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ABSTRACT  

 
Background & Problem: 100 million Americans are affected by one or more neurological 
diseases. The initial stages of new pharmacotherapy identification rely heavily on in vitro or 
in vivo studies (e.g., animals or animal tissues such as primary cultures of isolated 
neurons)—the latter of which entails significant financial, labor, and time investment. There 
exist in vitro culture systems that bypass the investments and restrictions inherent to 
animal research. 
 
Aim: The current study aims to characterize one such novel in vitro culture system that 
reduces these time and financial costs.  
 
Methods & Results: NTera2/cl.D1 (NT2) cells, a clonally-derived pluripotent human 
embryonal carcinoma cell line, are known to differentiate into functional neurons following 
treatment with retinoic acid (RA) for 4 weeks followed by another 4 weeks of treatment 
with MI (totaling 56 days of treatment). Here, based on work by González-Burguera et al. 
(2016), we found that treatment with 20μM of the nucleoside analogue cytosine-B-D-
arabinofuranoside (AraC) for 6 days resulted in differentiated neurons and astrocytes that 
were viable for at least 12 days post-differentiation.  
 
Conclusions: Using immunofluorescence (IFC), we determined that NT2 neurons (NT2N; 
anti-NeuN) and astrocytes (NT2A; anti-S100β) were present in a 2:1 ratio, respectively. 
Furthermore, we found that the NT2N cells consisted of glutamatergic (anti-VGluT1) and 
GABAergic (anti-GAD67) subtypes in a 4.8:1 ratio, respectively, which is similar to the ratio 
found in vivo. Preliminary functional studies performed via electrophysiology indicate that 
these cells possess the machinery for spontaneous action potentials. Development of this in 
vitro system of accelerated neuronal network establishment will improve costs associated 
with drug screening and potentially reduce the use of animals in preclinical studies.  
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CHAPTER 1: INTRODUCTION  
 

RATIONALE: 
 
Over 100 million Americans are afflicted by at least one neurological disease (1). In 2014, 
epilepsy—one such neurological disease—cost the United States of America almost $37 
billion in direct (e.g. hospitalizations, doctor visits) and indirect (e.g. loss of labor in the 
workforce from the patient or patient’s family) costs (1). This cost does not include the $1.3 
to $2.6 billion U.S. dollars (USD, $) needed to develop any single drug—a process spanning 
from drug candidate identification to market approval (2, 3). However, the total price of 
drug development does include the “cost of capital”—the estimated potential profit that 
companies sacrifice  to pursue one drug candidate over another (2). Excluding the “cost of 
capital”, companies invest $1.3 to $1.4 billion USD out of pocket into researching drug 
candidates (2, 3), most of which ultimately fail when tested in humans (4). In addition to 
these financial considerations, drug development entails a significant time investment. On 
average, it takes more than 10 years to bring a drug candidate from identification to market 
approval (4). Developing drug candidates aimed at addressing specific health conditions, 
such as neurological diseases, takes even longer (5).1 
 
Initially, drug development relies on basic science research, such as in vitro drug screens, 
and on pre-clinical studies, such as in vivo studies of animal models or animal tissue. Drug 
candidates that pass safety and efficacy standards in in vivo studies may get approved for 
testing in the three-phase stage of human clinical trials. This stage takes an average of 6-7 
years (4) and costs between $19.9 to $79.1 million USD, excluding overhead charges for 
facilities and paying staff (6).  
 
Despite the years of careful and costly research, less than 12% of drugs that enter clinical 
trials obtain FDA approval to enter the market (4). Specifically, of those that enter Phase III 
trials, 54% fail, with 57% of these failures due to insufficient efficacy despite demonstrating 
efficacy in in vivo studies (7). The 46% of drugs that pass Phase III must then apply for Food 
and Drug Administration (FDA) approval before being released to the public (7). In other 
words, less than 12% of drugs that show promise in in vivo animal studies translate these 
promising results to human studies sufficiently to warrant market approval.  
 

OTHER MODELS: 
 
This failure to translate promising results seen in in vivo studies to humans has led some 
researchers to question the degree to which the drug development process depends on 
animal studies (8). Some suggest that researchers critically consider better, more predictive 
in vitro models before testing drug candidates in in vivo models (9). Such in vitro studies 

 
1 For drugs aimed at treating neurological diseases, this period is extended further because it takes an average of 1.9 years, 
rather than the all-drug average of 1.2 years, to approve these drugs for use (5). 
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could include cell models in which cell assays screen out drug candidates to streamline the 
timeline of in vivo testing. On a practical level, in vitro work avoids the financial, ethical, and 
logistical obstacles that slow down and drive up costs of in vivo animal work, including 
Institutional Animal Care and Use Committee (IACUC) regulations, specific genetically-
modified animal expenses, animal technician and veterinarian labor, facilities, and time 
required for animal maturation and breeding.  
 
One in vitro option is a primary cell line, which can be animal or human in origin and does 
not require differentiation (17, 59, 60). Although primary cells reliably mimic cell behavior in 
vivo (17, 59, 60), their use is limited for several reasons (59, 60): In the case of primary 
neuronal tissue, one important consideration for evaluating the utility of a cell line is that 
primary neurons are not immortal (i.e. do not divide indefinitely) (59, 60). Furthermore, 
collecting primary neurons requires specialized labor (e.g. surgery), expensive materials, 
and further isolation from surrounding, non-neuronal tissue (59, 60). Thus, the primary 
neurons collected via surgery yield a limited number of cells with which to conduct 
experiments (59). Therefore, each time researchers seek to test a drug candidate in primary 
neurons, they need to invest the material and labor costs associated with obtaining and 
isolating primary neurons. The upfront cost of primary neuron cultures is simply 
exacerbated by the fact that researchers who obtain primary neurons must adhere to the 
same ethical and logistical guidelines as in vivo animal studies (e.g. seeking IACUC approval). 
Furthermore, obtaining primary human neurons is an even more tedious process, as it 
invokes the Institutional Review Board, which oversees the use of human subjects or human 
tissue in research (59, 60). An additional restriction on human primary neurons relates to 
their origin. Ethical guidelines prevent the collection of human primary neurons from 
healthy patients. Thus, researchers are restricted to using human primary neurons that are 
collected from patients whose neurological conditions warranted neurosurgery (61). Thus, 
observations made in human primary neurons in vitro may not accurately reflect neurons at 
physiological conditions in vivo (61). Finally, some institutions prohibit the use of tissues 
with morally-contentious origins (e.g. neurons from an aborted fetus). Given these 
limitations to using primary cell lines, it is prudent to consider an alternative: in vitro 
secondary cell lines, which have the potential to circumvent the temporal and financial 
obstacles facing the use of primary cell lines. 
 
Nevertheless, the characteristics of certain secondary in vitro cell lines make them more 
suitable for studies on neurological diseases compared to other cell lines (17). One 
important consideration for such studies is a cell line’s ability to model the characteristics 
and functions of the human central nervous system (CNS) in vivo, which makes results more 
translatable (i.e. predictive). Additionally, it would be best to find a cell line that is robust, 
relatively easy to culture, and differentiate into neurons with functional receptors neuronal 
morphology, and the ability to generate electrical activity. For previously-mentioned 
practical and financial reasons, it makes sense to pursue an immortal cell line (i.e. capable 
of indefinite division or passaging) that bypasses the ethical barriers facing researchers who 
use animal or human tissue. A final consideration is that human neurons possess specific 
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channels (61), pathways, and receptors (17) that may be absent (17, 61), controversially 
present (17), or non-functional (17) in animal equivalents (61). As such, with efficiency and 
the resemblance to physiological human CNS behavior in mind, we now turn to cell lines of 
human origin to limit cross-species extrapolation in our interpretations (62).  
 
Two prominent in vitro cell lines with human origins that fit many of these criteria include 
SH-SY5Y (ATCC® CRL-2266) and NTERA-2 cl.D1 [NT2/D1] (ATCC® CRL-1973) (referred to here 
as NT2). SH-SY5Y cells originate from the bone marrow of a female pediatric patient with 
neuroblastoma (17). NT2 cells originate from testicular cancer cells that metastasized to the 
lungs of a male, adult patient (17). Both cell lines are adherent2, can differentiate into 
neurons via relatively simple (11, 64) induction protocols, and are used in a variety of 
neuronal studies (17). Both are secondary cell lines, meaning they are free of the ethical 
restrictions on primary cell cultures. However, they differ in several respects.  
 
First, because SH-SY5Y-derived neurons are primarily catecholaminergic (including 
dopaminergic), these cells are heavily used in the study of Parkinson’s Disease (17, 74).3 On 
the other hand, populations of NT2-derived neuron (NT2N) populations are composed of 
diverse neurotransmitter phenotypes (27). Second, SH-SY5Y cells lose their potential for 
neuron differentiation at passages exceeding 20 (17), which is much lower than the 68 
passages reported for NT2 cells (16). The length of time (in terms of passage numbers) for 
which a cell line can reliably differentiate into a neuronal population determines its practical 
utility for neuron studies. The comparative instability of SH-SY5Y cells in this respect is an 
unfortunate but important consideration regarding lab finances and research efficiency. 
Third, furthermore, following neuronal differentiation, the majority of SH-SY5Y-derived 
neurons are not irreversibly post-mitotic (i.e. they revert back to a proliferative state) (64). 
This feature distances SH-SY5Y-derived neurons from NT2N cells (11, 13, 15, 33, 63) and, 
importantly, from the exact mature neurons (13, 63) that SH-SY5Y-derived neurons are 
meant to mimic. Fourth, as previously mentioned, the ideal cell line will, upon induction, 
differentiate into a primarily neuronal population that generates electrical activity. It is true 
that both SH-SY5Y and NT2 cells produce terminal populations capable of drug-sensitive and 
evoked electrical activity (23, 24, 65). Additionally, SH-SY5Y (65) and NT2 (23, 24, 76) cells 
can differentiate into neurons that possess functional voltage-gated ion channels. However, 
conflicting reports make it unclear whether SH-SY5Y-derived neurons contain functional 
ligand-gated ion channels (17), such as ionotropic glutamate receptors (17). Furthermore, 

 
2 Like many cell types, NT2 and SH-SY5Y cells stick (adhere) to an artificial substrate to survive and grow. As they grow, 
they populate and cover the growth surface, which has limited area due to the physical size of their vessel (e.g. flask, Petri 
dish). This growth occurs over a few days. Because cells continue to grow even after occupying the entire growth surface, 
once the surface reaches a % of confluence (refers to how populated the growth surface is), cells must be passaged. 
Passaging (i.e. splitting) is a process by which a population is divided into equally-sized groups of cells, which are seeded 
(i.e. placed onto growth surface) across multiple, new growth surfaces (one equal fraction per new vessel), allowing them 
to grow to confluence again. Thus, passaging is a way to multiply the number of cells available to us. For example, if I take 
a confluent vessel, and split the cell population evenly across 6 new vessels, my passage ratio would be considered one-to-
six (1:6). The old confluent vessel had a passage number, and cells in the new collection of 6 vessels  are considered one 
passage number higher. 
3 For a review of SH-SY5Y cells, see Xicoy et al. (2017). 
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only one study4 reported evoked responses (with highly variable amplitudes) in very few SH-
SY5Y-derived neurons and an absence of any5 network activity (65). Contrastingly, NT2N 
cells not only possess functional, drug-sensitive receptors that participate in excitatory (17, 
24, 25) and inhibitory (24, 41) neurotransmission but also generate spontaneous (38) and 
evoked activity (17, 24, 25). Fifth, and finally, NT2N cells have been successfully grafted into 
the brains of human stroke patients with no return to their teratocarcinoma (i.e. cancerous) 
state even six months after implantation (35, 69), indicating that NT2N cells can incorporate 
into the in vivo environment of the human brain. For these reasons, we will further consider 
the NT2 cell line. 
 

