression represented graphically, we reported the R2 and the 
corresponding P value, which estimates how significantly the slope deviates from zero. 
Statistical results were considered significant for P values < 0.05.
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ABSTRACT

The brain is an immensely complex organ, consisting of hundreds of billions of cells 
that make over a quadrillion of connections. Even seemingly identical types of neurons 
exhibit a high degree of variability in behavior and function, and understanding at the 
molecular level why individual neurons function differently is key to identifying new 
disease mechanisms and potential therapeutic targets. We previously combined patch-
clamp electrophysiological analysis of human embryonic and induced pluripotent stem 
cell (ESC/iPSC)-derived neurons with single-cell RNA-sequencing, and revealed a 
molecular signature identifying different functional neuronal types in vitro. Here, in this 
study, we performed further systems biology and network analysis to obtain mechanistic 
insights into the biology underlying different electrophysiological neuron types, which 
we related to neuronal maturity. Using the method of Weighted Gene Co-expression 
Network Analysis (WGCNA), we identified a co-expression gene module specifically 
associated with highly functional neurons. We revealed involvement of these genes in 
mitochondrial energy metabolism and cytoskeletal organization, and showed that they 
may play a general role in neuronal maturation. Additionally, we identified a set of 21 
putative transcription factors that may be involved in regulating, or driving towards, 
functional neuronal maturity.

Keywords: Patch-Seq, single-neuron RNA-seq, electrophysiology, neuronal maturation, 
gene co-expression, WGCNA
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BACKGROUND

The human brain is a vastly complex structure, consisting of a multitude of cell types 
with different functions, morphologies and molecular compositions. Much of current 
scientific research is devoted to unraveling the immense complexity of this organ, 
whose cellular heterogeneity and intricate cellular connections guide a broad array of 
complex behaviors in health and disease. To dissect the diversity of cellular types and 
states, single-cell transcriptome profiling approaches have proven to be extremely useful, 
yielding new insights that are masked in conventional bulk analyses of heterogeneous 
samples [1, 2]. While single-cell transcriptomics represents a powerful method to reveal 
molecular features associated with specific cellular phenotypes, it is technically and 
ethically challenging to characterize the neurophysiology and molecular profile of single 
neurons in the human brain. Therefore, research investigations so far with the aim of 
unveiling the neurophysiological properties and/or molecular heterogeneity of neuronal 
cells have mostly used animal model organisms [3, 4], occasionally ex vivo brain slices 
or dissociated cell suspensions harvested post-mortem from human fetal or adult brain 
[5-7], and more recently in vitro human neuronal cultures derived from fibroblasts 
through induced pluripotent stem cell (iPSC) or direct conversion technologies [8-13]. 
The ability to generate potentially unlimited quantities of live human neurons using such 
cell reprogramming techniques offers unprecedented avenues for the modeling of cellular 
types and states associated with healthy and diseased conditions.

In a previous study (CHAPTER 4A) [8], we performed electrophysiological record-
ings, morphology and RNA-sequencing analysis on individual human stem cell-derived 
neurons with the aim of delineating at the molecular level the heterogeneity of their 
neurophysiological properties. Examining the expression profiles of different functional 
neuron types, we revealed a gene expression signature unique to and predictive of highly 
functional electrophysiological states [8]. As our categorization of functional types of 
neurons followed a continuum that relates to the stage of maturity of the neurons, further 
bioinformatics analyses of the expression profiles of these cells using more complex 
systems biology and network approaches may provide comprehensive insight into the 
general biological mechanisms underlying neuronal development and maturation.

Specifically, in this study, we assessed co-expression of groups of genes and performed 
functional annotation and gene association network analysis to infer valuable knowledge 
on the genes’ functional relationships in light of their association with neurodevelopmen-
tal maturity. Applying the method of Weighted Gene Co-expression Network Analysis 
(WGCNA) [14] to our single-neuron RNA-seq data, we identified a co-expression gene 
module specifically associated with highly functional neurons. Further characterization 
of this module yielded several interesting findings. First, the identified co-expression 
module was strongly associated with various established measures of electrophysiological 
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and morphological neuronal maturity. Second, functional annotation analysis revealed, 
among the co-expression module, an overrepresentation of genes related to the mito-
chondrion electron transport chain and the cytoskeleton. Third, we found our module 
genes to play a general role in neuronal maturity, since a substantial proportion of the 
module genes showed enrichment and differential expression in a previously published 
single-cell whole-transcriptome study [7] comparing adult (mature) versus fetal (imma-
ture) brain neurons. Fourth, through gene association network analysis, we were able to 
identify a set of 21 putative transcription factors that may be involved in regulating, or 
driving towards, the highly functional neuronal state.

RESULTS

Identification of a Co-Expression Gene Module Specific to Highly Functional 
Neurons
We previously defined and characterized a continuum of immature to highly functional 
electrophysiological states of human neurons differentiated from embryonic and induced 
pluripotent stem cells (ESCs/iPSCs) by combining single-neuron patch clamping, mor-
phological and transcriptome analyses in vitro (CHAPTER 4A) [8]. While expression 
correlation, differential expression and machine learning analyses revealed a unique 
molecular signature predictive of highly functional neuronal states [8], we additionally 
wondered whether we could detect sets of highly co-expressed genes, as such genes may 
exhibit commonality of function or share a role in specific biological pathways. Therefore, 
we applied the WGCNA approach to construct a co-expression network of the 5,000 
highest connected genes, and identified groups (modules) of genes with highly similar 
expression profiles (Figure 1a). The constructed network fulfilled the criterion of ap-
proximate scale-free topology (Supplementary Figure 1) and, after merging highly cor-
related (r > 0.75) modules, consisted of 23 detected modules, labeled by colors. Though 
most modules were characterized by correlation of module gene expression in a single 
sample, one module (darkturquoise, containing 495 genes) appeared specific to highly 
functional (AP Type 5) but not immature (AP Types 1, 2 and 3) neurons (Figure 1b,c). 
Indeed, calculation of the darkturquoise module eigengene expression for each sample 
revealed a highly significant (P < 0.0001) upregulation of module genes in the highly 
functional neuron type (Figure 1d). Notably, this differential expression of co-expressed 
module genes was not related to the ESC or iPSC line from which the neurons were 
derived (Figure 1c).



197

a co-expression gene network and transcriptional regulators for functional neuronal maturity

Ch
a

pt
er

 5

Correlation of Darkturquoise Module Gene Expression with 
Electrophysiological and Morphological Features of Neuronal Maturity
Confirming the association of the darkturquoise module with the highly functional 
neuronal state, we found strong correlations between the darkturquoise module’s eigen-
gene expression and several electrophysiological and morphological measures that are 
typical for highly functional (AP Type 5) neurons and associated with neuronal maturity 
(Figure 2). For instance, the firing rate (“AP frequency above -10 mV”) of evoked ac-
tion potentials, which represents an important measure of neuronal electrophysiological 
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Figure 1. WGCNA identification of a gene co-expression module significantly activated in highly 
functional neurons. (a) hierarchical clustering dendrogram of the 5,000 most connected genes. Modules 
of co-expressed genes identified by the WGCNa are labeled by colors and plotted underneath the dendro-
gram (top row of colors). Modules with very similar expression profiles, identified by high correlation (r > 
0.75) of their eigengene values, were merged (bottom row of colors) prior to further analysis. (b) heatmap 
plot of the expression data of the module genes (rows) for the immature (n = 19) and highly functional (n = 
22) single neuron samples (columns). (c) expression of darkturquoise module genes (495 genes in total) is 
positively associated with the highly functional (ap type 5) neuronal state, and is not related to the pluripo-
tent stem cell line from which the neurons were derived (n = 2 eSC lines: lightgreen, darkgreen; n = 4 ipSC 
lines: pink, yellow, orange, red). (d) Quantification of darkturquoise module eigengene expression reveals a 
highly significant upregulation of module genes in highly functional single neuron samples.
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maturation [8, 9], correlated strongly (r = 0.73, P < 0.0001) with the darkturquoise mod-
ule eigengene. Of particular interest is the observation that the darkturquoise module 
was the only co-expression module that showed significant correlation (r = 0.32, P < 
0.05) with the whole-cell capacitance, an electrophysiological estimate of intracellular 
volume. During neuronal differentiation and maturation, the membrane compartment 
and intracellular volume, and thus the capacitance, typically increase. By contrast, cell 
membrane resistance drops with increases in membrane area and is, therefore, typically 
lower in more mature neurons. The finding that the darkturquoise module eigengene 
was significantly anti-correlated with the membrane resistance (r = -0.35, P < 0.05), and 
strongly correlated to morphological measures of neuronal maturity (e.g., soma surface 
[r = 0.66, P < 0.00001], and dendritic arborization complexity measured as number of 
dendritic branch intersections with concentric circles in Scholl analysis [r = 0.35, P < 
0.05]) suggests that genes of this co-expression module may play an important role in 
defining or regulating developmental neuronal maturation.

Potential Candidate Genes for Functional Neuronal Maturity
So far, our WGCNA analysis has revealed a strong association between the darkturquoise 
co-expression module and our categorization of functional types of neurons (Figure 
3a), which reflect different stages of functional maturity of the neurons. For each of 
the 495 genes in this module, we determined the module membership (MM) and gene 
significance (GS) as the correlation of its expression value with, respectively, the dark-
turquoise module’s eigengene and the AP Type classification. The observation that MM 
and GS are strongly and highly significantly correlated (rs = 0.6, P < 0.0001; Figure 3b) 
implies that the highly connected module genes, or “hub genes”, are strongly associated 
with the highly functional (AP Type 5) as opposed to the immature (AP Types 1-2-3) 
neuronal state. Analysis of the 25 darkturquoise module members with highest MM 
and GS identified many genes (18/25) that we previously [8] associated specifically with 
highly functional neurons (Figure 3c and CHAPTER 4A). Importantly, GDAP1L1, the 
most important darkturquoise module gene based on combination of MM and GS, was 
previously recognized as the top neurophysiological gene candidate and proved useful for 
the isolation and enrichment of highly functional neurons in vitro [8].