NT2 CELL LINE: 
 
The NT2 cell line is an adherent cell line of human embryonal teratocarcinoma cells that 
spontaneously differentiate, to a limited degree, into neurons (10, 12, 14). NT2N cells are 
used to study neuronal function during both homeostasis and under cellular stress (e.g. 
excitotoxicity) (17). Do note that the NT2 cell line can also be induced to differentiate into 
astrocytes, as will be discussed later in this introduction. 
 
The protocols used to differentiate NT2 cells into neurons fall into two categories: 
conventional and novel. All conventional protocols follow the same timeline and share the 
same differentiation agents: These protocols rely on 4-week retinoic acid (RA) treatment 
followed by 3-4 weeks of MI treatment (10, 11, 12, 13, 14, 15, 16, 17, 23, 24, 25, 26, 27, 28, 
29, 31, 32, 33). These conventional protocols have been in use for at least a decade and 
produce terminal populations with some common features, including phenotypic and 
functional characteristics. The novel protocols category includes only 1 protocol, published 
by González-Burguera et al. (2016), that relies on 6-day treatment with only one MI as the 
agent of differentiation (rather than RA), has been in use for less than a decade, and has not 
undergone any functional characterization. The terminal population of this protocol is 
distinct from that produced by conventional protocols.  
 
The remaining pages of Chapter 1: Introduction finely focuses on establishing the use of the 
NT2 cell line, particularly given the features that NT2 cells obtain upon neuronal 
differentiation. The conventional protocol has been vastly more characterized than the 
novel protocol. As such, we will discuss what is known about conventionally-differentiated 
NT2 neurons to A) establish why this cell line is a promising model to investigate and B) 
allude to why a more efficient way of obtaining neurons from NT2 cells would benefit in 
vitro research involved in drug discovery studies. To this end, we will first present data from 
the conventional protocol to describe the characteristics that differentiated NT2N cells 
obtain. Particular attention is paid to those features that are most pertinent to the present 

 
4 This study by Johansson (1994) used an out-of-date differentiation protocol for SH-SY5Y cells that produces a population 
of primarily non-neurons (64). Furthermore, no electrical studies have been conducted since Johansson (1994) using either 
the out-of-date or updated Encinas et al. (2000) differentiation protocols. 
5 Spontaneous or evoked 
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project, such as cell types, synaptic formation, neurotransmitter variety, receptor presence 
and function, and electrophysiological properties. Here, conventional protocols are 
collectively referred to as RA-mediated NT2 cell differentiation. Second, to the extent that 
the novel González-Burguera et al. (2016) protocol has been characterized in these 
manners, this section, too, will cover these properties. A guiding question for consideration 
is: With particular consideration for the present project, what are the most pertinent 
characteristics that NT2 cells are known to obtain upon neuronal differentiation? 
 

ESTABLISHED FEATURES OF DIFFERENTIATED, NT2-DERIVED POPULATIONS: 
 
RA is a derivative of vitamin A and plays a critical role in the proper early development and 
survival of human neurons in vivo (67). In in vitro applications, it is thought that RA induces 
neuronal differentiation (31, 67) of NT2 cells in part by decreasing the expression of stem 
cell factors at the mRNA (31) and by triggering protein degradation (68) levels. It is thought 
that RA halts the cell cycle by increasing p53 activity (77). Although RA induces the 
expression of some genes (75), the specific genetic, molecular, and protein targets of RA 
remain unclear, as are any downstream pathways involved in RA-mediated NT2 cell 
differentiation. Conventional RA-mediated differentiation of NT2 cells is a commonly-used 
method to obtain a neuronal population (10, 11, 12, 13, 14, 15, 16, 17, 23, 24, 25, 26, 27, 
28, 29, 31, 32, 33). This process lasts 7-8 weeks (10, 11, 13), spanning 4 weeks of RA 
treatment followed by an additional 3-4 weeks of treatment with a cocktail6 of mitotic 
inhibitors (MI) (10, 11, 12, 13, 15, 16) to yield a neuronal population (11, 13, 15, 16). In its 
original form published by Andrews (1984), RA-mediated differentiation treated NT2 cells 
with media containing 10 μM of RA for 3 weeks, generating a heterogeneous population of 
neuronal and non-neuronal (but not glial) cells (10, 11). Today, two versions of the original 
protocol by Andrews (1984) are in use: one by Pleasure et al (1992) and one by Paquet-
Durand et al. (2003). 
 

A. POTENTIAL FOR NT2 CELL DIFFERENTIATION: CNS NEURONS AND ASTROCYTES: 
Pleasure et al. (1992) updated the Andrews (1984) protocol by lengthening RA treatment to 
4 weeks, adding selective replating of NT2 cultures that appeared more neuronal, and 
introducing the use of MI treatment7 for 3-4 weeks. These changes resulted in a protocol 
lasting 7-8 weeks long but that also yielded a population of 95% neurons (RA-NT2N) which 
expressed proteins indicative of a neuronal identity (13) and were immunopositive for CNS 
(11, 12, 13, 66) but not peripheral nervous system neuronal markers (11). 
 

 
6 One variant (12) of the Pleasure et al. (1992) protocol uses some MI during part of RA treatment as well as after RA 
treatment. In this version, the MI cocktail that is used during RA treatment differs in concentration and composition from 
that used after RA treatment. 
7 In the Pleasure et al. (1992) protocol, these MI included 10 μM fluorodeoxyuridine (4 weeks), 10 μM uridine (4 weeks, 
concurrent with fluorodeoxyuridine), and 1 μM AraC (1 week, concurrent with the 1st week of fluorodeoxyuridine and 
uridine) (11). 
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The aforementioned Pleasure et al. (1992) protocol remains the most widely used despite 
its 2-month timeline and numerous unsuccessful attempts8 at optimization. For example, in 
2016, a report by Abolpour-Mofrad et al. modified the Pleasure et al. (1992) protocol. While 
these modifications improved terminal population survival (in terms of population size), 
they did not shorten the timeline and instead increased costs and labor. Another attempt at 
optimization (34) unfortunately yielded a lower neuronal ratio (16). Alternatively, protocol 
proposed by Paquet-Durand et al. (2003) lasts only 4-weeks and successfully yields a 95%-
pure neuronal population (15) that is immunopositive for synaptic markers (15, 16). 
Although the Paquet-Durand et al. (2003) and Pleasure et al. (1992) protocols use the same 
concentration (10 μm) of RA and MI cocktail to differentiate NT2 cells (16), the Paquet-
Durand et al. (2003) protocol has yet to undergo functional characterization to same extent 
as the Pleasure et al. (1992) protocol. Thus, despite repeated attempts at optimization (12, 
16, 34), the most common protocol and the one most thoroughly tested using 
immunofluorescence (IFC) and electrophysiology, is the Pleasure et al. (1992) 8-week 
protocol (17). As such, hereafter and unless otherwise noted, conventional RA-mediated 
differentiation refers to studies using the 8-week Pleasure et al. (1992) protocol. 
 
One important feature of mature neurons is their lack of DNA synthesis during mitosis. 
During DNA synthesis, cells grow a DNA chain by incorporating nucleotides. In 
bromodeoxyuridine (BrDU) staining, uptake and incorporation of BrDU, a fluorescently-
labelled thymine analog, indicates a cell undergoing DNA synthesis during mitosis. Both the 
Pleasure et al. (1992) Paquet-Durand et al. (2003) protocols produce post-mitotic cells, as 
indicated by the lack of BrDU incorporation following RA-mediated differentiation (11, 13, 
15, 33, 63).  
 
As previously mentioned, it should be noted that a modified RA-differentiation method can 
also produce cultures that strongly label with the glial fibrillary acidic protein (GFAP) (RA-
NT2A) antibody by replating and passaging RA-differentiated populations that do not 
undergo MI treatment (23, 28, 33). The expression of GFAP in RA-NT2A cultures has been 
confirmed by Western blot (33). Since MI prevents mitosis, its presence in media prevents 
the proliferation of non-neuronal and dividing cells. During RA differentiation, unless 
measures are taken to increase astrocytic (NT2A) yield, the cell population is usually 
negative for the astrocytic marker GFAP (10, 11, 15, 27, 38, 42). Only 1 published study 
reported GFAP staining when astrocyte-enhancement measures were not taken (12). In this 
study, GFAP staining was very weak, contradicting most other reports showing that 
conventional RA-differentiation yields a population with no GFAP staining (10, 11, 15, 27, 
38, 42). On the other hand, RA-NT2A cells possess astrocytic morphology (23), strong GFAP 
staining (23, 28, 33) and expression (33), express glutamate transporter mRNA and proteins 

 
8 We mention the Abolpour-Mofrad et al. (2016) protocol as an example of these unsuccessful attempts. Another example 
(cited by Paquet-Durand et al. (2003)): The protocol by Cheung et al. (1999) also relies on RA and shortened the Pleasure 
et al. (1992) protocol to 3 weeks (34) but was ultimately more tedious and yielded a lower ratio of neurons (ratios not 
provided by Paquet-Durand et al. (2003) nor Cheung et al. (1999)). 
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(33), astrocytic proteins (33), and undergo calcium oscillations and synchronous calcium 
waves (23). 
 

B. NEUROTRANSMITTER PHENOTYPES:  
In addition to being post-mitotic and immunopositive for neuronal markers, RA-NT2N 
populations are composed of an array of neurotransmitter phenotypes (27), as 
demonstrated through IFC and Western blot experiments (13). Although exact percentages 
of each neurotransmitter type differs across studies, RA-NT2N populations often include a 
combination of glutamatergic (13, 15, 17, 24, 25, 28, 66), γ-aminobutyric acid(GABA)ergic 
(13, 15, 17, 27, 29, 41, 66), cholinergic (13, 15, 17, 27, 42), peptidergic (15, 17, 27), 
catecholaminergic (15, 17, 27), and serotonergic (15, 27, 28) neurotransmitter phenotypes. 
Sometimes, multiple phenotypes are observed in an individual RA-NT2N (13, 27).  
 

C. FUNCTIONAL PROPERTIES: 
To determine whether RA can induce differentiation into neurons that are functional, 
studies of receptor mRNA and protein expression (13, 24, 25, 42), patch clamping (23, 24, 
25, 26, 29, 41, 66), and calcium imaging (23, 28) have been conducted. RA-NT2N cells 
express mRNA transcripts that encode, for example, glutamate (25), GABA (41), and 
nicotinic acetylcholine (42) receptors. At the protein level, patch clamp studies establish 
that RA-NT2N cells express functional receptors, such as ligand-gated ionotropic glutamate 
(24, 25) and GABA receptors (GABAAR) (24, 41). 
 

Glutamatergic Neurotransmission: 
Glutamate is the most common excitatory neurotransmitter in the human central 
nervous system. Two post-synaptic ionotropic glutamate receptors in the human CNS 
are the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/Kainate 
receptors (AMPA/KAR) and N-methyl-D-aspartate (NMDA) receptors (NMDAR) (17, 24, 
25). Expression of NMDAR has been observed at the mRNA (25) and receptor (24, 25, 
26, 29) levels in RA-NT2N cells. Together, neuronal AMPA/KAR and NMDAR allow 
calcium influx at the post-synaptic membrane, leading to depolarization (17). Whole-cell 
patch clamp (voltage-clamped) recordings of RA-NT2N glutamate-induced currents 
reveal biphasic kinetics (25) that resemble currents seen in vivo (17). Outside-out patch 
clamp (voltage-clamped) recordings also reflect glutamate-induced currents (23). 
Multiple reports show that elimination of the initial transient phase by application of 6-
cyano-7-nitroquinoxaline-2,3-dione (CNQX), a competitive AMPA/KAR antagonist, 
reveals that this phase is AMPA/KAR-mediated (24, 25). The AMPA/KAR-mediated 
depolarization relieves the magnesium block in NMDAR (17, 24, 25). The slowly-
deactivating second phase can be eliminated by application of (2R)-amino-5-
phosphonovaleric acid (APV), a selective NMDAR antagonist, indicating that this phase is 
NMDAR-mediated (24, 25). Additionally, exogenous application of magnesium 
eliminates glutamate-induced single-channel NMDAR currents, as seen in outside-out 
patch clamp (voltage clamped) recordings (25). Another study using whole-cell patch 
clamp (voltage-clamp) recordings has shown that memantine, a non-competitive 



 

 

   

8 

NMDAR channel blocker, also eliminates NMDAR currents (29). These glutamate-
induced AMPA/KAR- and NMDAR-mediated currents and responses to antagonists 
provide evidence that differentiated NT2 cells are capable of typical, evoked glutamate 
neurotransmission (17, 24, 25).  

 

GABAergic Neurotransmission: 
Although glutamate is the most prevalent excitatory neurotransmitter in the human 
CNS, its dialectical counterpart in the mature human CNS is the inhibitory 
neurotransmitter GABA. GABA receptors respond to GABA by allowing chloride ion 
influx, leading to hyperpolarization (41). Neelands et al. (1999) established that, upon 
differentiation with RA, RA-NT2N cells express the mRNA for all GABAAR subtypes. At 
the protein level, whole-cell patch clamp (voltage clamp) experiments demonstrate that 
RA-NT2N GABAAR currents, like those recorded in vivo, desensitize with prolonged GABA 
exposure (24, 41). This finding is supported by outside-out patch clamp (voltage clamp) 
experiments (23). Furthermore, GABAAR agonists and antagonists produce 
concentration-dependent enhancement and inhibition, respectively, of GABAAR activity 
(24, 41). For example, Hartley et al. (1999) demonstrated that the selective GABAAR 
antagonist, bicuculline, eliminates the GABAAR current. Taken together, the studies on 
glutamate and GABA receptors demonstrate that RA-NT2N cells are capable of evoked 
excitatory and inhibitory neurotransmission. 

 

Spontaneous and Evoked Electrical Activity: 
In addition to glutamate and GABA receptor expression, RA-NT2N cells are also capable 
of evoked (24, 66) and spontaneous (38) action potentials, spontaneous post-synaptic 
currents (24), and evoked and spontaneous changes in intracellular calcium levels (23). 
Specifically, Görtz et al. (1999) showed that pure cultures of RA-NT2N cells seeded on 
multielectrode arrays (MEA) are capable of spontaneous single-unit spikes (i.e. action 
potentials) (38).9 However, this activity is restricted to one or two neighboring MEA 
electrodes (38). Furthermore, spikes do not occur in tandem across the MEA and are not 
organized into bursts10 (38). These results indicate that RA-NT2N do not generate 
widespread, synchronized (i.e. network) activity (38). Additionally, APV, magnesium, and 
tetrodotoxin (TTX) each inhibited spontaneous RA-NT2N action potentials significantly 
less than they did in primary rat neurons (38). The reduced effect of APV and 
magnesium on spontaneous action potential generation may suggest abnormal 
glutamate receptor dynamics in RA-NT2N cultures (38). Since voltage-gated sodium 
channels (Nav) channels are essential in the rising phase of the neuronal action 
potential, TTX—an Nav pore blocker (23, 38, 57)—should theoretically block 
spontaneous action potentials. Görtz et al. (1999) attributed this TTX hyposensitivity to 
immature synaptic formation and low Nav density. However, studies using RA-NT2N 
cells co-cultured on astrocytes suggest a different conclusion by pointing to the role of 

 
9 Note that an MEA can detect and characterize only action potentials, not ion currents. 
10 Görtz et al. (1999) recordings from primary rat cortical neurons show activity that is organized into bursts. 
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the tripartite synapse (23, 66) in synapse formation (66) and generation of electrical 
activity (23, 24). 

 

Synapse formation: 
Synaptic protein expression in RA-NT2N cells indicates that NT2 cell differentiation can 
produce neurons that form synapses. In addition to electron microscopy images 
depicting synapses (27) and vesicles (24), RA-NT2N cells are immunopositive for markers 
of pre-synaptic proteins, including synapsin (15, 24, 26, 34, 66)11 and synaptotagmin (12, 
15, 24). Synapsin is a pre-synaptic protein involved in synaptic formation, plasticity, and 
neurotransmitter release and is present in functional synapses (39).12 Synaptotagmin is 
a vesicle-attached calcium-sensing synaptic protein that promotes vesicular, calcium-
mediated neurotransmitter release (40). Coyle et al. (2011) reports that while purely RA-
NT2N cultures can generate evoked action potentials following electrical stimulation13, 
they cannot form functional synapses, as indicated by a lack of spontaneous post-
synaptic currents (66). Only when RA-NT2N cells are co-cultured on astrocytes will RA-
NT2N cells generate spontaneous post-synaptic currents indicative of functional synapse 
formation (24). 

 

The Role of Astrocytes in NT2N Electrical Activity: 
The tripartite synapse considers the contribution of the pre-synaptic, post-synaptic, and 
astrocytic cells in neurotransmission (23). Evidence from RA-NT2N cells cultured on 
either primary rat astrocytes (24) or with RA-NT2A (23) suggest that the lack of 
astrocytes (as indicated by negative GFAP immunoreactivity) in the culture used by 
Görtz et al. (1999) may have contributed to the observation of abnormal action 
potential characteristics. By injecting a current via a whole-cell patch clamp (current 
clamp) on a pre-synaptic cell and whole-cell patch clamp (voltage clamp) recording from 
a post-synaptic cell, Hartley et al. (1999) demonstrated14 that RA-NT2N cultures alone 
cannot generate typical evoked action potentials. In this set-up, action potentials 
recorded by Hartley et al. (1999) from the post-synaptic neuron in purely RA-NT2N 
cultures were characterized by unusually-low amplitudes, long durations, and a lack of 
hyperpolarization (24). On the other hand, when Hartley et al. (1999) cultured RA-NT2N 
cells on rat primary astrocytes, the same patch clamp experimental set up evoked 
normal action potentials with a +50 millivolt amplitude, short duration, and 
hyperpolarization phase. Hartley et al. (1999) interpreted these results as evidence that 
astrocytes support electrical activity generation in part by enhancing Nav and voltage-
gated potassium channel expression in RA-NT2N cells (24). Furthermore, co-cultured 
RA-NT2N cells (but not purely RA-NT2N cultures) generated spontaneous miniature 
excitatory post-synaptic currents (mEPSCs) and miniature inhibitory post-synaptic 

 
11 Synapsin appears as punctate staining (66). 
12 Synapsin staining in co-cultured RA-NT2N is stronger and more localized to processes than purely RA-NT2N cultures, 
which weakly stained for synapsin (24). 
13 As seen in single-cell, whole-cell patch clamp configuration recordings (66). 
14 Note that Hartley et al. (1999) conducted these experiments in pairs of RA-NT2N cells cultured for 5 weeks after 
conventional RA-mediated differentiation treatment ended. 
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currents (mIPSCs) in the presence of TTX (24). Since TTX blocks Nav channels (57), 
mEPSCs and mIPSCs are produced by non-action potential-mediated quantal release of 
excitatory and inhibitory neurotransmitters (24). The presence of mEPSCs in RA-NT2N 
cells further demonstrates that RA-NT2N cells can form functional synapses (when co-
cultured) and are capable of spontaneous and evoked synaptic neurotransmission. 

 
One method by which we can visualize neuron activity (70) and interactions between 
neurons and astrocytes (23) in vitro is calcium imaging, which detects changes in 
fluorescence levels as a measure of fluctuations in intracellular, fluorescently-labelled 
calcium (43). In neurons, due to the essential role that calcium has in transducing 
neuronal electrical signals, intracellular calcium levels are tightly regulated through the 
use of intracellular storage, plasma membrane calcium transporters, and calcium-
binding proteins (70). Calcium images can be taken of single neurons, parts of neurons 
(e.g. dendrites or axon terminals), or of groups of neurons (70). These images can reflect 
calcium level fluctuations, which occur during synaptic neurotransmission. For example, 
rises in somatic intracellular calcium levels indicate calcium influx mediated primarily by 
the activation of voltage-gated calcium channels located on the plasma membrane (70). 
Although calcium imaging does not measure electrical activity in an excitable cell, it can 
indicate whether an RA-NT2N cell has the machinery necessary to participate in synaptic 
neurotransmission. 
 
Given that RA-NT2N cells express functional calcium channels (76). Calcium imaging of 
RA-NT2N cells co-cultured on RA-NT2A cells (no cell-type ratios reported) supports the 
role of astrocytes in synaptic neurotransmission (23). This type of culturing is distinct 
from heterogeneous cultures (RA-NT2N/A), because a co-culture of this type is defined 
by intentional, selective culturing to produce a primarily astrocytic population, whereas 
an RA-NTN/A population is unintentionally both neuronal and astrocytic (such as the 
terminal population yielded by Andrews et al. (1984) in which MI were not 
implemented). Co-cultured RA-NT2N are capable of network-wide, time-dependent 
changes in intracellular calcium levels (23).15 Furthermore, while RA-NT2A intracellular 
calcium levels fluctuate after electrical stimulation of co-cultured RA-NT2N (23), TTX 
blocks these changes in calcium levels in RA-NT2A (23), indicating that RA-NT2N Nav 
underlie the calcium level fluctuations seen in RA-NT2A cells.  
 
Additionally, reports show that RA-NT2A cells express functional astrocytic glutamate 
transporters (33) and functional gap junctions (23), both of which are necessary for 
astrocyte function. Astrocytes contribute to glutamate neurotransmission by supplying 
neurons with glutamine, which neurons convert into glutamate (71). Given that 
glutamate signaling plays a significant role in the degree of post-synaptic neuron 
calcium fluctuations (70), the presence of functional astrocytes may support glutamate 
neurotransmission in co-cultured RA-NT2N. Hill et al. (2012) demonstrates that gap 

 
15 Note that Hill et al. (2012) (23) conducted calcium imaging experiments on RA-NT2N 2 weeks after RA-mediated 
differentiation ended.  
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junctions in RA-NT2A enable synchronized calcium fluctuations throughout astrocytic 
populations. Finally, RA-NT2N co-cultured with RA-NT2A (33) or primary rat astrocytes 
(24) survive significantly longer than purely-RA-NT2N cultures. This aligns with in vivo 
evidence showing a supportive role of astrocytes (23). Taken together, these studies 
suggest that RA-NT2A and RA-NT2N interact with one another dynamically and that 
astrocytes may significantly contribute to in vitro neuronal survival, synaptogenesis, and 
electrical activity (23). 