Taken together, the results above strengthen the assertion that genes of the darktur-
quoise cluster mark, and potentially regulate, the functional maturity of neurons. Gene 
Ontology (GO) analysis of the entire module revealed enrichment for biological processes 
related to mitochondrion organization, adenosine triphosphate (ATP) metabolism, cel-
lular respiration, and protein complex assembly (Figure 3d). The activation of a vast 
number of mitochondrion electron transport chain-related genes, including ATP1B1, 
COX8A, NDUFB8, NDUFS5, NDUFV1, SLC25A4, UQCRC1 and UQCRC2, suggests 
an increased demand for energy by the more functional neuronal types. Additionally, 
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Electrophysiological measure

AP frequency above -10 mV

AP max rise slope

AP amplitude from threshold

Kv peak (rapidly inactivating)

Spontaneous AP firing types

Kv (slowly inactivating) at -10 mV

AP peak

Capacitance

Kv (rapidly inactivating) at -10 mV

Kv peak step

Kv (rapidly inactivating) at max Nav

Days in neuronal medium

Resting potential

AP frequency below -10 mV

Membrane resistance

Kv (slowly inactivating) at max Nav

AP afterhyperpolarisation

AP min threshold

Access resistance

AP threshold

Nav min step

Nav max step

Nav min peak amplitude

AP duration

Nav max peak amplitude

AP duration (half width)

AP max decay slope

Morphological measure

Soma surface

Soma mean diameter

Soma perimeter

Soma long diameter

Soma short diameter

Number of total nodes

Number of secondary segments

Number of nodes - primary

Number of intersections at radius 95 μm

Number of intersections at radius 145 μm

Number of tertiary or above segments

Number of primary segments

Number of nodes - secondary

Number of intersections at radius 45 μm

Morpho types bioinformatic codes

Soma shape bioinformatic codes

Distance of all nodes along process

Distance of primary nodes along process

Average branch angle at all nodes

Average branch angle at primary node
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mV/ms

mV
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-
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mV
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mV

Hz
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μm2

μm

μm

μm
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Figure 2. Module-trait correlations between WGCNA-identified modules and electrophysiological 
and morphological neuron features. red color represents strong positive correlation while blue color 
represents strong negative correlation between the detected modules (columns) and the indicated mea-
surement parameters (rows). White color indicates no correlation. electrophysiological and morphological 
measures are ordered by decreasing Spearman’s rank correlation (rs) with the numerical classification (1-5) 
of ap types (right column) [8]. the darkturquoise module showed the strongest and most significant cor-
relation with various electrophysiological and morphological properties typically associated with neuronal 
maturation (see text for details). P-values are in brackets.
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we identified a subgroup of genes within the darkturquoise module that are related to 
cytoskeletal molecular functions (Figure 3d). Among these genes, NEFL (a major 
constituent of neurofilament) and KIF3C are particularly noteworthy since these genes 
have relatively high “hubness” in our darkturquoise cluster (Figure 3c) and are known 
to play a fundamental role in the regulation of axonal outgrowth [15, 16]. It may well 
be that the activation of these genes and the accompanying cytoskeletal rearrangements 
guide the maturation of neurons in vitro and induce the morphological properties that 
are characteristic of electrophysiological functional neurons (increased soma size and 
neurite arborization complexity [8]).

We subsequently asked whether our darkturquoise cluster of 495 putative neuronal 
maturation genes could be used to broadly define neuronal maturity. To this end, we 
performed a Gene Set Enrichment Analysis (GSEA) to test if the module was differen-
tially expressed in a previously published single-cell RNA-seq dataset (Darmanis et al., 
2015) comparing neurons isolated from fetal and postnatal (adult) human cortex [7]. 
Interestingly, we found nearly one third (150/495) of darkturquoise module genes to be 
overlapping with those genes that could distinguish adult (mature) from fetal (immature) 
neurons (Figure 3e). The GSEA revealed that most of these genes (93/150) were signifi-
cantly enriched at the top of Darmanis et al.’s [7] genes list ranked by decreasing correla-
tion with the PCA dimension explaining most variance between adult and fetal cortical 
neurons (P < 0.0001 and FDR < 0.0001, Kolmogorov-Smirnoff test) (Figure 3f). Among 
the top enriched genes were several candidates known to be involved in, or related to, 
neuronal maturation. The candidate with the highest rank was THY1, a gene that encodes 
a glycoprotein that occurs on the surface of mature neurons [17]. PRNP, the second top 

← Figure 3. Characterization of the darkturquoise WGCNA module associated with highly function-
al neurons. (a) the classification of single neurons into highly functional (ap type 5) and immature (ap 
type 1-2-3) ap types is most highly connected to the darkturquoise WGCNa module in hierarchical cluster-
ing. (b) Scatterplot of gene significance (GS) for ap type as a function of module membership (MM) in the 
darkturquoise module. the strong and highly significant correlation (rs = 0.6, P < 0.0001) between MM and 
GS implies that highly connected module (hub) genes are strongly associated with the highly functional 
neuronal state. (c) heatmap plot of the 25 genes with highest GS and MM in the darkturquoise module. 
Gene names in bold font have previously been specifically associated with highly functional neuron types 
(Bardy et al., 2016 [8]). (d) Gene Ontology (GO) analyses of the 495 darkturquoise module genes for overrep-
resented biological processes (Bp), molecular functions (MF) and cellular components (CC). Length of bars 
represent Benjamini-hochberg-corrected significance values (at –log10 scale) and numbers indicate num-
ber of genes annotated to GO term. Grey color indicates significance threshold. (e) 150 out of 495 (30%) 
darkturquoise module genes overlapped with genes that could distinguish postnatal (adult brain, mature) 
from prenatal (fetal brain, immature) neurons in a single-cell whole-transcriptome analysis of human cortex 
samples (Darmanis et al., 2015 [7]). (f) Gene Set enrichment analysis (GSea) revealed significant enrichment 
of 93 darkturquoise module genes at the top of Darmanis et al.’s [7] list of genes that could demarcate adult 
versus fetal brain neurons. Genes were ranked by their decreasing correlation with the pCa dimension 
explaining most variance between the adult and fetal brain neurons. the top 20 genes with highest enrich-
ment score are listed below the enrichment plot. NeS; normalized enrichment score.
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enriched gene, codes for prion protein (PrPC), another cell surface glycoprotein whose 
expression level increases as neurons differentiate and mature [18, 19]. The enriched gene 
candidate TSPAN7 is particularly noteworthy given its recognized role in the functional 
and morphological maturation of excitatory synapses [20]. Taken together, these results 
suggest an important role for darkturquoise module genes in general neuronal matu-
ration. The 93 darkturquoise module genes significantly enriched with the maturation 
genes identified by Darmanis et al.’s [7] ex vivo study (Supplementary Table 1) might 
represent potentially interesting common biomarkers for human neuronal maturity.

Comprehensive Association Network Analysis of Functional Neuronal 
Maturity Candidate Genes
To study in more detail the relationship between genes of the darkturquoise module, we 
conducted a gene association network analysis using the Search Tool for the Retrieval of 
INteracting Genes (STRING) [21] and Cytoscape network analyzer [22]. Based on exist-
ing data on co-expression, protein interactions from curated databases, and experimental 
information, a gene association (protein-protein interaction) network was constructed 
comprising 67 interacting genes (Figure 4). The combination of WGCNA with gene as-
sociation network construction provides important insights into the molecular system 
underlying the high functionality, and developmental maturity, of neuronal types. In line 
with the findings discussed above, GO network annotation revealed significant enrich-
ment of genes related to the generation of energy and precursor metabolites, and the 
regulation of cytoskeletal organization. In addition, a collection of five genes (YWHAG, 
EP300, DCC, THY1 and ACTR3) with a specific role in the regulation of neuron dif-
ferentiation was identified as a distinct GO-enriched group. EP300 encodes the histone 
acetyltransferase p300, which has been shown to favor differentiation and maturation of 
neural progenitors by acting as a transcriptional co-activator of NEUROD1 and BDNF 
genes [23, 24]. DCC codes for a Netrin receptor that is required for Netrin-induced out-
growth and guidance of commissural axons [25]. The gene YWHAG seems to be crucially 
involved in cortical neuronal development as its functional ablation in utero has very 
recently been associated with morphological defects and delayed migration of developing 
cortical neurons [26]. ACT3 is a member of the gene family of actin proteins, which form 
cytoskeletal microfilaments. Taken together, these five gene candidates seem to play an 
important role in neuronal developmental processes.

Identification of Putative Transcriptional Regulators of Functional Neuronal 
Maturity
To get insight into which transcription factors may act on top of the molecular network as 
putative regulators of the highly functional neuronal state, we integrated proximal tran-
scription factor regulatory information from ENCODE into the constructed network. In 
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this analysis, we considered only those transcription factors regulating at least two gene 
targets. In total, we identified 21 transcription factors putatively regulating functional 
neuronal maturity (Figure 4, purple diamonds) that constitute interesting candidates for 
future molecular and functional analyses. Among these transcription factors, there are 
several that have formerly been associated with neuronal development and maturation. 
For instance, CTCF, the transcription factor regulating the largest number of genes (five) 
in our network, has a previously established role in regulating dendritic arborization and 
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Figure 4. Gene association (protein-protein interaction) network of genes significantly associated 
with the highly functional neuronal state and the darkturquoise module. 271 genes with significant 
(P < 0.05) darkturquoise module membership and gene significance for ap type were selected for gene 
association network construction with StrING database v10 [21] and Cytoscape 3.3.0 software [22]. Genes 
are represented by nodes whose color represents the fold change in expression level between highly func-
tional and immature neurons (red color indicates upregulation while green color indicates downregulation 
of the gene in highly functional cells relative to immature types; see color scale). the size of the node is 
proportional to the degree (number of connections to other nodes). proximal transcriptional regulators of 
genes in the network are shown as purple diamonds connecting to the respective genes. Nodes marked 
by yellow background color are members of major annotated GO biological process terms that are signifi-
cantly (P < 0.05) overrepresented.
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spine formation during neuronal maturation [27]. Specifically, CTCF-deficient neurons 
have decreased dendritic complexity and spine density and show a reduced frequency 
of miniature excitatory postsynaptic currents, indicating that CTCF is important for 
functional neuronal development. Additionally, CTCF has been implicated in regulat-
ing neuronal diversity by controlling the expression of clustered Pcdh [27]. Another 
transcription factor, SRF, has been shown to mediate synaptic plasticity in the adult hip-
pocampus and to be essential for specific cytoskeletal-dependent processes in the devel-
oping nervous system, including the outgrowth and guidance of neurites, and neuronal 
migration [28-31]. As neuronal activity-dependent expression of many immediate-early 
gene transcription factors is eliminated upon SRF gene depletion [29], the SRF transcrip-
tion factor has been suggested to play a crucial role in converting synaptic activity into 
the structural (cytoskeletal) changes governing synaptic plasticity [32]. Our analysis of 
putative transcriptional regulators of functional neuronal maturity also identified several 
immediate early-gene transcription factors (FOS, FOSL2 and EGR1) for which a specific 
role in synaptic plasticity has been previously established or proposed [33].