 
In sum, NT2 cells can differentiate into functional neurons and astrocytes that work 
together to function. Specifically discussed above, RA-mediated differentiation can produce 
electrically-active neurons (23, 24, 25, 26, 29) with functional qualities that render the NT2 
cell line a useful tool in studying glutamate-mediated processes (17, 25, 33) and drug 
responsiveness (31). Although NT2N cells produced by the Pleasure et al. (1992) and 
Paquet-Durand et al. (2003) protocols need to be in culture for at least 3 weeks (with or 
without co-culture) after both RA and MI treatment before functional characteristics 
emerge (23, 24, 25, 29, 38, 41), their capacity for electrical activity supports the wide use of 
NT2N cells in laboratories and therapeutic in vivo work. Clinically, RA-NT2N cells have been 
used in vivo to treat strokes for which the infarct is in the motor cortex or in the basal 
ganglia (35, 36, 37). Thus, upon induction, the NT2 cell line is known to differentiate into a 
neuronal population consisting of multiple neurotransmitter phenotypes, functional 
receptors and ion channels, electrical activity, and interactions with astrocytic cells. 
 
These features are important to point out, as they demonstrate what is known and not 
known about neurons derived from the NT2 cell line. Because these RA-NT2N cells have 
demonstrate some characteristics that functional in vivo neurons possess, the NT2 cell line 
is a promising in vitro candidate model to investigate for its use ahead of in vivo animal 
studies during the drug development process. 
 

D. STABILITY OF DIFFERENTIATED POPULATIONS: 
One benefit of the Pleasure et al. (1992) protocol is that RA-NT2N usually survive in fresh 
media (FM) (11) for 2-3 months (23) after completing treatment with RA and MI. This 
survival period can triple to over 6 months when RA-NT2N are co-cultured with astrocytes 
(23, 33).  
 
As a reminder, the goals of this project are A) to produce a heterogeneous culture of 
neurons and astrocytes from NT2 cells in less than 1/9th the time that the current protocol 
takes and B) to characterize this resulting culture of differentiated cells. Given that it takes 3 
weeks before RA-NT2N show functional neuronal characteristics (23, 24, 25, 29, 38, 41), 
population stability is an important parameter to assess when differentiating NT2N for 
functional studies. Furthermore, from a practicality standpoint, a protocol that yields a 
terminal population with high stability increases efficiency in, for example, testing the 
effects of potential drug candidates on functional characteristics and cellular pathways in 
neuronal cells. Efficiency could be further enhanced if the timeline required to obtain said 
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neuronal cells was both cost-effective and brief. In 2016, González-Burguera et al. 
introduced a novel NT2 differentiation protocol that relies on 20 μM of an MI called 
cytosine β-D-arabinofuranoside (AraC) for 6 days to yield a terminal population that is 
mostly, but not purely, neuronal by morphological and IFC standards (13). 
 
 

REPORTED FEATURES OF NT2 CELLS AFTER ARAC-MEDIATED DIFFERENTIATION: 
 

WHAT IS ARAC?: 
AraC is the single agent of differentiation used in the novel NT2 differentiation protocol. It is 
also a common anti-cancer agent that has been used, especially at high doses (30), to treat 
acute myeloid leukemia for the past half century (30). In in vitro and in clinical contexts, 
AraC functions as an MI (11, 12, 13, 15, 16, 24, 25, 26, 27, 28, 29, 30) to prevent cell 
proliferation. It has an arabinose sugar of AraC instead of the normal deoxyribose sugar 
base (32). Due to its nucleoside analog structure, DNA polymerase adds AraC into the DNA 
strand during cell division (31, 32). However, incorporation of AraC triggers DNA chain 
termination (31), preventing further DNA synthesis (32). Thus, AraC is used to target 
proliferating cells, such as tumor cells (in clinical settings) or non-neuronal cells and glia (in 
all RA-differentiation protocols). In 1992, Pleasure et al. took advantage of the nucleoside 
analog activity of AraC to increase the proportion of neurons in the terminal population by 
killing undifferentiated and proliferative cells (11). Since then, many have replicated and 
expanded on these findings, as discussed previously (see above). 
 

ARAC-MEDIATED DIFFERENTIATION OF NT2 CELLS: 
Although conventional NT2 differentiation protocols use MI treatment (31, 32), only 2 
studies (13, 31) investigated the effect of using only one active agent, AraC, on NT2 cell 
differentiation. To the best of our knowledge, AraC has not been used to differentiate other 
cell lines or other cell types. In 2010, Musch et al. found that treating NT2 cells with 20μM 
AraC for 3 days produced cells with neuron-like characteristics, while treatment with RA 
(31) or another MI (13, 31) for the same time failed to do so. The focus of Musch et al. 
(2010) was mechanistic, rather than intentional differentiation or characterization of 
terminal populations.  
 
Musch et al. (2010) found that AraC, like RA, acts by decreasing expression of proteins 
responsible for maintaining the stem cell identity, such as NANOG and OCT4 (78), of NT2 
cells, rather than by epigenetic modifications (31). Indeed, AraC-mediated DNA damage is 
followed by cytochrome c exiting the mitochondria to activate cytosolic caspases16 (31). 
AraC-mediated activation of caspases is greater than that of RA (31). The role of caspase 
proteins in AraC-mediated differentiation is confirmed by the fact that depleting caspases 
from cells greatly decreases NT2 cell differentiation and also slightly rescues OCT4 levels 
(31). Increased caspase activity is followed by proteolysis of stem cell factors NANOG and 

 
16 Specifically CASPASE 7. CASPASE 3 activity was also increased but not as much as CASPASE 7. (31) 



 

 

   

13 

OCT4 primarily at the protein level but also at the mRNA levels17 (31). Knockdown of the 
OCT4 protein alone (rather than NANOG and OCT4 or NANOG alone) induces 
differentiation, demonstrating the critical role of OCT4 expression in NT2 differentiation 
(31).18 Thus, while RA acts at the mRNA level of stem cell factors, AraC-mediated 
differentiation is carried out by caspase-mediated degradation of the OCT4 protein (31). 
Although the evidence in Musch et al. (2010) demonstrates how AraC induces loss of stem 
cell factors in NT2 cells, it is unknown how AraC directs NT2 cell differentiation along 
specifically a neuronal lineage19. 
 

A. IRREVERSIBLY POST-MITOTIC: 

Based on Musch et al. (2010), González-Burguera et al. (2016) found that extending 20μM 
AraC treatment to 6 days (and replating after 3 days) produced a population of cells that 
was both post-mitotic and 70% neuronal (13). Using BrDU staining, González-Burguera et al. 
(2016) observed that undifferentiated NT2 cells, but none of the AraC-differentiated NT2-
derived neurons (AraC-NT2N), incorporated BrDU (13). Furthermore, using double-labelling 
IFC protocols, González-Burguera et al. (2016) showed that BrDU-lacking AraC-NT2N were 
also immunopositive for the neuronal marker βIII-tubulin. Even when AraC-NT2N were 
cultured on FM for 11 days after AraC treatment ended, these cells did not re-incorporate 
BrDU, indicating their post-mitotic nature (13). Thus, AraC-NT2N cells, like NT2N cells 
differentiated by non-conventional protocols, possess this non-mitotic, neuronal 
characteristic. Further analyses by González-Burguera et al. (2016) considered morphology 
and presence of neuronal markers for neurofilament 200 (NF200), βIII-tubulin, doublecortin 
(DCX), and neuronal nuclei (NeuN) in IFC and Western blots to characterize their terminal 
population. 
 

B. NEURONAL IDENTITY: 

AraC-NT2N cells show a time-dependent expression of these neuronal markers and 
maturity of their neuronal morphology during AraC treatment (13). Undifferentiated NT2 
cells are negative for indicators of neuronal identity (13, 66). Throughout the course of AraC 
treatment, there is a progressive increase in the immunoreactivity to antibodies that label 
two neuronal markers (13): NF200, which is an intermediate filament found primarily in the 
processes of neurons (45) and βIII-tubulin, a commonly-used marker for neuronal cells (47) 
in AraC-NT2N processes (13). By the end of AraC treatment, AraC-NT2N cells were doubly 
immunoreactive for βIII-tubulin and NeuN (13). Immunoreactivity for NeuN, an antibody 

 
17 RA, on the other hand, acts to decrease expression of Oct4 at the mRNA (rather than protein) level (31). 
18 While NANOG expression is also important, the findings in Musch et al. (2010) reflect the role of OCT4 in regulating 
NANOG levels. 
19 Musch et al. (2010) examined the expression of the NEFL gene (encodes the neurofilament light peptide) and the 
SNAP25 gene (encodes the plasma membrane-attached synaptosomal-associated protein 25, which is a t-SNARE protein 
that helps vesicles dock at the pre-synaptic terminal bouton). Expression of these genes increase in NT2 cells undergoing 
differentiation and in AraC-treated NT2 cells (31). However, it is still unknown the mechanism by which AraC alters the 
expression of these genes and whether the change in their expression in NT2 cells is causally related to NT2 cell 
differentiation. 
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that labels the FOX-3 protein in mature neurons20 (46, 52), also increased and localized to 
AraC-NT2N nuclei (13). The presence of the FOX-3 protein21 in AraC-NT2N cells was also 
confirmed by Western blot (13). AraC-NT2N processes also stained brightly for microtubule-
associated protein 2 (MAP2) (13), which indicates dendritic extensions (79). On the other 
hand, immunoreactivity to the DCX antibody, which indicates nascent neurons (48), 
increased then decreased during AraC treatment (13). In combination with morphological 
criteria, González-Burguera et al. (2016) concluded that 70% of their terminal population 
obtained a mature neuronal identity after 6 days of AraC treatment. Subsequently, the 
authors further characterized these neurons by neurotransmitter phenotype. 
 

C. NEUROTRANSMITTER PHENOTYPE(S): 

Although the authors did not quantify the neurotransmitter phenotypes seen in AraC-NT2N, 
they found that nearly all AraC-NT2N were both glutamatergic and cholinergic but nearly 
none were GABAergic (13), as demonstrated in IFC and Western blot analyses. This 
population of AraC-NT2N cells constitutes about 15% of the starting population (i.e. the 
population of cells present before treatment was started). Glutamatergic cells were 
indicated by anti-VGluT1 immunoreactivity and VGluT1 protein expression (13). VGluT1 is a 
vesicular glutamate transporter that transports glutamate into synaptic vesicles, is found in 
adult CNS pre-synaptic forebrain neurons, and is essential for glutamate neurotransmission 
(49). Furthermore, it is not found in immature neurons (50). GABAergic cells were identified 
by anti-GAD67 (glutamate decarboxylase 67) immunoreactivity and confirmed by GAD67 
protein expression (13). GAD67 is a GABAergic cell marker that localizes to the soma of 
human neurons, as it is involved in GABA synthesis (51). The RA-NT2N population, but not 
the AraC-NT2N population, was strongly immunopositive for GAD67 labelling (13). Given 
the wide variety in neurotransmitter phenotypes among differentiated RA-NT2N 
populations (13, 15, 17, 26, 27, 28, 29, 34, 66) and the novel nature of the AraC-mediated 
differentiation protocol, characterizing the neurotransmitter phenotypes in AraC-NT2N/A 
populations is crucial in forming a more accurate understanding of neuronal subtype 
variability in terminal AraC-NT2N populations. As such, the present study tested for two 
such phenotypes: glutamatergic and GABAergic. 
 

D. FUNCTIONAL STUDIES (OR LACK THEREOF): 

As previously mentioned (see above), conventional protocols yield populations with some 
functional properties (24, 25, 29, 41). On the other hand, no functional studies have been 
conducted on AraC-NT2N or AraC-NT2N/A populations. One encouraging finding from 
González-Burguera et al. (2016) is that AraC-NT2N cells immunopositive for the 
microtubule-associated protein 2 (MAP2) antibody, a neuronal marker, also express Nav 1.6 
(Nav1.6) (13), which is located specifically in the CNS (57). Because Nav are critical for 
neuronal generation of spontaneous and evoked action potentials (57), this finding (13) 
supports investigations into whether AraC-NT2N are capable of supporting functional 

 
20 Kim et al. (2009) showed that FOX-3 (labelled by NeuN) is co-expressed with synapsin, another indicator of neuronal 
identity. 
21 The FOX-3 protein is thought to be involved in splicing (46). 
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activity. The field is open for studies using this novel protocol. No other studies have 
attempted to characterize the heterogeneous AraC-differentiated NT2-derived population 
(AraC-NT2N/A) using any methods, including IFC and functional analyses. 
 

IN SUM:  
 

Although González-Burguera et al. (2016) reported a mostly-neuronal AraC-differentiated 
terminal population that was nearly entirely glutamatergic/cholinergic (13), the authors did 
not quantify non-neuronal cell types (e.g. glia) nor any neuronal subtypes before or after 
treatment. Furthermore, no attempt was made to functionally characterize the terminal 
population—a verification step that has been successfully conducted in RA-mediated NT2 
differentiation (16, 23, 24, 25, 26, 28). 
 
By addressing the need for numerical IFC and functional characterizations of AraC-NT2N/A 
populations, the data presented here provide a more granular understanding of the 
population yielded by this novel protocol. Thus, the goal of this project is to use the novel 
AraC-differentiation method to produce a heterogeneous, neuronal and astrocytic 
population of cells from NT2 cells in a fraction of the time required by conventional method.  
 
To this end, here we describe the characterization performed in three conditions: a) Before 
AraC treatment, b) after AraC experiments at three time points (6 days of AraC treatment, 6 
days of AraC treatment followed by 6 days of culturing in FM, and 6 days of AraC treatment 
followed by 12 days of culturing in FM), and c) at 1 time point of a sham experiment (6 days 
of FM) that ran concurrently with AraC experiments. 
 

 

HYPOTHESIS: 
Treating NT2 cells with 20μM AraC for a short duration (6 days) will produce a population of 
neurons (AraC-NT2N) and astrocytes (AraC-NT2A) that can form functional networks. 
 

AIM 1 OF 2: Use IFC to characterize cell types & two neuronal subtypes after AraC 

treatment. 
SPECIFIC AIM 1.1: Treat cells with 20μM AraC media for 6 days. 

1) METHOD: Optimize the protocol from González-Burguera et al. (2016). 

2) METHOD: Take brightfield images before and after 20μM AraC media treatment, 

including days during which cells are maintained on fresh media. 

SPECIFIC AIM 1.2: Use IFC to characterize cells before and after 20μM AraC media 

treatment to determine the ratio of neurons and astrocytes present. 

1) METHOD: Quantitatively establish cell survival via DAPI staining. 

2) METHOD: Use a DAPI stain and antibodies for NeuN and β-actin to identify non-

neuronal and neuronal NT2 (Day 0+0 cells) and NT2N (Day 6+0; neuronal) cells.  
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3) METHOD: Use a DAPI stain and antibodies for NeuN and S100β to identify glia in 

NT2 (Day 0+0 cells) and NT2A (Day 6+0; astrocytic) cells.  

SPECIFIC AIM 1.3: Answer mechanistic questions: Does AraC truly increase the number 

of neurons (or does it simply kill off proliferative NT2 cells)? Is AraC any 
more efficient than spontaneous differentiation? 

1) METHOD: Compare raw counts of neurons before and after AraC treatment to 
determine whether AraC or cell death is responsible for ratios seen on Day 6+0. 

2) METHOD: Run a sham experiment using AraC-free (i.e. fresh) media concurrently 

with the AraC media experiment to address spontaneous differentiation. 

3) METHOD: Temporally compare both cell parameters (survival and NeuN+ 

immunoreactivity) found on Day 0+0 to Day 6+0 of the sham experiment. 

SPECIFIC AIM 1.4: Use IFC to characterize determine the ratio of excitatory to inhibitory 

cells at Day 6+0: Glutamatergic or GABAergic. 

1) METHOD: Use a VGluT1–β-actin–DAPI stain for excitatory Day 6+0 cells. 

Operationally define “excitatory” cells in the surviving population. 

2) METHOD: Use a GAD67–β-actin–DAPI stain for inhibitory Day 6+0 cells. 

Operationally define “inhibitory” cells in the surviving population. 

SPECIFIC AIM 1.5: Determine whether the cell population obtained after AraC treatment 

is stable. 

1) METHOD: Switch cells onto AraC-free (i.e. fresh) media. 

2) METHOD: Quantify NeuN, S100β, and DAPI at 6 days after AraC treatment (Day 
6+6) and 12 days after AraC treatment (Day 6+12). 

AIM 2 OF 2: Use electrophysiology to functionally characterize cells after AraC treatment. 
SPECIFIC AIM 2.1: Characterize electrophysiological responses—do these cells 

demonstrate intrinsic activity and spontaneous action potentials? 

1) METHOD: On Day 3+0, replate some cells onto a multielectrode array (MEA). 

2) METHOD: Record spontaneous activity of these cells. 
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CHAPTER 2: METHODS 
 

CELL CULTURE (MEDIA, MATERIALS): 
 
All aseptic cell work was conducted in a biosafety cabinet. Cells were grown in a Nuaire 
water-jacketed incubator with internal humidity delivery. 
 
NT2 cells were suspended in 5% dimethyl sulfoxide (DMSO) in FM and stored in 1,000μL-
aliquots in liquid nitrogen. FM consisted of 89% serum-free Dulbecco’s Modified Eagle 
Medium (DMEM, ATCC, 30-2002), 10% fetal bovine serum (FBS, Fisher Scientific 
SH30910.03), and antibiotics (1% 5,000 U/mL penicillin-streptomycin (Pen/Strep), Gibco™ 
Thermo Fisher Scientific, 15070063) in a ratio of 445 mL : 50 mL : 5 mL, respectively. Each 
time FM was made, the resulting solution was vacuum filtered through a 0.2μm aPES bottle-
top filter (Nalgene). 
 
To begin a set of experiments, a 1-mL aliquot of frozen NT2 cells was removed from liquid 
nitrogen storage and immediately thawed in a pre-warmed (37ºC) water bath for 60 
seconds. After centrifugation at 125g and subsequent resuspension with 1,000μL of pre-
warmed (37ºC) FM, cells were plated on tissue-culture treated 75-cm2 flasks (T-75 flasks, 
Fisher Scientific, FB012937). These T-75 flasks contained 15mL of pre-warmed (37ºC) FM. 
 
NT2 cells were then incubated in standard, humidified conditions (90% relative humidity, 
37ºC, and 5% CO2). FM was changed every 3 days by aspirating out the old media and 
replacing it with 15mL of pre-warmed (37ºC) FM. 
 
NT2 culture was maintained by passaging 90% confluent T-75 flasks at a 1:6 ratio. 5 mL of 
Corning™ Dulbecco’s phosphate-buffered salt solution with Mg2+ and Ca2+ (DPBS+/+) 
washed away residual FBS to prevent the volume of proteins in FBS from overwhelming 
trypsin during NT2 cell detachment. After DPBS+/+ was removed, detachment occurred by 
incubating cells for 10 minutes with 5 mL Trypsin-EDTA 0.25% at standard humidified 
conditions. 5 mL of FM was used to neutralize the trypsin before each flask’s contents were 
combined into 50-mL conical tubes for centrifugation at 125g at 22ºC for 5 minutes. After 
centrifugation, cells were resuspended in 1mL of FM. Depending on the passage ratio 
(usually 1:6), a specific volume of cells were distributed amongst the prepared T-75 flasks.  
 
At each passage, a cell count was taken. After detachment and centrifugation, 20μL of 
resuspended cells were combined with 20μL of Gibco™ Trypan Blue Solution, 0.4%. 10μL of 
the resulting solution was pipetted into 1 chamber of a Dual-Chamber Cell Counting Slide 
(Bio-Rad Laboratories, 1450011). Insertion of these slides into a TC-20 Automated Cell 
Counter (Bio-Rad Laboratories, 1450102) yielded one set of counts, including the number of 
total cells (cells/mL), live cells (cells/mL), and % of living cells. Counting was repeated twice 
more. The average of three counts was recorded. 
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At every passage, one T-75 flask was cryopreserved. After detachment and centrifugation, 
cells were resuspended in 1,000μL of 5% DMSO (in FM). Cells were frozen (-80ºC) overnight 
in a Mr. Frosty™ Freezing Container (ThermoFisher Scientific, 5100-0001) holding 100% 
isopropyl alcohol. The next day, cells were immediately moved into liquid nitrogen storage. 
 
The maximum passage (or split) made was a 1-to-6 ratio. Across the 7 iterations of this 
experiment, the passages used ranged from 5 to 14 (average: 7.3). This is well below the 
passage numbers (i.e. 68 passages) that yielded lower proportions of neurons following RA-
mediated NT2 differentiation (16).  
 

EXPERIMENTAL PROTOCOL USING ARAC: 
 

TERMINOLOGY: 
To refer to days in an experiment (or experimental days), we formed the following 
terminology: “Day __+__”. The first blank indicated either the number of days (24-hour 
periods) cells were treated with AraC (in AraC experiments) or the number of day cells were 
cultured in FM instead of receiving AraC-containing media (in sham experiments, for which 
time points were consistently prefaced with the word “sham”, as in “sham Day __+__”). The 
second blank indicated the number of days after 6 days of AraC treatment that the terminal 
population was maintained on FM. For example, Day 6+6 referred to a population that was 
maintained in FM for 6 days following 6 days of AraC treatment. 
 

 
Figure 1: Timeline of AraC Differentiation (Day 0+0 to Day 6+0)—From left to right: Day 0+0 was determined when cells 
reached 80% confluence in T-75 flasks. At this point, 20μM AraC media was administered to cells. AraC media and FM were 
changed 2 days after the most recent media change (Day 2+0 and Day 5+0). On Day 3+0, cells were seeded onto poly-L-
lysine coated glass coverslips at a density of 332,500 alive cells per coverslip. On Day 6+0, some coverslips were fixed and 
underwent IFC staining. 
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BEFORE DAY 0+0: 

COVERSLIPS:  
1.2-cm2 glass coverslips (Fisher Scientific, 50-121-5159) were placed in 24-well plates 
(Fisher Scientific, FB012937; manufacturer: Thermo Scientific™ Nunc™) and sterilized. 
The bottom surface of each well covered 1.9cm2 of growth surface (see specifications 
from Fisher Scientific on item #FB012937). Coverslips were washed with double-distilled 
H2O (ddH2O) that w collected, autoclaved, then filtered (see above). Coverslips were 
washed 3 times then left to dry overnight under UV light. Then, coverslips were again 
washed with ddH2O 3 times.  
 
We attempted other sterilization techniques including washing with 70% ethanol 
(EtOH), which failed multiple times. Failure was indicated by cultures death, observed as 
murky media full of detached (i.e. dead) cells.  
 