In addition to transcriptional regulators with an established role in the differentiation 
and maturation of neurons, we identified in this study several factors, including ZNF263, 
NFYB, BCL3 and RAD21, for which a clear link with neuronal development has not been 
demonstrated. Future research should be directed toward investigating the possible role 
of these transcription factors in the context of functional neuronal maturity.

DISCUSSION

In our previous study that combined patch-clamp electrophysiology with whole-
transcriptome analysis of single human stem cell-derived neurons in vitro, we revealed a 
unique molecular signature predictive of highly functional neuronal states (CHAPTER 
4A) [8]. Although differential expression, expression correlation and machine learning 
approaches in this study identified many new neuronal genes related to electrophysi-
ological activity [8], these analyses may not have uncovered the complete molecular 
programs underlying or driving electrophysiological neuronal maturity. In search for 
such programs, we applied in this study the method of WGCNA with the aim of detecting 
sets of highly co-expressed genes likely to share common function in biological processes 
or pathways, and that are associated with our electrophysiological phenotypes.

In summary, our WGCNA analysis revealed a module (darkturquoise, 495 genes) of 
highly interconnected genes whose expression was strongly upregulated in highly func-
tional neurons, compared with immature neuron types. Correlation analyses indicated 
that this gene module was strongly associated with various electrophysiological and mor-
phological measures of neuronal maturity. To gain insight into the molecular functions 
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of the genes in the co-expression module, we performed GO enrichment analysis, which 
revealed a robust activation of cytoskeletal and mitochondrion electron transport-chain 
related genes. Noteworthy, a recent study that also coupled patch-clamp recording with 
single-neuron transcriptomics found similar activation of respiratory chain machinery 
genes in electrophysiologically mature phenotypes of neurons, confirming the notion that 
high energy utilization accompanies electrophysiological maturity [9]. As cytoskeletal 
rearrangements, specifically microtubule and microfilament dynamics, are importantly 
involved in the maturation of neurons in vitro and in vivo [34, 35], we propose that the 
observed activation of cytoskeletal gene expression may play a role in inducing the 
neuromorphological features characteristic of electrophysiologically highly functional 
neurons (i.e., a more complex dendritic architecture and enlarged soma, see ref. [8]).

Providing evidence for the notion that genes of our identified co-expression module 
have a general role in neuronal maturity, we found a substantial proportion of the mod-
ule (93/495 genes) to be enriched and differentially expressed in a previously published 
single-cell whole-transcriptome study comparing neurons isolated from adult (mature) 
and fetal (immature) brain [7]. Among the top enriched genes, we identified several 
candidates with a known function in neuronal maturation, including THY1, PRNP and 
TSPAN7 (see Results for details). The 93 significantly enriched genes are summarized in 
Supplementary Table 1 and may constitute generic biomarker candidates for assessing 
human neuronal maturity.

With the growing use of human stem cell-based models for brain-related disease 
modeling in vitro, a thorough characterization of the variance of functional states within 
populations of differentiated neurons has become crucially important. Human stem 
cell-derived neuronal progenitors mature into electrophysiologically functional neurons 
at different rates, and to avoid false positive findings and potential masking of disease 
features, it is important to compare neurons of equivalent functional maturity [8, 36]. 
A greater understanding of the molecular system that regulates the highly functional, 
or developmentally more mature, state of human neuronal types might stimulate the 
development of genetic engineering strategies with which one can control (or acceler-
ate) functional maturation and potentially generate more homogeneous populations of 
electrophysiologically comparable neurons for research investigations. One of the most 
important results of our study is the identification of a set of 21 putative transcriptional 
regulators that may be involved in controlling (or inducing) the highly functional neu-
ronal state by regulating cytoskeletal genes, genes related to neuron differentiation, and 
genes associated with the generation of energy and precursor metabolites (Figure 4). 
Several of the identified transcription factors, such as CTCF, SRF and the immediate 
early-gene transcription factors FOS, FOSL2 and EGR1, have a previously established 
role in synaptic plasticity associated with neuronal development. Other identified tran-
scription factor genes (e.g., ZNF263, NFYB, BCL3 and RAD21) represent interesting new 
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candidates for future research. Small molecule compounds that modulate the expression 
or activity of these or the aforementioned transcription factors represent promising tools 
for further experimental investigations.

METHODS

Human Neuronal Culture
Human dermal fibroblasts were reprogrammed into pluripotent cells with the four 
Yamanaka factors (Oct3/4, Sox2, Klf4 and c-Myc), either in a retroviral vector or a non-
integrating Sendai viral vector. Human iPSCs and embryonic stem cells (ESCs) were dif-
ferentiated into neural progenitor cells (NPCs) as previously described [37]. NPCs were 
expanded for 3 to 5 passages (split 1:2 or 1:3 per passage) and stored at -80 °C. Then they 
were thawed and expanded for at least one more passage in neural progenitor medium 
(DMEM/F12 supplemented with FGF8, SHH, B27 and N2, without retinoic acid). Dis-
sociated NPCs were directly plated on glass coverslips (Fisher Scientific, Cat. No. 12-545-
80) coated with poly-ornithine (Sigma, Cat. No. P3655) and laminin (Invitrogen, Cat. No. 
23017-015) in 24-well plates. Twenty-four hours later, the cells were switched gradually 
(half medium change) to neuronal medium: BrainPhys basal [10] supplemented with 1x 
N2 (Gibco, Cat No. 17502-048), 1x B27 (Gibco, Cat No. 17504-044), brain-derived neu-
rotrophic factor (BDNF, 20 ng/ml; Peprotech, Cat No. 450-02), glia-derived neurotrophic 
factor (GDNF, 20 ng/ml; Peprotech, Cat No. 450-10), ascorbic acid (AA, 200 nM; Sigma, 
Cat No. A0278), dibutyryl cyclic AMP (cAMP, 1mM Sigma, Cat No. D0627), and lam-
inin (1 μg/ml; Invitrogen, Cat No 23017-015). Half of the neuronal medium was gently 
replaced two to three times a week. The plates were kept in a humidified incubator at 37°C 
with 5% CO2 and 21% O2. The pH (~7.3-7.4) and the osmolarity (~300-305 mOsmol/L) 
of medium were maintained constant over time.

Patch Clamping
For whole-cell patch-clamp recordings, individual coverslips were transferred into a 
heated recording chamber and continuously perfused (1 ml·min-1) with either BrainPhys 
basal medium or artificial cerebrospinal fluid (ACSF) bubbled with a mixture of CO2 (5%) 
and O2 (95%) and maintained at 25°C. The composition of ACSF was adjusted to match 
the inorganic salt concentration and osmolarity of BrainPhys basal. ACSF contained (in 
mM) 121 NaCl, 4.2 KCl, 1.1 CaCl2, 1 MgSO4 (or 0.4 MgSO4 and 0.3 MgCl), 29 NaHCO3, 
0.45 NaH2PO4-H2O, 0.5 Na2HPO4 and 20 glucose (all chemicals from Sigma).

For single-cell patch-clamp electrophysiological recordings, we used a digidata 1440A/
Multiclamp 700B and Clampex 10.3 (Molecular Devices). Patch electrodes were filled 
with internal solutions containing 130 mM K-gluconate, 6 mM KCl, 4 mM NaCl, 10 
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mM Na-HEPES, 0.2 mM K-EGTA; 0.3 mM GTP, 2 mM Mg-ATP, 0.2 mM cAMP, 10 mM 
D-glucose, 0.15% biocytin and 0.06% rhodamine. The pH and osmolarity of the internal 
solution were close to physiological conditions (pH 7.3, 290–300 mOsmol). Data were 
all corrected for liquid junction potentials (10 mV). Electrode capacitances were com-
pensated on-line in cell-attached mode (~7 pF). Recordings were low-pass filtered at 2 
kHz, digitized, and sampled at intervals of 50 ms (20 kHz). To control the quality and the 
stability of the recordings throughout the experiments, access resistance, capacitance and 
membrane resistance were continuously monitored on-line and recorded. The resistance 
of the patch pipettes was between 3 and 5 MOhm. The access resistance of the cells in our 
sample was ~40 MOhm on average. Spontaneous synaptic AMPA events were recorded at 
the reversal potential of Cl- and could be reversibly blocked by AMPA receptor antagonist 
(10 uM NBQX, Sigma Ref#N183). Spontaneous synaptic GABA events were recorded at 
the reversal potential of cations and could be reversibly blocked with GABAa receptor 
antagonist (10 uM SR95531, Sigma Ref#S106). Statistical analysis of electrophysiology 
data was assisted with Clampfit 10.3, Matlab 2014b, Igor Pro 6, Prism 6, MiniAnalyis, 
Excel and custom-made Python programs.

Electrophysiological Recording Protocol
The same electrophysiological protocol was applied to all neurons. Whole cell patch-
clamp recordings were obtained in the absence of any receptor antagonists in ACSF or 
BrainPhys basal. After breaking the membrane seal, we first maintained the cell in voltage 
clamp (VC) at -70 mV by injecting small amounts of current when necessary (“Base-
line at -70 mV”). We applied a test pulse of -5 mV to measure passive cell properties 
(membrane resistance, access resistance, capacitance). Voltage-dependent sodium and 
potassium channels properties were examined with an IV curve. Spontaneous synaptic 
events mediated by AMPA receptors were recorded for at least 5 min at -70 mV (close 
to Cl- reversal potential). The nature of AMPA synaptic events was confirmed on a small 
subset of cells (n = 15, excluded from RNA-seq) by reversible blockade with AMPA 
receptor antagonist (10 μM NBQX). The patch was then switched to current clamp. Small 
currents were injected if necessary to maintain the cell resting potential around -70 mV. 
Current steps (increments 2 pA, n = 15, 500 ms) were applied to measure the properties 
of evoked action potentials (APs). Next, spontaneous APs were recorded for 1 to 5 min 
at –70 mV and then at resting potential without injecting any current (CC 0 pA). The 
patch was then reversed to voltage clamp and slowly increased to the reversal potential 
of cations (~0 mV). Once the baseline stabilized, we recorded spontaneous GABAergic 
synaptic activity for 5 to 10 min. The nature of GABA synaptic events was confirmed on a 
small subset of cells (n = 5, excluded from RNA-seq) by reversible blockade with GABAA 
receptor antagonist (10 μM Gabazine).
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AP Types Classification
“Type 0 cells” did not express voltage-dependent sodium currents and were excluded 
from analysis. “Type 1 neurons” expressed small Nav currents but were not able to fire 
APs above -10 mV. The arbitrary limit of -10 mV was chosen as it is close to the reversal 
potential of cations (0 mV). Healthy APs usually reach or overshoot the reversal potential 
of cations. “Type 2 neurons” fired one AP above -10 mV, which was followed by a plateau. 
“Type 3 neurons” also fired one AP above -10 mV and one or a few aborted spikes below 
-10 mV. “Type 4 neurons” fired more than one AP above -10 mV but at a frequency below 
10 Hz. “Type 5 neurons” fired APs above -10 mV at 10 Hz or more. Our categorization 
of functional types of neurons followed a continuum that relates to the stage of maturity 
of the neurons. While Type 1 neurons are considered immature, Type 5 neurons are 
considered more mature and functionally active. Although after ~3-6 weeks of matura-
tion we found on average ~75% of Type 4-5 neurons, we found every AP Type of cell at 
most differentiation time points we looked at (range of 2 weeks to 5 months after NPC 
maturation). This finding suggests some degree of variability in the electrophysiological 
maturity of neurons even within cultures of the same age. Remarkably, in our samples, 
the large majority of cells receiving active excitatory synapses were Type 5 neurons and 
we almost never found clear, spontaneously active AMPA and GABA synaptic inputs in 
Type 1 neurons and rarely in Type 2.

Neuromorphometry
Images of the patch-clamped cells were taken with a 40X water-immersion objective, 
differential interference contrast filters (all Olympus), an infrared digital camera (Rolera 
XR -Qimaging), and an epifluorescence mercury lamp. Mosaics of the several fields of 
views to cover the span of the neurites were taken and stitched later on Neurolucida 
(MBF Biosciences). Before patch clamping, the targeted cells were imaged with DIC and 
epiflucorescence (most cells patched expressed Synapsin-GFP). The entire cells were 
filled with a red fluorescent dye (rhodamine) and another set of images was taken rapidly 
after completion of the electrophysiological recordings. All the images were stitched and 
analyzed on Neurolucida. The soma size and shape were measured on the DIC images 
before patching to avoid deformation by the patch pipette. The images from the intracel-
lular rhodamine dye, occasionally supplemented by GFP vectors, were used to guide the 
neuromorphological reconstruction. For all cells, the morphology was reconstructed 
within a radius of 150 μm. Many cell processes reached beyond that distance but, for ho-
mogeneity of the sample, we restricted the analysis to that arbitrary radius. Occasionally, 
patched cells with pictures of insufficient quality were excluded from the analysis. When 
necessary, some processes partially hidden by the patch electrode were extrapolated.
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Single-Neuron Collection and cDNA Preparation
Following electrophysiological recording, we applied slight additional negative pres-
sure to establish a stronger connection between cell and patch electrode, but without 
completely aspirating the cell in the pipette. The neuron, including its processes (axon 
and dendrites), was then transferred in a volume of ~2 μl of internal patch solution 
into a PCR tube containing 8.0 μl sample buffer by slowly retracting the patch pipette 
from the chamber bath and breaking the tip of the electrode along the inside wall of the 
tube. Sample buffer was made according to the protocol supplied by Clontech with the 
SMARTer™ Ultra Low RNA Kit and included both ERCC spike-ins (Life Technologies) 
and ArrayControl spikes 1, 4 and 7 (RNA standard for the Fluidigm C1) for the purpose 
of quality control (QC). Successful removal of the cell from the coverslip was always 
confirmed by DIC optics. Collected single cells were immediately spun down and put 
on ice for SMARTer™ cDNA synthesis following manufacturer’s instructions (Clontech). 
Briefly, first-strand cDNA was synthesized from poly(A)+ RNA by incubation with 1 μl of 
3’ SMART CDS Primer II A (24 μM) for 3 min at 72°C, followed by reverse transcription 
in a 20-μl final reaction volume using 200 units of SMARTScribe™ Reverse Transcriptase 
for 90 min at 42 °C and inactivation for 10 min at 70°C. First-strand cDNA was then 
purified using Agencourt AMPure XP SPRI Beads (Beckman Coulter Genomics) and 
amplified by long-distance PCR using the Advantage® 2 PCR Kit (Clontech) with the fol-
lowing PCR thermocycler program: 95°C for 1 min, 18 cycles of 95°C for 15 s, 65°C for 30 
s, 68°C for 6 min, and 72°C for 10 min. PCR-amplified double-stranded (ds) cDNA was 
immobilized onto SPRI beads, purified by two washes in 80% ethanol, and eluted in 12 μl 
of purification buffer (Clontech). The quality (Agilent 2100 Bioanalyzer High Sensitivity 
DNA Kit; Agilent) and quantity (Qubit dsDNA High Sensitivity Assay Kit; Invitrogen) of 
each ds cDNA sample were assessed prior to library preparation.

qPCR Assays
To select the single-cell cDNA samples suitable for mRNA-seq, we determined the level of 
expression of GAPDH and ACTB in each sample by TaqMan real-time PCR. Samples with 
Ct values ≤ 30 for both housekeeping genes were typically considered positive for library 
preparation. For each gene, duplicate 10-μl PCR reactions were performed on an ABI 
Prism 7900 Sequence Detector (Applied Biosystems) using 0.50 μl of 1:5-diluted ds cDNA 
template in standard TaqMan Gene Expression Assay with FAM reporter. Real-time PCR 
assays for detection of the ERCCs and ArrayControl RNA spikes were performed using, 
respectively, standard TaqMan Gene Expression Assays (Life Technologies) and SYBR 
Green PCR Master Mix (Applied Biosystems) with custom primers (Fluidigm).
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Illumina Transcriptome Library Preparation and Sequencing
Construction of single-cell mRNA-seq libraries was typically performed with 0.25 ng 
of input cDNA using the Nextera XT DNA sample prep kit (Illumina) with modified 
protocol. Briefly, cDNA was tagmented for 5 min at 55°C in a 5-μl reaction containing 
2.5 μl of Tagment DNA Buffer and 1.25 μl of Amplicon Tagment Mix; tagmentation was 
neutralized with 1.25 μl of Neutralize Tagment Buffer for 5 min. Tagmented DNA was 
then subjected to 12-cycle PCR amplification using 3.75 μl of Nextera PCR Master Mix 
and 1.25 μl each of index 1 (i7) and index 2 (i5) library-identifying (barcoded) sequenc-
ing primers. The constructed libraries were run on a 1.5% agarose gel in Tris-borate/
EDTA buffer, stained with SYBR Gold (Invitrogen), and size selected for ~300-400 or 
~300-650 bp (insert size of ~165-265 or ~165-515 bp, respectively). Gel-excised library 
fragments were purified with the Wizard SV Gel and PCR Clean-Up System (Promega), 
eluted in 40 μl of nuclease-free water, and concentrated by speedvacuum centrifugation. 
Each library was then quantified (Qubit dsDNA High Sensitivity Assay Kit; Invitrogen) 
and examined for correct size (Agilent 2200 TapeStation High Sensitivity D1K Screen-
Tape Assay; Agilent), after which equimolar amounts of uniquely barcoded libraries were 
pooled together and used for cluster generation and 100-bp paired-end sequencing on a 
HiSeq 2000 or 2500 sequencer (Illumina).

Sequencing Data Normalization and Filtering
The raw sequencing read data from n = 56 patched human neurons, which passed a 
series of QC criteria, was mapped to the human reference transcriptome (Gencode v19) 
using gapped-alignment strategies. Alignment was performed by STAR (version 2.3.0) 
[38] followed by gene-level quantification with HTseq (version 0.6.1) [39]. An initial 
pre-filtering step was performed to remove any genes with null expression across all 
samples. The count data was then corrected for sequencing depth and normalized using 
the regularized-logarithm (rlog) transformation from the DESeq2 package, which ef-
fectively compresses differences for the low count genes and stabilizes the variance across 
the mean [40].

Differential Expression Analysis
The five electrophysiological types of differentiated neurons were stratified into “imma-
ture” (Types 1-2-3), “transitional” (Type 4) and “highly functional” (Type 5) neurons. Log2 
fold changes in gene expression between groups were calculated from rlog-normalized 
count data with DESeq2 [40] after an additional filtering step (removal of the 35% of low-
est expressed genes) that increased detection power while keeping the same experiment-
wide type I error (false discovery rate) of 5%. The P-value of differential expression was 
adjusted using the Benjamini-Hochberg correction for multiple comparisons (P < 0.05 
considered significant).
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Weighted Gene Co-expression Network Analysis
Because of our interest to identify genes and regulators specifically associated with highly 
functional neurons and distinct from immature AP Types, we omitted any transitional 
(Type 4) cells in our co-expression gene network construction so as to have two clear, 
phenotypically distinct sample groups of nearly equal sample size (immature: n = 19; 
highly functional: n = 22). Due to computational restrictions, the normalized count data 
was reduced to the 10,000 most varying genes as genes that do not change expression 
across samples are assumed to yield little information in a co-expression network [41]. 
To identify groups (modules) of genes whose expression profile is highly correlated, we 
constructed a weighted co-expression network using the WGCNA R software package 
[42]. Co-expression similarity was calculated for all gene pairs as the absolute value of 
their expression profiles’ Pearson correlation, and converted into a network adjacency 
measure by raising the similarity to a power β of 7, chosen based on the scale-free topol-
ogy criterion (see also Supplementary Figure 1) [43]. Module detection and network 
analysis were restricted to the top 5,000 genes with highest connectivity (sum of adjacen-
cies to all other genes). This does not result in considerable information loss as the most 
highly connected genes are believed to be biologically the most important [44], and genes 
within a particular module tend to naturally have high connectivity [45]. The topological 
overlap (TO) of all gene pairs, representing their relative interconnectivity, was calculated 
from the adjacencies and transformed into a dissimilarity measure (=1-TO) for use in 
hierarchical clustering to discriminate modules. The static tree cut method was applied 
to identify clusters of highly co-expressed genes (minimum module size of 50 genes) 
as branches of the dendrogram. All modules were assigned a color and summarized 
by module eigengenes (MEs) explaining the maximal amount of variance in module 
expression levels. The “grey” module contained all genes that could not be assigned to 
a co-expression module. Highly similar modules were merged if their eigengenes’ cor-
relation was greater than 0.75. MEs of all modules were Pearson correlated with the 
measured electrophysiological and morphological parameters to estimate module-trait 
relationships and extract potentially biologically relevant modules for further analysis. 
The module membership MM of each gene was calculated as the (Pearson) correlation 
between its expression value and the module eigengene, while the gene significance GS 
for AP Type was computed as the (Spearman) correlation of a gene’s expression value 
with the AP Type classification. Heat maps of the modules were created via the heatmap.2 
function implemented in R’s gplot package, using log-normalized FPKM values of genes 
comprising the module. Gene Ontology (GO) enrichment analysis of module genes was 
performed using ToppFun (https://toppgene.cchmc.org/, database May 2016) to test 
for overrepresentation in biological process (BP), molecular function (MF) and cellular 
component (CC) categories. Benjamini-Hochberg adjustment of P-values was applied to 
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correct for multiple testing, with enriched terms being considered significant for adjusted 
P-values < 0.05.