Sterilized glass coverslips were coated in 0.1M poly-L-lysine (PLL), per previous reports 
(12) and current laboratory practice. A 0.5M PLL stock solution was prepared by 
dissolving 25mg of powdered PLL (poly-L-lysine hydrobromide molecular weight 70,000 
to 150,000 by viscosity, Millipore Sigma, P1274) into 50mL of ddH2O. Then, this solution 
was filtered. 1.0-mL aliquots of this solution were stored at -20ºC. Special care was 
taken to ensure that these aliquots were never exposed to freeze-thaw cycles, as this 
was detrimental to the integrity of PLL coating. Diluting the 0.5M PLL stock solution in 
ddH2O yielded the final, working 0.1M PLL solution. This working solution was prepared 
and stored at 4ºC before coverslips were coated.  
 
In 24-well plates, each well containing 1 glass coverslip was coated in 500μL of 0.1M 
PLL. To maximize sterility and evenness of the PLL coating, 24-well plates were sealed 
with parafilm before leaving the biosafety cabinet to rock for 5 minutes at room 
temperature. Then, once returned to the biosafety cabinet, coverslips were washed 
with ddH2O 2 times. These were then left overnight to dry completely in the biosafety 
cabinet. Once dry, plates were labelled according to experiment and time point. 
Separate 24-well plates were allotted for each experiment and time point (e.g. Day 0+0, 
Day 6+0, Day 6+6, Day 6+12, and sham Day 6+0). This measure was put in place to 
prevent confusion during media changes. Labelled plates were then stored in the 
biosafety cabinet until they were seeded with Day 0+0 or Day 3+0 cells. 

 

Calculations:  
Calculations were made to determine the number of T-75 flasks needed per experiment. 
Such calculations were based on many factors, including the necessary number of 
staining conditions, time points (e.g. Day 0+0, Day 6+0, etc.), and experiments (e.g. 
electrophysiology, sham, and AraC experiments). Each of these factors increased the 
number of T-75 flasks needed and determined how passaging was conducted (e.g. 
passage ratios). 
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Day 0+0 Coverslips:  
Since cell detachment was highly disruptive to NT2 cells (an adherent cell line), Day 0+0 
coverslips were seeded one day before Day 0+0 to allow NT2 cells to adhere to PLL-
coated glass coverslips in 24-well plates and to re-establish their morphology on the 
new PLL coating before undergoing fixation on Day 0+0. To this end, 70% confluent T-75 
flasks were detached, centrifuged, and counted by way of Trypan Blue-0.4% exclusion 
counting (see above for a description of each step). Then, cells were seeded at 332,500 
alive cells/coverslip,  described in González-Burguera et al (2016) (13). 

 

AraC Media:  
20mM stock solutions of AraC media were prepared by dissolving powdered AraC 
(Sigma, C1768) in ddH2O. The stock solutions were also filtered as described above. 
Then, 0.75-mL aliquots of these solutions were labelled and stored at -20ºC. Special care 
was made to never expose aliquots to freeze-thaw cycles. The 20mM AraC stock 
solution was diluted in FM to yield the final concentration of 20μM AraC in FM. AraC 
media was kept no longer than 7 days. 

 

DAY 0+0: 
Day 0+0 began when T-75 flasks reached 80% confluence (Figure 1). 10x images of Day 0+0 
coverslips were taken using brightfield microscopy (Figure 1; Figure 7a,b; Figure 9a; Figure 
17a). Brightfield microscopy at 10x was repeated every day for all experiments. 
 

Day 0+0 Coverslips: 
Day 0+0 coverslips (Figure 1) were fixed according to the IFC fixation protocol described 
below. Data collected from these coverslips supplied the chronological first data point of 
this experiment and was compared to data collected from Day 6+0 and to sham Day 6+0 
coverslips. Immediately after fixation, these coverslips underwent IFC staining and 
fluorescence imaging at 20x. 

 

AraC Experiment: 
FM was aspirated out of all T-75 flasks except for 1 (set aside for the sham experiment). 
Cells were washed with 5mL of pre-warmed (38ºC) DPBS+/+ before exposure to 15mL of 
pre-warmed (37ºC) 20μM AraC media. T-75 flasks were then returned to the cell 
incubator. 

 

Sham Experiment: 
As with the AraC experiment, FM was aspirated from the remaining T-75 flasks, and 
then cells were washed. 15mL of pre-warmed (37ºC) FM was added to this T-75 flask, 
which was then returned to the cell incubator.  

 

DAY 1+0: 
T-75 flasks were again imaged at 10x with brightfield microscopy. 
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O-Ring Sanitation: 
To successfully collect in vitro cell recordings from MED64 probes (Alpha MED 
Scientific), we prepared probes to be seeded with NT2 cells at the proper density on Day 
3+0. Previous reports used glass O-rings to concentrate cells onto 64-electrode MEA (64-
MEA) itself (18, 20). Since cost efficiency was a guiding principle of this study, silicone O-
rings (biologically inert like glass O-rings), were used instead. Sanitization and further 
preparations began 2 days before cells were seeded on Day 3+0 onto the MED64 probe. 
Sanitation began by rinsing non-sterile silicone O-rings with 70% EtOH 3 times. After O-
rings completely dried, they were relocated to a new vessel in which they were rinsed 
with ddH2O 3 times. Finally, O-rings were left to dry and further sterilize under UV light 
overnight. 

 

DAY 2+0: 
T-75 flasks were again imaged at 10x with brightfield microscopy. 
 

Change media: 
AraC media and FM were changed in their respective flasks. Old media was aspirated 
out then replaced with 15mL of the appropriate media. 

 

Sterilize MEA Probes: 
To determine whether NT2 cells differentiated by AraC were functionally active, Day 3+0 
NT2 cells were seeded on MED64 probes containing 64 electrodes. Two MED64 probes 
contained 64-MEA in which electrodes were spaced 150μm apart, and the total array 
area was 1x1mm. The third MED64 probe contained a 64-MEA in which electrodes were 
spaced 300μm apart, and the total array area was 2x2mm (Alpha MED Scientific, MED-
P515A and MED-P530A, respectively). Prior to being seeded with cells, all MED64 probes 
were sterilized and then coated with adhesion agents (described in detail below). 
 
MED64 probes were washed with 70% EtOH 4 times then rinsed with ddH2O 3 times. 
Probes dried under UV light for 8 minutes. 

 

MED64 Probe Coating Preparations: 
Between September 2019 and March 2020, three protocols for cell attachment to 
MED64 probes were attempted. The first was a simple 0.1M PLL coat (identical to the 
coat used successfully on the glass coverslips described above). The second used 0.005% 
polyethyleneimine (PEI) in 25mM borate buffer, per suggestion by the MED64 probe 
manufacturer and was successfully utilized in other publications (18, 19, 20). 
Unfortunately, both protocols were unsuccessful, as cells did not attach to the MED64 
probe. After contacting the manufacturer, Alpha MED Scientific, a representative 
suggested the third recipe, which incorporated 2 adhesion agents: 0.05M poly-D-lysine 
(PDL) and 2μg/mL Laminin-511. The third method was also successfully used in previous 
publications (21, 22), including studies that recorded from RA-NT2N (38).  
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The third coating method was an overnight protocol. First, MED64 probes were coated 
with 0.05M PDL. Second, they were coated with 2μg/mL Laminin-511 during overnight 
incubation.  
 
The 0.1M PDL stock solution was prepared by dissolving powdered PDL (poly-D-lysine 
hydrobromide molecular weight 70,000 to 150,000, Millipore Sigma, P6407) in ddH2O. 
Aliquots of this stock solution were stored at -20ºC. When needed, the 0.1M stock PDL 
stock solution was diluted in ddH2O to make the final 0.05M PDL solution. The 0.05M 
PDL solution was prepared, filtered, and stored at 4ºC one day before cells were seeded 
upon MED64 probes. 
 
The 2μg/mL Laminin-511 solution was prepared on the same day as seeding, only 5 
minutes before use. 0.5mg/mL Laminin-511 stock solution (iMatrix-511, Iwai, N-892013) 
was diluted in chilled (4ºC) Dulbecco’s Phosphate-Buffered Saline without Ca2+ and Mg2+ 
(DPBS-/-) to a final concentration of 2μg/mL. 

 
In addition to attaching to the MED64 probe, cells were also concentrated on the 64-
MEA at a proper density of cells (rather than diffusely attaching to the bottom of the 
entire MED64 well). In line with previous work (18, 20), silicone O-rings (internal 
diameter, φ = 0.4mm) were used to concentrate cells on the 64-MEA, as described 
below. 

 

Coating MED64 Probes: 
Sterilized MED64 probes were washed in ddH2O 3 times then incubated with 1,000μL of 
0.05M PDL for 1 hour at humidified cell culture conditions. After removal of the 0.05M 
PDL solution, MED64 probes were rinsed with ddH2O 4 times before being left to dry in 
the biosafety cabinet for 1 hour. Five minutes before the drying period ended, the 
2μg/mL Laminin-511 solution was prepared in DPBS-/-. Then, 1,000μL of 2μg/mL 
Laminin-511 was applied to each MED64 probe. Probes were covered in parafilm (to 
prevent evaporation) during overnight incubation at 4ºC. 

 

DAY 3+0 (REPLATING AND TRANSFERRING CELLS): 
On Day 3+0, cells were seeded onto MED64 probes and the previously-prepared, labelled 
24-well plates (Figure 1).  
 

Replating AraC and Sham Experiment Cells onto Glass Coverslips: 
González-Burguera et al. (2016) found that replating cells onto glass coverslips at a 
density of 332,500 alive cells/coverslip doubled cell survival.22 Since AraC is an anti-

 
22 Each T-75 flask covers an area of 75cm2, which is equal to 36 coverslips that each have 2.1cm2 of growth surface. Since 
González-Burguera et al. (2016) plated cells at a 3x higher density on Day 3+0, cells from each T-75 flask were seeded into 
13 wells. The authors found that the density at which they seeded cells on Day 3+0 was 1.75-2.0x105 alive cells/cm2. For 
24-well plates in which each well contains 1.9cm2 of growth surface, this density converts to 332,500 alive cells per well. 
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cancer agent, and NT2 cells are cancerous, we were particularly interested in cell 
survival, given that this project focused on characterizing a potential method for 
efficiently differentiating NT2 cells.  
 
The processes for seeding Day 3+0 cells and sham Day 3+0 cells were nearly identical, 
with the only difference being the type of media used.  
 
Day 3+0 and sham Day 3+0 cells were detached as described above. Since the AraC 
experiment included multiple T-75 flasks, detached cells from Day 3+0 AraC-treated T-
75 flasks were combined into a minimum number of 50-mL conical tubes (labelled 
“AraC”) for centrifugation as described above. The single T-75 flask of sham Day 3+0 
cells were detached and pipetted into a separate 50-mL conical tube (labelled “sham”) 
for centrifugation (see above). After resuspension, cells were counted using Trypan 
Blue-0.4% exclusion counting. Using the average from 3 Trypan Blue-0.4% exclusion cell 
counts of living cells (cells/mL), AraC-treated and sham experiment cells were seeded on 
PLL-coated glass coverslips at a density of 332,500 alive cells/coverslip23. As stated 
above, each experimental time point (e.g. Day 0+0, Day 6+0, sham Day 6+0, Day 6+6, 
and Day 6+12) was allotted a separate, labelled 24-well plate to minimize confusion 
during the experiment. 