Gene Set Enrichment Analysis
GSEA [46] was performed to explore whether the darkturquoise module genes, associ-
ated with highly functional neurons, showed significant correlation with genes that could 
distinguish postnatal (adult brain) from prenatal (fetal brain) neurons in a single-cell 
transcriptome study (Darmanis et al., 2015) [7] of human cortical neuron samples. Input 
data were (i) a list of genes from Darmanis et al. [7] ranked by their decreasing correlation 
with PCA dimension 1 explaining most variance between adult and fetal brain neurons, 
and (ii) the set of 495 darkturquoise module genes. The ranked gene list was analyzed 
for overrepresentation of the darkturquoise module genes at the top using GSEA’s “pre-
ranked” tool with default parameters (enrichment statistic: weighted; normalization 
mode: meandiv; 1000 gene-set permutations).

Gene Association Network
The interaction of module genes (proteins) was investigated with STRING database 
(http://string-db.org) v10 [21]. Genes having significant module membership and GS for 
ePhys type were selected as input and the subsequent gene association (protein-protein 
interaction) network was constructed using known data on co-expression, protein inter-
actions from curated databases, and experimental information. Network visualization 
and analysis was performed with Cytoscape 3.3.0 [22]. To identify potentially important 
regulatory players of the network, ENCODE proximal transcription factor regulation 
information was integrated into the network analysis with the CyTargetLinker Cytoscape 
plug-in [47]. Only transcription factors regulating at least two targets were included in 
the network. Intra-network analysis of overrepresented GO biological process terms was 
performed using the BiNGO plug-in for Cytoscape [48].
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Supplementary Figure 1. The constructed weighted gene co-expression network fulfills the crite-
rium of approximate scale-free topology. (a) plot of the scale-free topology index (R2, y axis) against 
different soft thresholding powers (β, x axis). For network construction, we chose a β value of 7, for which 
the R2 crossed 0.9 for the first time and reached saturation. the higher the R2 value, the closer the network 
is to an ideal scale-free system. (b) Mean connectivity (y axis) against the power β. higher powers result in 
lower mean connectivity. (c) Scale-free plot for the weighted network (power β = 7).
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Supplementary Table  1. Putative generic biomarkers for human neuronal maturity revealed by 
Gene Set Enrichment Analysis of darkturquoise module genes.

Gene Symbol Gene Name rank in Gene List rank Metric Score running enrichment 
Score

thY1 thy-1 cell surface antigen 0 0.778 0.0100

prNp prion protein 5 0.738 0.0167

SNX10 sorting nexin 10 7 0.736 0.0255

GOt1 glutamic-oxaloacetic transaminase 1 9 0.733 0.0342

Nap1L5 nucleosome assembly protein 1 like 5 13 0.720 0.0414

tSpaN7 tetraspanin 7 18 0.708 0.0477

FaIM2 Fas apoptotic inhibitory molecule 2 30 0.686 0.0488

SpOCK2 SparC/osteonectin, cwcv and kazal like domains 
proteoglycan 2

36 0.675 0.0539

SLC25a4 solute carrier family 25 member 4 38 0.672 0.0619

SCOC short coiled-coil protein 40 0.670 0.0698

CtSB cathepsin B 51 0.662 0.0713

Map1a microtubule-associated protein 1a 54 0.659 0.0784

LSaMp limbic system-associated membrane protein 55 0.658 0.0869

raB6B raB6B, member raS oncogene family 56 0.658 0.0953

atp1B1 atpase Na+/K+ transporting subunit beta 1 60 0.655 0.1017

Nap1L3 nucleosome assembly protein 1 like 3 63 0.654 0.1087

eNO2 enolase 2 66 0.652 0.1157

FaBp3 fatty acid binding protein 3 70 0.650 0.1219

NDrG4 NDrG family member 4 78 0.645 0.1253

SCG2 secretogranin II 82 0.642 0.1314

SOD1 superoxide dismutase 1 95 0.630 0.1311

arF3 aDp ribosylation factor 3 109 0.617 0.1299

FGF12 fibroblast growth factor 12 117 0.612 0.1328

pLeKhB2 pleckstrin homology domain containing B2 124 0.609 0.1364

atp6V1e1 atpase h+ transporting V1 subunit e1 126 0.606 0.1435

VaMp2 vesicle-associated membrane protein 2 133 0.602 0.1471

erLeC1 endoplasmatic reticulum lectin 1 136 0.601 0.1534

atp6V0a1 atpase h+ transporting V0 subunit a1 141 0.600 0.1583

ptprN protein tyrosine phosphatase, receptor type N 157 0.595 0.1554

SNCa synuclein alpha 167 0.593 0.1567

pCYOX1 prenylcysteine oxidase 1 178 0.591 0.1572

FGF14 fibroblast growth factor 14 183 0.590 0.1620

hprt1 hypoxanthine phosphoribosyltransferase 1 187 0.588 0.1675

FaM162a family with sequence similarity 162 member a 204 0.580 0.1636

GpX1 glutathione peroxidase 1 213 0.578 0.1654

ahI1 abelson helper integration site 1 222 0.575 0.1672

SeZ6L2 seizure related 6 homolog like 2 226 0.574 0.1725
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Supplementary Table  1. Putative generic biomarkers for human neuronal maturity revealed by 
Gene Set Enrichment Analysis of darkturquoise module genes. (continued)

Gene Symbol Gene Name rank in Gene List rank Metric Score running enrichment 
Score

KLC1 kinesin light chain 1 232 0.572 0.1763

epB41L1 erythrocyte membrane protein band 4.1 like 1 241 0.569 0.1780

taGLN3 transgelin 3 244 0.568 0.1839

pSMa5 proteasome subunit alpha type 5 265 0.562 0.1771

hIGD1a hIG1 hypoxia inducible domain family member 1a 296 0.550 0.1630

NeGr1 neuronal growth regulator 1 299 0.549 0.1686

DNM3 dynamin 3 319 0.544 0.1623

CD47 CD47 molecule 322 0.543 0.1678

NDUFV1 NaDh:ubiquinone oxidoreductase core subunit V1 324 0.543 0.1741

pFKM phosphofructokinase, muscle 328 0.543 0.1790

BLCap bladder cancer associated protein 337 0.541 0.1803

MpV17 MpV17, mitochondrial inner membrane protein 341 0.539 0.1852

SUMO3 small ubiquitin-like modifier 3 352 0.536 0.1850

tCF25 transcription factor 25 355 0.536 0.1905

ppp2Ca protein phosphatase 2 catalytic subunit alpha 356 0.536 0.1974

IFI6 interferon alpha-inducible protein 6 362 0.535 0.2008

BSG basigin (Ok blood group) 366 0.534 0.2055

aCOt7 acyl-Coa thioesterase 7 377 0.533 0.2053

SYp synaptophysin 393 0.529 0.2016

SCN3B sodium voltage-gated channel beta subunit 3 396 0.529 0.2070

ISCa1 iron-sulfur cluster assembly 1 398 0.528 0.2131

COX14 COX14, cytochrome c oxidase assembly factor 409 0.527 0.2128

C2orf80 chromosome 2 open reading frame 80 439 0.520 0.1991

NDUFB8 NaDh:ubiquinone oxidoreductase subunit b8 441 0.520 0.2051

prKaa2 protein kinase aMp-activated catalytic subunit alpha 2 451 0.519 0.2054

MYL6B myosin light chain 6B 452 0.519 0.2121

COpS6 COp9 signalosome subunit 6 457 0.518 0.2159

SMarCa2 SWI/SNF related, matrix associated, actin dependent 
regulator of chromatin, subfamily a, member 2

458 0.518 0.2226

pCMt1 protein-L-isoaspartate (D-aspartate) O-methyltransferase 461 0.518 0.2279

UQCrC1 ubiquinol-cytochrome c reductase core protein I 470 0.516 0.2289

St3GaL5 St3 beta-galactoside alpha-2,3-sialyltransferase 5 478 0.515 0.2306

raB18 raB18, member raS oncogene family 479 0.515 0.2372

tUBB4a tubulin beta 4a class IVa 485 0.513 0.2403

NeFL neurofilament, light polypeptide 488 0.513 0.2455

aNO5 anoctamin 5 491 0.512 0.2507

NUDCD3 NudC domain containing 3 500 0.511 0.2516

DhrS7 dehydrogenase/reductase 7 510 0.510 0.2518
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Supplementary Table  1. Putative generic biomarkers for human neuronal maturity revealed by 
Gene Set Enrichment Analysis of darkturquoise module genes. (continued)

Gene Symbol Gene Name rank in Gene List rank Metric Score running enrichment 
Score

G3Bp2 G3Bp stress granule assembly factor 2 516 0.508 0.2549

CrBN cereblon 517 0.508 0.2614

ppp1r2 protein phosphatase 1 regulatory inhibitor subunit 2 541 0.504 0.2517

SBDS SBDS ribosome assembly guanine nucleotide exchange 
factor

544 0.504 0.2568

aCSL3 acyl-Coa synthetase long-chain family member 3 564 0.501 0.2498

rap1GDS1 rap1, Gtpase-GDp dissociation stimulator 1 566 0.500 0.2555

GaD1 glutamate decarboxylase 1 577 0.499 0.2549

pOLr2I rNa polymerase II subunit I 578 0.499 0.2614

NGFrap1 nerve growth factor receptor (tNFrSF16) associated 
protein 1

594 0.497 0.2572

MICU1 mitochondrial calcium uptake 1 612 0.494 0.2515

tUBa1B tubulin alpha 1b 620 0.493 0.2530

COX8a cytochrome c oxidase subunit 8a 628 0.492 0.2544

pGM2L1 phosphoglucomutase 2 like 1 633 0.492 0.2579

GNaI1 G protein subunit alpha i1 635 0.491 0.2635

KIaa1107 KIaa1107 644 0.490 0.2642

FaM171B family with sequence similarity 171 member B 647 0.490 0.2691

NCaLD neurocalcin delta 649 0.489 0.2747

ppp2r1a protein phosphatase 2 scaffold subunit aalpha 655 0.488 0.2774

SLC25a3 solute carrier family 25 member 3 656 0.488 0.2837
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GENERAL DISCUSSION

Recent advances in human cell reprogramming technologies have motivated a panoply 
of induced pluripotent stem cell (iPSC)-based in vitro experiments to study and reveal 
differences between healthy control subjects and patients afflicted with neurological or 
psychiatric disease [1-3]. Although iPSC technology has emerged as a powerful tool to 
recapitulate various cell biological and molecular features of human neuropsychiatric 
illnesses “in a laboratory dish”, the variability inherent to cell culturing conditions consti-
tutes a significant roadblock to the accurate modeling and identification of disease-related 
phenotypes. Robust and replicable experimental measurements are needed if one wishes 
to enable successful translation of research findings into clinical practice and impact the 
prevention or treatment of human neuropsychiatric disease. Therefore, technical and 
biological sources of variability, which can dramatically affect comparative analyses and 
may obscure identification of disease-related phenotypes in vitro [4], should be carefully 
considered and controlled for, or eliminated (if possible), in any disease modeling study. 
In this context, the work presented in this thesis aimed to (i) create more physiological 
in vitro neuronal culture conditions and (ii) stratify the heterogeneity of functional states 
within populations of differentiated neurons. More realistic neuronal culturing condi-
tions and the ability to efficiently identify and isolate neurons of a particular functional 
state from heterogeneous differentiating cultures will enable better comparative analyses 
in human stem cell models of brain disorders, and may ultimately lead to a more success-
ful translation of research findings to the clinic.

To better understand the molecular mechanisms that control cell identity and underlie 
the generation of iPSCs from somatic cells, I first reviewed recent research on the tran-
scriptional and epigenetic regulation of pluripotency induction (CHAPTER 2 and ref. 
[5]). The derivation of iPSCs from fibroblasts is an inefficient process, and the precise 
molecular mechanisms governing somatic cell reprogramming are just being revealed. 
From the reviewed studies, it became clear that faithful reprogramming is very dependent 
on various technological parameters, such as the specific composition of the cell culture 
environment [6] and the levels and stoichiometric ratio of reprogramming factors [7, 8]. 
Importantly, suboptimal reprogramming conditions in vitro have been reported to in-
troduce substantial variability in iPSCs’ transcriptional, epigenetic and proteomic states, 
which may affect these cells’ biological functionality (e.g., developmental competence) 
[6-11]. We conclude that to better understand how specific reprogramming conditions 
impact the molecular profiles and biological function of iPSCs, future research efforts 
should be directed toward the parallel profiling of transcriptomes and epigenomes of 
single reprogramming cells [5]. The new information gained from such single-cell ‘omic 
approaches should enable the development of more efficient reprogramming conditions 
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and, ultimately, the high-fidelity generation of iPSCs with limited heterogeneity for use in 
research and clinical applications.

We concluded from the above that iPSC technology is still in its infancy due to low 
efficiency of the reprogramming process, and that numerous technical hurdles need 
to be overcome to attain highly efficient and accurate human disease modeling, and 
safely employ iPSCs for clinical/therapeutic purposes [4, 12-15]. Yet, many neuroscience 
laboratories throughout the world have succeeded in deriving neurons from iPSCs from 
patients afflicted with various neurological and psychiatric disorders, and have demon-
strated the ability to recapitulate certain features of nervous system disease in a laboratory 
dish [16-19]. In the lab, we established midbrain-like human neuronal cultures from 
embryonic stem cells (ESCs) and fibroblast-derived iPSCs from four healthy individu-
als. When examining the calcium activity of these human stem cell-derived neurons in 
DMEM/F12-based neuronal culture medium, we unexpectedly found only very few 
neurons to be spontaneously active (CHAPTER 3A). Interestingly, many cells became ac-
tive when imaging the same cultures in perfusate of artificial cerebrospinal fluid (ACSF), 
a neurophysiological solution commonly used for assaying neuronal functionality. This 
observation held even after omitting all medium supplements (growth factors, antioxi-
dants, etcetera) and matching the inorganic salt concentration, pH and osmolarity of our 
ACSF to those of DMEM. However, the finding that removal of amino acids, vitamins 
or extra components from DMEM basal medium rescued the low calcium activity of the 
cells provided a first indication that DMEM contains various components that acutely 
interfere with neurophysiological function. Because electrical activity is the essence of 
nervous system function in vivo, this discovery suggested for the first time that current 
in vitro neuronal culture conditions may not be optimized to reflect the fundamental 
principles of in vivo brain physiology.

Hesitant to question the validity of a standard basal medium such as DMEM, which 
has somehow successfully been used in research laboratories for decades, we investigated 
the basal medium-induced impairment of neuronal activity in more detail using patch-
clamping methods (CHAPTER 3B and ref. [20]). These electrophysiological analyses re-
vealed a strong reduction in synaptic function and action potential (AP) firing of neurons 
in DMEM, as well as in Neurobasal (a modified version of DMEM/F12 basal that has 
been designed to optimize the survival of primary neurons in culture [21]), and serum. 
This finding, that many important neurophysiological properties are substantially altered 
in neuronal culture media widely used throughout the scientific community, motivated 
us to design a new basal neuro-medium—BrainPhys™—that is more representative of 
the in vivo brain extracellular environment and supports optimal synaptic activity and 
APs (CHAPTER 3B and ref. [20]). Specifically in this medium, we removed or reduced 
any neuroactive amino acids that could directly influence synaptic transmission, and 
adjusted the concentrations of inorganic salts and energetic substrates, as well as the 
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osmolarity, to neurophysiological levels. We found that BrainPhys™ basal medium with 
supplements adequately supported long-term electrical activity and survival of mature 
human neurons in vitro. Importantly, differentiation in BrainPhys™+sup medium did not 
affect neuronal fate specification, but it increased the proportion of human neurons that 
were synaptically active.

Because spontaneous and synaptic neuronal activity are essential for the formation and 
maintenance of proper connectivity in developing neural networks [22-26], one might 
expect that the improvements made in BrainPhys™ basal will indirectly augment in vitro 
neuronal development. As many neuropsychiatric disorders, such as schizophrenia and 
autism, are hypothesized to have a neurodevelopmental origin [27, 28], it is conceiv-
able that studying neurons in more physiological conditions that better foster neuronal 
development will increase the likelihood of identifying new disease-relevant phenotypes. 
Furthermore, many neurological and psychiatric disorders have been associated with 
synaptic dysfunction and altered neuronal excitability and network activity [29-32]; 
hence, a failure to model such disorders in accurate physiological conditions that sup-
port synaptic functions and activity may obscure the exact mechanisms underlying their 
pathologies. Neural culture conditions that more realistically resemble the living brain 
will be more likely to faithfully recapitulate the pathophysiology as it occurs in the disease 
and, consequently, improve the discovery of new biomarkers and treatments for clinical 
practice.

In addition to rigorously controlling and optimizing cell culturing conditions, which 
effectively reduces technical variability and increases chances of translational success, a 
critical yet somewhat elusive parameter to consider in investigations of human nervous 
system disease with stem cell models is the natural diversity (biological variability) of 
the cells. Human neuronal tissue with its heterogeneous, intricate, precise and dynamic 
assembly of a multitude of different cell types constitutes the principal example of cel-
lular diversity. The extraordinary variety of neuronal types was illustrated for the first 
time in Cajal’s diligent drawings of the morphological and structural features of neu-
rons in the late 19th century [33, 34]. Then, in the late 1970s, the advent of patch-clamp 
recording technology [35] further stimulated the urge among scientists to identify and 
classify different types of neurons of the brain based on function. It is now recognized 
that a thorough characterization of the functional diversity obtained with tissue culture 
is imperative to avoid the risk of incorrect interpretation of cellular phenotypes due to 
heterogeneity of cellular populations. Particularly in neuronal tissue, the rate at which 
neural progenitors differentiate into electrophysiologically functional neurons is sig-
nificantly variable; therefore, to prevent confounding of disease-relevant discoveries and 
erroneous conclusions, we must aim to control for functional maturational equivalence 
in comparisons of diseased to healthy neuronal cells [4]. Building upon recent advances 
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in single-cell whole-transcriptome analysis approaches [36-46], we established a multi-
dimensional characterization of single human ESC- and iPSC-derived neurons to cor-
relate their functional properties (electrophysiology) with their morphology and mRNA 
expression profiles (CHAPTER 4A and ref. [47]). Our stratification of in vitro functional 
neuronal heterogeneity revealed strong correlations between neuronal electrophysi-
ological function, morpho-structural features and gene expression. Specifically, we have 
identified a series of genes more abundantly expressed in highly functional types of hu-
man neurons compared with more immature electrophysiological neuronal types and 
astrocytes. Importantly, the identified gene expression signature enabled the prediction 
and isolation of highly functional neuron states with machine-learning classifiers and 
fluorescent markers. Taken together, this study opens a new way to predict and study 
neurophysiological cell types based on molecular signatures. Such a molecular approach, 
which is more high-throughput than patch-clamp recording and is applicable to any 
electrophysiological type of cell, will undoubtly proof very efficient in large-scale analyses 
necessary for translational studies.

Up until now, coupling of electrophysiological recordings to gene expression profiles has 
been primarily dependent on single-cell reverse transcription PCR (scRT-PCR) [48-51] 
or cDNA microarray analysis [52] of individual patch-clamped neurons. Unfortunately, 
PCR and array-based methods are restricted to the examination of a limited number of 
pre-specified genes, and combining whole-cell electrophysiology with RNA-sequencing 
analysis of entire single neuron transcriptomes—as performed in our study—can achieve 
a much more detailed, accurate and completely unbiased classification of cellular types 
and states [42]. In contrast with most single-cell transcriptome approaches, which require 
neurite-disruptive tissue dissociation to sequester single cells or rely on patch-pipette 
micro-aspiration of cytosolic mRNA molecules [53], the method we developed collects 
and processes the entire neuron and, therefore, not only includes mRNA from the cell 
soma but also from distant neurites, potentially providing a more complete representation 
of the transcriptome [54]. In this context, our approach might prove useful for studying 
neurological disorders such as fragile X syndrome that are characterized by dysregulation 
of mRNA transport and translation in local dendrites or at distant axonal sites, processes 
that crucially affect synaptic function and development [55, 56].

A major challenge of single-cell transcriptome analyses is to assure that only intact and 
non-compromised single cells are included in bioinformatics analysis pipelines. Sample 
quality control (QC) is a crucially important aspect of sequencing experiments as includ-
ing spurious samples may introduce unwanted variability in the data, potentially blurring 
or confounding biological analyses. To filter out potentially spurious captures in advance 
of deep sequencing, we developed a pre-sequencing QC pipeline for single-neuron 
Patch-seq samples (described in CHAPTER 4B, applied in CHAPTER 4A) based on four 
simple assays: (i) microscopic qualitative evaluation of successful neuron capture; (ii) 
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expression profiling of common housekeeping genes and added spike-ins (quantitative 
real-time PCR); (iii) fluoromeric quantitation of cDNA yield (Qubit); and (iv) qualitative 
analysis of cDNA fragment profiles (Agilent Bioanalyzer). While our results indicated 
some significant correlations between pre-sequencing QC measures and post-sequencing 
variables that are, at least to some extent, indicative of expression data quality, future 
research is warranted to explore in detail what (combination of) technical and biological 
data features best discerns technical artefacts from intrinsic biological heterogeneity.