 

Replating AraC Experiment Cells onto MED64 Probes: 
Day 3+0 AraC-treated cells from 3 T-75 flasks were detached, centrifuged, resuspended, 
and counted as described above. The laminin solution was aspirated from the MED64 
probes. To avoid drying the laminin coat, a sterilized φ=0.4mm silicone O-ring was 
quickly but carefully placed within the MED64 well so that the O-ring surrounded but 
never touched the 64-MEA within the MED64 probe. Immediately thereafter, 90μL of 
resuspended Day 3+0 cells were very carefully seeded (density = 2.6x106 cells/mL)24 
within the silicone O-ring, directly on top of the 64-MEA (Figure 2a). Care was taken to 
avoid touching the 64-MEA or O-ring with the pipette tip.  
 
Ideally, the O-ring would remain stationary during and after cells were seeded (Figure 
2b), allowing a concentrated circle of cells to form on the MEA. However, this was 
possible only when the O-ring was placed on a completely-dry MED64 probe, as in the 
other two adherence protocols (i.e. 0.1M PLL and 0.005% PEI in 25mM borate buffer). In 
these protocols, MED64 probes completely dried between coating and O-ring 
placement. However, in the PDL/Laminin-511 coating protocol, care was taken to avoid 
drying the Laminin-511 coating—the step which precedes O-ring placement. As such, 
the O-ring moved, slightly skewing the concentrated circle of cells (Figure 2a). 
Nevertheless, brightfield imaging confirmed that cells concentrated on the MEA. 

 
23 The average of 3 counts was used to calculate what volume of resuspended cells was required to meet the replating 
density of 332,500 alive cells/coverslip (13). Because the combined volume of media and cells per well was 500μL, the 
volume of media alone allotted per well was calculated based on the averaged Trypan Blue-0.4% exclusion cell count. 
24 Note that Day 3+0 coverslips were seeded at a density of 332,500 alive cells/coverslip (i.e. 332,500 alive cells per 500μL), 
which is 4x lower than the density of cells on the MEA array. 
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Cells seeded on PDL/Laminin-511-coated MED64 probes (Figure 2a) were incubated for 
1 hour at standard humidified conditions to allow cells to concentrate on the 64-MEA 
and begin attachment. Then, O-rings were removed before returning MED64 probes to 
the incubator. Ideally, cells would have concentrated over the 64-MEA and would be 
visible to the naked eye (Figure 2c). 
 
Cells seeded onto MED64 probes continued to culture on the probes until the end of 
experimentation. MED64 cultures continued beyond the Day 6+12 time point. This was 
done for two reasons. First, primary neuronal cells take at least 7-10 days to show 
electrical activity after being seeded onto MED64 probes (44), meaning the first 
experimental day we expected electrical activity was Day 6+13. The novel nature of this 
protocol led us to determine what experimental day was in our study. Previous reports 
indicated that RA-NT2N cells generated electrical activity no earlier than 3 weeks after 
the end of differentiation (25, 26), regardless of being co-cultured with astrocytes (23, 
24).   

 
Figure 2: MED64 Probe with Ideal, Stationary O-ring—Images of all 3 MED64 probes were taken after seeding cells and 
before incubation. (a) The PDL/Laminin-511 coating was not allowed to dry, per protocol; as such, the O-ring (φ=0.4mm) 
moved when 90μL of cells were seeded within the O-ring. (b) The MED64 probe was allowed to dry after PLL coating, per 
protocol, allowing the O-ring to remain stationary. (c) Day 3+0 cells on PLL-coated MED64 probe after 1-hour incubation, 
O-ring removal, and slow addition of 1,000μL AraC media. Cells concentrated on the MEA, demonstrated by the black dot 
(the 1x1mm 64-MEA) in the center of the white-ish circle of cells. 

DAY 4+0: 
24-well plates and MED64 probes were imaged at 10x with brightfield microscopy. 
 

DAY 5+0: 
Again, 24-well plates and MED64 probes were imaged at 10x with brightfield microscopy  
 
In 24-well plates, changing media was a slower process and was only a half-media change, 
meaning only half (500μL) the total volume (1,000μL) in each MED64 probe well was 
removed and replenished. Previous attempts to do this experiment resulted in the decision 
that aspiration was detrimental to survival. As a result, media changes in each well were 
performed via pipetting.  
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DAY 6+0: 
24-well plates (Figure 7b) and MED64 probes were imaged with brightfield microscopy at 
10x.  
 
Day 6+0 and sham Day 6+0 cells were fixed (Figure 1), as described below. Then, the Day 
6+6 and Day 6+12 24-well plates were transitioned off AraC media and onto FM (Figure 4), 
as described below. Cells were maintained in FM to study the stability of the terminal 
population in terms of survival, morphology, and sub-population cell types and subtypes.  
 

SHAM EXPERIMENTAL PROTOCOL: 

 
Figure 3: AraC and Sham Experiment Timelines and Notable Time Points—The AraC and sham experiments were run 
concurrently. (a) 6-day AraC experiment timeline. (b) Sham experiment timeline. 

The sham experiment was conducted specifically to address whether spontaneous 
differentiation of NT2 cells into neurons accounts for the increased proportion and raw 
amount (i.e. raw count) of neuronal cells after 6 days of AraC treatment. As such, it was run 
concurrently with the AraC experiment (Figure 3). 
 
To address this question, two 80% confluent T-75 flasks from the same passage that was 
used to run the AraC experiment also supplied the cells used in the concurrent sham 
experiment. The only difference between the sham and the AraC experiments was the use 
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of FM, rather than AraC media, in the sham experiment. On sham Day 3+0 (Figure 3b), sham 
experiment cells were plated onto PLL-coated glass coverslips in a separate 24-well plate, as 
were AraC-treated cells (Figure 3a). Techniques for brightfield microscopy, counting cells, 
replating cells onto PLL-coated coverslips, incubation at humidified conditions, changing 
media, and fixation were held constant between the AraC and sham experiments.  
 

TERMINATING ARAC TREATMENT TO MAINTAIN CULTURE ON FM:  
As mentioned previously (see above), one benefit of RA-NT2N cells was their ability to 
survive in FM alone (11) or with nerve growth factor (12). Unfortunately, e-mail 
correspondence with the authors of González-Burguera et al. (2016) revealed that AraC-
NT2N/A populations survived in supplemented media for only 7-8 days after termination of 
AraC treatment. However, details on these results were excluded from publication25. 
Nevertheless, to analyze population stability and neuronal maturation in our own cultures 
after conclusion of AraC treatment, we cultured AraC-NT2N/A cells in FM (see below). 
 

TERMINATING ARAC TREATMENT: 
To assess the stability of the AraC-differentiated population, AraC treatment was 
terminated by replacing the AraC media in each well with FM on Day 6+0 (Figure 4). All 
500μL of AraC media was removed from each well by pipetting. Then, coverslips were very 
gently washed with DPBS+/+ before 500μL of FM was added into each well. Care was taken 
to aim the pipette tip at the wall of the wells rather than at the coverslips. The parameters 
of population and sub-population stability that were taken included terminal overall 
stability (e.g. cell survival) and sub-population stability (e.g. neuronal and astrocytic counts). 
 

TERMINATING THE SHAM EXPERIMENT: 
The sham experiment included only the Day 6+0 time point. The sham experiment was 
terminated according to the same protocol used to terminate the AraC experiment (see 
above). All sham Day 6+0 coverslips containing sham cells were fixed according to the 
protocol below. 
 

MAINTAINING CELL CULTURES AFTER DAY 6+0: 
Cultures were maintained in the same 24-well plates assigned on Day 3+0. Every 2 days, FM 
was half-changed (Figure 4). 250μL of old FM was removed by pipetting, and 250μL of FM 
was slowly pipetted into each well. Care was taken to ensure that the pipette tip was aimed 
at the wall of each well, not at the coverslip. 10x images of wells were taken using 
brightfield microscopy (Figure 7) every day, through Day 6+12. Day 6+6 and Day 6+12 
coverslips were fixed on their respective days (Figure 4). 
 

 
25 González-Burguera et al. (2016) mentioned that cells survived only briefly (see their Discussion) but did not report the 
length of AraC-NT2N survival. Email correspondence revealed that cell survival was restricted to 7-8 days. 
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ASSESSING STABILITY OF THE ARAC-TREATED POPULATION: 
Coverslips:  

After terminating AraC treatment on Day 6+0 (Figure 4), cells (on PLL-coated glass 
coverslips) were maintained in FM until fixation at Days 6+6 and Day 6+12 (Figure 4). FM 
was half-changed every 2 days (Figure 4). Half (250 μL) of the 2-day old media in each 
well (500μL) was replaced with 250 μL of FM, again taking special care to aim the 
pipette tip at the wall of the wells. Wells were imaged each day at 10x using brightfield 
microscopy (Figure 7). 
 

 
Figure 4: Timeline of AraC Treatment and Time Points to Track Population Stability—From left to right: The timeline and 
major steps for Day 0+0 through Day 6+0 (left, light blue). The timeline and major steps for Day 6+0 through Day 6+6 
(middle, medium blue). The timeline and major steps for Day 6+6 through Day 6+12 (right, dark blue). 

Med64 Probes:  
After terminating AraC treatment on Day 6+0, cells (on PDL/Laminin-511-coated MED64 
probes) were maintained in FM in the same way cells (see above) seeded onto PLL-
coated glass coverslips were maintained (Figure 4). The media in each MED64 probe was 
half-changed every 2 days (Figure 4) using the same pipetting technique (see above). 
The volume of media exchanged was 500μL. Probes were also imaged using brightfield 
microscopy at 10x and 20x (Figure 8). However, on days when recording was attempted, 
20x brightfield microscopy images were taken in a manner that allowed them to be 
digitally stitch together to form a full view of the 64-MEA (Figure 19) with the added 
benefit of 20x resolution. This measure was taken as a way to determine whether a cell 
was located on an electrode that recorded significant electrical activity. 

 

FIXATION:  
 
At Day 0+0 (Figure 1, Figure 3a), Day 6+0 (Figure 1, Figure 3a), sham Day 6+0 (Figure 3b), 
Day 6+6 (Figure 4), and Day 6+12 (Figure 4), the appropriate coverslipped cells were fixed 
using the following protocol: 
 
Coverslipped cells were washed with DPBS+/+ for 5 minutes. They were then fixed by 
incubating for 10 minutes in chilled (-20ºC) 100% methanol (MeOH)—a fixation method 
that we found to provide the clearest IFC staining. After coverslips dried for 1 minute, debris 
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was cleared by washing coverslips 3 times for 5 minutes in phosphate-buffered saline (PBS) 
while rocking. 
 
Whenever feasible, IFC experiments were run on the same day as cell fixation (e.g. fixation 
and the IFC began on the same day). 
 

IFC PROTOCOL: 
 
Immunostaining required extensive optimization. Various components of a typical IFC 
protocol were adjusted, including fixation (e.g. MeOH and paraformaldehyde), increasing 
plasma membrane permeability (e.g. using detergents or not), number (e.g. anywhere from 
2 to 6) and length (e.g. ranging from 3 to 10 minutes) of washing steps where appropriate, 
blocking durations (e.g. 30 minutes and 60 minutes), primary antibody (AB) incubation 
temperatures (e.g. 4ºC, room temperature, and 37ºC) and durations (e.g. 30 minutes, 60 
minutes, 4 hours, and overnight), secondary AB incubation durations (e.g. 30 minutes and 
60 minutes), and coverslipping techniques (e.g. mounting after 4′,6-diamidino-2′-
phenylindol-dihydrochloride (DAPI) application or using a mount containing DAPI). This 
resulted in many combinations, most of which were tested. The final protocol was 
determined by months of experiments (described as follows). 
 