In the last main chapter of this thesis (CHAPTER 5), we performed Weighted Gene 
Co-expression Network Analysis (WGCNA) [57] of our single-neuron RNA-sequencing 
data with the purpose of detecting sets of co-expressed genes likely to exhibit com-
monality of function, and that are associated with our electrophysiological neuron 
types. We identified a module of 495 highly interconnected genes whose expression was 
significantly upregulated in highly functional neurons, compared with immature neuron 
types. Various electrophysiological and morphological measures of neuronal maturity 
were strongly associated with this gene module, and Gene Ontology analysis revealed 
enrichment for processes related to mitochondrial energy metabolism and cytoskeletal 
organization. We additionally provide evidence that the identified co-expression module 
may play a general role in neuronal maturation, as a substantial number of module genes 
was enriched in a previously published single-cell RNA-seq study that compared adult 
(mature) versus fetal (immature) brain neurons [58]. Our most notable finding, however, 
is the identification of a set of 21 putative transcriptional regulators that may be involved 
in defining, regulating or even inducing the highly functional neuronal state. In the 
light of inducibly controlling (e.g., accelerating) functional maturation with the aim of 
creating less heterogeneous cultures of electrophysiologically more comparable neurons, 
pharmacological compounds that modulate these transcription factors represent very 
promising tools for future experimental studies. Alternatively, our results may guide the 
development of genetic engineering strategies that enable manipulation of key genetic 
regulators of the highly functional, developmentally more mature, neuronal state.

CONCLUSION AND OUTLOOK

Many neuroscience laboratories throughout the world employ iPSC technology to derive 
disease-specific neurons from patients afflicted with neurological or psychiatric disor-
ders. To ensure accurate identification of disease-associated phenotypes in iPSC-derived 
neurons in vitro, a careful consideration of both technical and biological sources of vari-
ability, which impact comparative analyses, is warranted. In the present thesis, we report 
the design of a new basal neuronal medium—BrainPhys™—that more closely mimics in 
vivo brain neurophysiological conditions, and better supports synaptic functions and 
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activity of neurons in vitro. Although the resulting improvement of in vitro physiological 
conditions is likely to improve the rate of translational success of stem cell-based research 
investigations, we should be aware of the fact that many neurological and psychiatric 
disorders have a developmental origin, and that fully capturing the complexity of mam-
malian brain development in vitro is a difficult, if not impossible, task. However, recent 
developments in three-dimensional (3D) cell culturing technologies offer great opportu-
nities to model in a laboratory dish various of the structural and functional features that 
are characteristic to the human brain [59, 60]. Compared with standard monolayer (i.e., 
2D) neuronal cultures, cultures of neurons grown in 3D more adequately recapitulate 
the intricate cell-cell interactions characteristic of in vivo brain anatomy. Hence, the 3D 
culturing of human stem cell-derived neurons, which is becoming more and more com-
mon these days, will undoubtedly enable a more precise in vitro investigation of nervous 
system function, development and disease. Important for such “organoid” culture systems 
is that they resemble the in vivo brain microenvironment as accurately as possible, and 
model not only the complexity of neuronal connections, but also the intricate interac-
tion of neurons with astrocytes, which have been shown to modulate neuronal activity, 
synaptic transmission and synaptic plasticity at the tripartite synapse [61, 62].

Another important point to note regarding neuropsychiatric disease modeling with 
human stem cells is that it will be impossible to recapitulate the complete phenomenology 
of psychiatric illnesses in a laboratory dish. Biological findings resulting from in vitro 
culture models of psychiatric disorders represent a strong simplification of the complex 
biological processes underlying specific psychological functions, and their successful 
translation to human clinical trials constitutes a major challenge. Although a strong 
genetic basis exists for many neurological and psychiatric illnesses, it is now generally 
accepted that these disorders are the result of complex interactions between genes and the 
environment [63-65]. While it is not possible to accurately mimic, in the lab, the complex 
environment to which we humans are exposed, it would be very interesting to study the 
effect of specific environmental exposures (e.g., hypoxia, cortisol, cannabis, etcetera) in 
interaction with complete patient genomes in iPSC-based models of neuropsychiatric 
disease [64].

In the second part of this thesis, we detailed the results of an in-depth profiling of indi-
vidual ESC- and iPSC-derived neurons at the functional, morphological and molecular 
level. We found strong correlations between electrophysiological function, morphology 
and gene expression. Although our single-neuron transcriptome analyses have revealed 
relevant insights into the molecular regulation of neuronal maturational diversity, I pro-
pose that future studies aimed at examining how the neuronal transcriptome regulates 
neuronal function account for diversity at the genomic and epigenomic levels. Single-cell 
transcriptome studies invariably assume that all cells have the same genome and stable 
epigenomes; yet, accumulating evidence suggests that neuronal diversity extends to the 
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genetic and epigenetic levels (reviewed in ref. [66]). In particular, variability in neuro-
nal genomes has been shown to arise due to (sub)chromosomal alterations [67-69] or 
“jumping” endogenous mobile genetic elements [70-73]. As such alterations in neuronal 
genomes are likely to induce alterations in gene expression [70, 74], it is very possible 
that a neuron’s transcriptome is a reflection not only of the cell’s electrophysiological 
function, but also of the status of the genome at a given point in time [66]. Emerging 
technologies for the parallel profiling of single-cell transcriptomes and genomes [75, 76] 
or epigenomes [77] may help further elucidate the specific contribution of genomic and 
epigenomic variation to neuronal transcriptional diversity. Ultimately, such investiga-
tions will provide us with a more accurate understanding of the molecular programs 
driving neuronal identity and maturation.
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Summary

There exists a tremendous degree of diversity within the neuronal population, and even 
morphologically similar-looking neurons can be markedly different in function. The 
major aim of this doctoral dissertation was to stratify the functional heterogeneity of hu-
man stem cell-derived neurons in vitro by investigating the molecular features that define 
neuronal identity in terms of specific functional and morpho-structural properties.

CHAPTER 1 is a general introduction to this thesis, outlining the scientific background 
and rationale to the studies presented. Specifically, in this chapter, I introduce the concept 
of modeling neurological and psychiatric disease features in vitro using patient-derived 
neurons, and discuss the existence of cellular heterogeneity as a major challenge to 
accurately interpreting findings from research investigations which employ stem cell-
derived neuronal models. I then describe how the technology of single-cell transcriptome 
sequencing can be used to dissect the biological heterogeneity of cell types, and obtain a 
detailed characterization of cellular state and function. Lastly, I detail the specific aims of 
the experimental work conducted, and provide an outline of the structure of the chapters 
of this thesis.

In CHAPTER 2, we provide an extensive literature review on the transcriptional and 
epigenetic mechanisms of somatic cell reprogramming to obtain a better understand-
ing of the complex molecular regulation of cell identity and pluripotency induction in 
somatic cells. The technology of induced pluripotent stem cell (iPSC) generation is quite 
inefficient and research studies are only beginning to elucidate the molecular mechanisms 
involved. From the studies reviewed, it is clear that faithful reprogramming is greatly 
dependent on various technical factors. Notably, non-optimal culture conditions in vitro 
can bring about considerable variation in cell-molecular profiles that could impinge on 
cells’ biological functionality.

In CHAPTER 3A, we present the first experimental evidence that in vitro neuronal 
culturing conditions may not be optimized to reflect fundamental principles of in vivo 
brain physiology. Specifically, in calcium imaging experiments, we found only very few 
neurons to be spontaneously active when imaged in Dulbecco’s Modified Eagle’s Me-
dium (DMEM), a standard basal medium routinely used in neuronal cell culture. Yet, 
many cells became active when imaging in a neurophysiological solution of artificial 
cerebrospinal fluid (ACSF) that had the exact same inorganic salt concentration, pH and 
osmolarity as DMEM. Providing a first indication that various components in DMEM 
(acutely) interfere with neuronal function, we found that removing all of the amino acids, 
vitamins or extra components of DMEM avoided the basal medium-induced impairment 
of neuronal activity.

Further in-depth electrophysiological analyses, detailed in CHAPTER 3B, revealed 
a strong impairment in synaptic function and action potential (AP) firing of neurons 
in DMEM, as well as in Neurobasal (a modified version of DMEM basal), and serum. 
The detrimental alteration of essential electrophysiological neuronal properties in these 
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media stimulated us to design a new basal medium that better mimics the healthy brain’s 
in vivo micro-environment and adequately supports essential physiological neural activ-
ity in vitro. Specifically in this new medium called BrainPhys™, we excluded or decreased 
the levels of neuroactive amino acids, and set the concentrations of inorganic salts and 
energetic substrates, as well as the osmolarity, to neurophysiological conditions. Notably, 
BrainPhys™ basal medium, with the appropriate supplements, supported long-term elec-
trical activity and survival of human neurons in culture, and enhanced neuronal synaptic 
function. We suggest that this synaptic enhancement is due to strengthening of silent 
synaptic contacts, rather than to the formation of new synapses.

CHAPTER 4A describes the results of a multi-dimensional characterization of single 
human neurons by combined electrophysiological, morphological and transcriptome 
(i.e., “Patch-seq”) analysis. We show that the inherent variation in basic electrophysi-
ological profiles of human stem cell-derived neurons can be largely explained by two AP 
metrics (amplitude and firing rate), which together enable categorization of the neurons 
into five functional types that largely reflect stages of increasing neurophysiological 
maturity. For these functional neuronal types, we found strong correlations between 
their electrophysiological properties, morphological features and molecular profiles. 
Importantly, machine-learning strategies enabled the identification of new molecular 
biomarkers that efficiently predict which neurons are highly functional independently 
of time spent in vitro. As proof of concept, we selected one of the putative neurophysi-
ological biomarkers—GDAP1L1—to effectively single out and enrich highly functional, 
live human neurons from heterogeneous cultures in vitro. This approach of predicting 
and studying neurophysiological cell types based on molecular signatures has higher 
throughput than patch clamping and may proof very useful for large-scale analyses in 
translational studies. 

In CHAPTER 4B, we detail our Patch-seq pre-sequencing quality control (QC) pipe-
line, which we established to facilitate the identification and filtering out of poor-quality 
and contaminated single-neuron captures ahead of library preparation and deep sequenc-
ing. Captured neuron samples were subjected to a series of QC steps that included (i) 
expression profiling of common housekeeping genes (quantitative real-time PCR), (ii) 
fluorometric quantitation of cDNA yield (Qubit) and (iii) subjective qualitative analysis 
of cDNA fragment profiles (Agilent Bioanalyzer), and any sample not meeting predefined 
quality standards was filtered out. Our results indicated some significant correlations 
between these pre-sequencing QC measures and post-sequencing variables that are, at 
least partially, indicative of expression data quality. The presented framework thus forms 
a basis for better methodological designs, which may decrease variability and increase 
statistical power in single-cell gene expression experiments.

In CHAPTER 5 of this dissertation, we conducted a systems-level analysis of the 
single-neuron transcriptome data by Weighted Gene Co-Expression Network Analysis 



239

Summary

(WGCNA) to acquire further knowledge of the biology underlying the different func-
tional neuron types. Our major finding is the identification of a cluster of 495 highly 
co-expressed genes that are strongly correlated with the functional properties and mor-
phological features of highly functional human neurons. These genes were found to 
be involved in processes related to mitochondrial energy metabolism and cytoskeletal 
function, and Gene Set Enrichment Analysis (GSEA) indicated that they might play a 
general role in neuronal maturity. Another important result is the identification of a set of 
21 putative transcriptional regulators of the highly functional, mature neuronal state. We 
suggest that these transcription factors represent promising targets for the development 
of novel chemical compounds that can accelerate the functional maturation of neurons.

The final chapter of this thesis, CHAPTER 6, critically discusses the experimental find-
ings presented, and points out potential limitations and future avenues for investigation. 
Overall, the results of our studies provide a basis for biologically more relevant and accu-
rate in vitro models of human neuronal cells derived from stem cells, which may facilitate 
the likelihood of translational success. The use of more physiological media to grow brain 
cells in vitro, and the stratification of functional neuronal heterogeneity to generate more 
homogeneous neuronal cultures, as detailed in this thesis, represent important means 
towards this end.
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Neurological and psychiatric disorders account for a substantial proportion of the world’s 
total disease burden (i.e., 9% of global disability-adjusted life years (DALYs) in 2010) 
[1]. With the growth and changing age composition of the population, the societal and 
healthcare burden of mental health conditions is expected to become an even more 
significant problem in forthcoming years. For example, the World Health Organisation 
has estimated that depression will be the leading cause of lost DALYs by 2030 [2], and 
has calculated a 12% increase in DALYs from neurological disorders by that year from 
2005 [3].

Mental disorders are often chronic and impact various (if not almost all) aspects of 
everyday living for patients and their families. Two major challenges that contribute to 
this personal burden can be identified as (i) a lack of compliance to treatments, and (ii) 
a huge knowledge gap between psychoeducation about the biological aspects of mental 
disorders as offered to patients in clinical setting, and current scientific knowledge as it 
is developing in the neurosciences. Overcoming this second challenge, for example by 
improving the information about neurobiological factors en mechanisms, may enable 
patients to formulate a better narrative and conceptual understanding regarding the 
development of their vulnerability. Knowledge development, as currently performed 
by studying living neurons from healthy subjects and patients “in a laboratory dish” (as 
presented in this thesis), may form—if interpreted with caution—a body of information 
on neurobiological factors and mechanisms involved in the onset and course of mental 
disorders, which may benefit patients and family members in better narrative and con-
ceptual understanding on the development of their vulnerability, and may furthermore 
improve compliance to treatment.

Apart from the individual and societal burden that mental disorders represent for the 
patients and those who care for them, these brain-related disorders have a significant 
economic impact. The global cost of mental illnesses was estimated at US$ 2.5 trillion 
in 2010, and is predicted to escalate to US$ 6.0 trillion by 2030 [4]. It is important to 
point out that the true economic burden of mental health conditions may be considerably 
underestimated in these calculations due to the known comorbidity of these disorders 
with other chronic medical conditions, including cardiovascular disease [5, 6], diabetes 
[7], obesity [8, 9] and cancer [10], as well as with accidental death [11]. Moreover, the fact 
that only about one-third of total costs come from direct medical care, with the rest of 
expenses being incurred from lost employment or diminished work productivity due to 
the mortality and morbidity associated with these disorders [4], indicates that treatment 
options available to date are largely ineffective. Therefore, with a global surge in aging 
populations, the need for novel health discoveries through state-of-the-art scientific 
research has greatly exacerbated.

Although translational neurosciences research is relatively underfunded [12, 13], it 
has tremendous potential to dramatically impact the way we understand, prevent and 
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treat neurological and psychiatric disease. Preclinical trials with experimental animal 
models are essential and will continue to provide important insights into the biological 
mechanisms of mental health conditions; yet, pharmacological interventions found to be 
effective in in vivo animal studies almost invariably fail to translate to the human situation 
due to factors such as species differences, human brain complexity and patient/disease 
heterogeneity [14]. Most mental illnesses are complex disorders whose phenotypes can 
seldom be fully recapitulated by single-gene manipulation. The premise is therefore that 
preclinical trials with living human brain material are the most accurate and desired ap-
proach to study the precise physiological dysfunction of a neurological or psychiatric 
disorder, and avoid translational pitfalls. In this thesis, we describe a series of experiments 
that have resulted in the establishment of a biologically more relevant and accurate in vi-
tro model of human neuronal cells derived from stem cells. The major implications of our 
findings and opportunities for valorization are detailed in this valorization addendum.

IMPROVING TRANSLATIONAL SUCCESS IN NEUROLOGY AND PSYCHIATRY: 
TOWARDS MORE EFFECTIVE PHARMACOLOGICAL TREATMENTS

Through recent advances in human cell reprogramming [15-18], it is now possible to 
generate virtually unlimited quantities of live human neuronal cells from readily acces-
sible tissue sources, including skin cells. The ability to generate neuronal cell lines from 
patients afflicted with neurological and psychiatric disorders as well as from matched 
healthy control subjects has opened up new avenues for the modeling of both cellular 
and molecular pathophysiological features of brain disorders “in a laboratory dish” [19]. 
Research approaches using human patient-derived neuronal cultures represent a favor-
able intermediate between animal experiments and human clinical trials, and have vast 
potential to transform research and medicine by enabling drug discovery to be directly 
pursued on live human neuronal tissue [20-22].

Although in vitro human neuronal disease models derived using cell reprogramming 
technologies offer great promises to revolutionize medicine by facilitating the discovery 
of novel pharmacological interventions, it is imperative that such models are as realistic 
as possible to the human situation so as to optimize translational success to the clinic. 
Our results demonstrate that commonly used media for the differentiation and culturing 
of human neurons generally interfere with proper neuronal physiological function, and 
provide conditions that are much different from the living brain. More realistic neuronal 
models will be more likely to recapitulate the dysfunctional biology of neurological and 
psychiatric disorders, and improve the chances of discovery and translational success 
of novel pharmacological treatments. As detailed in this thesis (CHAPTER 3B), our 
design of a new neuronal medium that better resembles in vivo brain conditions, now 
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commercially available through STEMCELL Technologies Inc. as BrainPhys™, brings 
researchers around the world one step closer to this goal. The improvements made in 
this new medium, along with ongoing further developments in cell culture conditions 
and techniques, are expected to advance our understanding of mental health disorders 
and promote a more robust and accurate platform for preclinical drug development and 
testing.

Despite continuous advances in cell culturing methods, neuronal cultures remain inher-
ently variable and are often characterized by a considerably heterogeneous proportion of 
functionally mature neurons [23, 24]. In comparing patient- and healthy control-derived 
neurons, we must strive to control for this source of variability by e.g. limiting cellular 
and molecular analyses to only mature functional neuronal cells. A major outcome of the 
research presented in this dissertation is the identification of a set of new live biomarkers 
associated with highly functional human neurons. As we demonstrate in CHAPTER 4A, 
these markers can be used to purify neurons of highly functional neuronal states from 
heterogeneously differentiating neuronal cultures. It may be expected that these and yet-
to-be-discovered biomarkers of different neuronal types and states will be increasingly 
applied in future disease modeling experiments of brain disorders to reduce immanent 
phenotypic variability and streamline more accurate and robust investigations of drug 
development in high-throughput fashion. Without doubt, minimizing variation among 
neuronal populations and using more physiological neuronal models will importantly 
contribute to the successful translation of new discoveries into effective treatments.

PHARMACOGENOMICS APPROACHES TO PREDICTING DRUG 
RESPONSIVENESS: TOWARDS PERSONALIZED MEDICINE

Experiments like those described in this thesis may also offer future opportunities for 
personalizing drug therapy in patients. Although in this thesis we restricted our elec-
trophysiological and molecular analyses to neurons derived from healthy donors, the 
research model we established based on cell reprogramming methodology can be applied 
to studying the molecular and neuronal dysfunction of any neurological or psychiatric dis-
ease in vitro. The electrophysiological and molecular properties of single patient-derived 
neurons can be correlated with patients’ clinical and genomic profiles, an approach that 
may advance the discovery of disease mechanisms and potential new therapeutic targets. 
Additionally, the cellular effects of drugs prescribed to the patients can be studied in 
the patient-derived neuronal lines and correlated with observed behavioural symptoms, 
thus enabling a prediction of the clinical responsiveness of the patients to specific drugs 
to be made based on outcomes of in vitro cellular assays. Ultimately, such an approach 
that correlates cellular drug effects with clinical patient features will enable clinicians to 
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take a bold step toward personalized medicine by providing novel rationales for effective 
pharmacological treatment.

CONCLUSION

The work detailed in this thesis provides a promising framework for facilitating the 
discovery of novel biomarkers and treatments for various neurological and psychiatric 
disorders. Specifically, it is anticipated that creating more physiological in vitro culturing 
conditions and establishing more homogeneous neuronal cultures in disease modeling 
experiments will result in new mechanistic insights into the pathology of brain disorders 
and the identification of novel drug actions. The approach we outline in this thesis can 
be applied to model “in a laboratory dish” any brain disorder of public health importance 
in a more realistic and less variable manner, and improve rates of translational success. 
In a step towards personalized medicine, such improved in vitro disease models may be 
used in the future to study in detail the mechanisms of action of pharmaceuticals, and 
predict the clinical responsiveness of patients to prescribed drugs. Taken together, the 
framework provided by our studies offers manifold opportunities for medically relevant 
investigations aimed toward decreasing the personal, societal and economic burden of 
various neurological and psychiatric disorders. In this respect, productive collaboration 
of research scientists with clinical groups, biotechnology companies and industry is key 
to accelerating discovery and generating outcomes that benefit society.
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