All wells in 24-well plates received a total of 500 mL of solution, and all solutions were 
prepared accordingly. IFC staining took place over the course of 2 days.  
 

DAY 1: BLOCKING AND MAKING THE PLASMA MEMBRANE PERMEABLE: 
Coverslips were washed with PBS thrice for 5 minutes. To increase plasma membrane 
permeability to antibodies, cells were incubated with chilled (4ºC) 0.2% TritonX in PBS 
(0.2%-PBST) while rocking at room temperature for 8 minutes. After removing 0.2%-PBST, 
cells were blocked with a solution of 2.5% Gibco™ normal goat serum (NGS, ThermoFisher 
Scientific, PCN5000) and 0.2%-PBST for 30 minutes while rocking at room temperature. No 
washing occurred between blocking and AB incubation. 
 

DAY 1: PRIMARY AB INCUBATION:  
Primary AB incubation occurred overnight at 4ºC while rocking. Primary AB preparations 
consisted of 1% bovine serum albumin (BSA, Millipore Sigma, A7511), primary ABs 
accordingly diluted (see below), and 0.2%-PBST. 
 

DAY 2: SECONDARY AB INCUBATION: 
On the second day, coverslips were washed 3 times for 5 minutes using PBS while rocking at 
room temperature. Coverslips were incubated with the secondary AB solution (1:500) for 1 
hour while rocking at room temperature. Secondary AB preparations consisted of 1% BSA, 
0.2%-PBST, and secondary AB. The two secondary ABs we used were Alexa-Fluor 488 
(1:500, Invitrogen™ Alexa-Fluor 488, goat anti-rabbit IgG H+L cross-adsorbed, ThermoFisher 
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Scientific, A11008) and Alexa-Fluor 594 (1:500, Invitrogen™ Alexa-Fluor 594, goat anti-
mouse IgG H+L cross-adsorbed, ThermoFisher Scientific, A11005).26 
 
In the last 15 minutes of secondary AB incubation, all coverslips were incubated with DAPI 
(1:500, Fisher Scientific, ICN15757401). Coverslips were then washed with PBS 5 times for 5 
minutes each time while rocking at room temperature. Coverslips were placed cell-face 
down upon 10μL of FluoromountG (SouthernBiotech, 0100-01) on microscope slides (Globe 
Scientific, 1324). They were then sealed with clear nail polish. After drying for 10 minutes at 
room temperature, coverslips were fluorescently imaged. Imaging occurred either on the 
same day as secondary AB incubation or within 2 days thereafter. 
 

IFC CHARACTERIZATION OF CELL TYPES AND NEUROTRANSMITTER PHENOTYPES: 
 

NEURONAL CHARACTERIZATION:  
As previously mentioned (see above), NeuN (monoclonal, anti-mouse, anti-NeuN clone A60, 
Millipore Sigma, MAB377) is a primary AB that detects the FOX-3 protein expressed in 
mature neurons in vitro (13, 46) and in vivo (52). To detect immunoreactivity to the anti-
FOX3 NeuN primary AB, we used the secondary AB Alexa-Fluor 594 (goat anti-mouse). 
 
Since strong NeuN immunoreactivity was present in AraC-NT2N cells that were 
immunopositive not only for other neuronal markers but also possessed neuronal 
morphology (13), the present study used NeuN+ immunoreactivity to identify AraC-NT2N 
cells in the terminal AraC-NT2N/A population. Because proper NeuN AB labelling should 
occur only in the nuclei of neurons (13, 46), AraC-NT2N were identified using a triple 
staining condition of NeuN(1:250)–β-actin(1:1,000, monoclonal, anti-rabbit, LI-COR, 926-
42210) –DAPI(1:500). This revealed which cells possessed co-localization of NeuN and DAPI 
that was restricted to only the nuclei (Figure 9b,g,i,n,q) and not throughout the cytoplasm 
(Supplementary Figure 1). The presence of immunoreactivity to the anti-β-actin primary AB 
was detected by the secondary AB Alexa-Fluor 488 (goat anti-rabbit). This staining set was 
completed on all time points from both the sham and AraC experiments. 
 

ASTROCYTIC CHARACTERIZATION:  
S100β, S100 calcium binding protein β, is a cytosolic, perinuclear astrocytic marker (33, 53, 
54, 55). The S100β protein binds calcium and is highly-expressed in astrocytes (55). S100β 
(1:1000, polyclonal, anti-rabbit Millipore Sigma, HPA015768) immunoreactivity (S100β+) 
and expression (53) indicates mature astrocytes (33, 54, 55). Furthermore, S100β+ staining 
co-localizes with GFAP staining (66). To detect the S100β+ immunoreactivity, we used the 
secondary AB Alexa-Fluor 488 (goat anti-rabbit). 
 

 
26 Note that according to the manufacturer, Alexa-Fluor 488 excites at 495nm and emits at 519nm (green), while Alexa-
Fluor 594 excites at 590nm and emits at 617nm (red). 
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The degree of its expression has been positively correlated with loss of stem cell capacities 
and maturation into an astrocytic cell (53). In the present study, astrocytes were 
characterized using a triple staining condition of S100β-NeuN(1:250)-DAPI(1:500). S100β+ 
cells were identified as those containing peri-nuclear or cytosolic S100β (Figure 9c,j,o,r). 
This staining set was completed on Day 0+0, Day 6+0, Day 6+6, and Day 6+12 coverslips 
(Figure 9c,j,o,r respectively). Since the sham experiment was conducted specifically to 
address questions surrounding neuronal differentiation, which was the main point of this 
project, sham Day 6+0 cells were not characterized for their astrocytic populations. S100β+ 
cells were referred to as astrocytic (AraC-NT2A).  
 
González-Burguera et al. (2016) did not check the immunoreactivity of their terminal 
population for antibodies that label non-neuronal cell types (13), providing no precedent for 
what kind of astrocytic differentiation and immunoreactivity to expect in our culture. While 
some may question our choice of the S100β antibody rather than GFAP, the S100β antibody 
was selected for 2 reasons: First, like GFAP, the S100β antibody has been successfully used 
to identify astrocytes differentiated from NT2 cells (33, 54, 66) that also stain for GFAP (66). 
Second, unlike GFAP, S100β immunoreactivity has been used to identify mature (33, 53, 54), 
rather than immature and mature, astrocytes (53). 
 
Although quadruple staining including S100β (1:1000), NeuN (1:250), β-actin (1:1000), and 
DAPI (1:500) would have been the most efficient, as it would negate the need for the triple 
staining condition we used to identify neurons and reveal the morphology of S100β+ cells, 
the limited number of fluorescence light cubes and available antibodies prevented this 
combination of staining. 
 

NEURONAL SUBTYPE CHARACTERIZATION:  
As mentioned above, ratios of neurotransmitter phenotypes in RA-NT2N populations varied 
by publication (13, 15, 17, 24, 25, 27, 28, 29, 41, 42, 66). González-Burguera et al. (2016) 
observed that most AraC-NT2N are glutamatergic and few were GABAergic (13). Because 
the neurotransmitter phenotype composition of RA-NT2N populations varied widely 
between studies, we reasonably expected some variation in AraC-NT2N populations, too. 
Once cell populations were characterized, we sought to further characterize populations 
based on two neurotransmitter phenotypes. 
 

GLUTAMATERGIC:  
As previously mentioned (see above), glutamate is the most prevalent excitatory 
neurotransmitter in the CNS (17, 49, 50). Glutamate is synthesized in the pre-synaptic 
neuron (17) before vesicular glutamate transporter 1 (VGluT1) transports it into vesicles 
along processes (17, 49, 50). However, it is not only a neurotransmitter but also an 
intermediate in the synthesis of other signaling molecules in other cells (15, 17). On the 
other hand, VGluT1 is present only glutamatergic neurons (49, 50). Furthermore, VGluT1+ 
staining is absent in immature neurons (50).  
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Previous reports showed that RA-NT2N (13, 15, 17, 24, 25, 28, 66) and AraC-NT2N (13) 
populations were immunopositive for the VGluT1 (VGluT1+) primary AB. The VGluT1 AB 
(1:200, monoclonal, anti-mouse Anti-VGluT1 clone N28/9, NeuroMab, 75-066) was used in 
these studies to identify the presence of VGluT1 in glutamatergic neurons. We identified 
glutamatergic cells by a triple staining condition of VGluT1, β-actin (1:1000), and DAPI 
(1:500) for cells at Day 0+0 and Day 6+0 (Figure 9d,k respectively). As in González-Burguera 
et al. (2016), VGluT1+ cells were considered glutamatergic. To detect VGluT1+ 
immunoreactivity, we used the secondary AB Alexa-Fluor 594 (goat anti-mouse). 
 

GABAERGIC:  
As noted previously, GABA is the most common inhibitory neurotransmitter in the CNS (17, 
51). GABA is synthesized upon conversion from glutamate by GAD67 (17, 51). GAD67 is 
found throughout the cytosol (e.g. soma) of GABAergic (inhibitory) neurons, or interneurons 
(17, 51).  
 
The level of GAD67 expression (assessed by immunoreactivity to the anti-GAD67 primary 
AB, clone 1G10.2, monoclonal, anti-mouse, Millipore Sigma, MAB5406) has been shown to 
vary in RA-NT2N cells (13, 15, 17, 27, 29, 34, 41, 66). To detect GAD67+ immunoreactivity, 
we used the secondary AB Alexa-Fluor 594 (goat anti-mouse). 
 
In AraC-NT2N, GAD67 immunoreactivity was very infrequent and weak (13). We identified 
GABAergic cells (GAD67+) by a triple staining condition of GAD67 (1:250), β-actin (1:1,000), 
and DAPI (1:500) at Day 0+0 and Day 6+0 (Figure 9e,l). As in González-Burguera et al. (2016), 
AraC-NT2N that were GAD67+ were considered GABAergic. 
 

QUANTIFICATION OF IFC EXPERIMENTS: 
 

IMAGE ANALYSIS: 
In ImageJ (from the NIH),27 all IFC images were opened to full-screen. This was deemed 
necessary to discern once cell from its neighbor, which was an otherwise improbable feat 
when analyzing fluorescence images. This was especially true of Day 0+0 (Figure 9b,c,d,e) 
and sham Day 6+0 (Figure 9f,g) coverslips, given their confluence. 
 

DEFINING n:  
Sample size, n, referred to biological replicates in cell culture. Each n referred to one 
biological replicate. Each biological replicate was comprised of three technical replicates.28 
Each technical replicate was comprised of one coverslip. The cell count data from one 
coverslip was taken from 2 fluorescence microscope images with a total area of 1,200 x 
3,000 μm (taken at 20x)—one of a high-confluence area and one of a low-confluence area 

 
27 https://imagej.nih.gov/ij/download.html 
28 Another way of stating this is to say that experiments were run in triplicate. 

https://imagej.nih.gov/ij/download.html
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(determined visually). The datum reported from each biological replicate was the summed 
value across three technical replicates. 
 

 
Figure 5: Defining n in a Triple Stain—In a set of 3 coverslips, a series of images were taken for subsequent quantification. 
(a) The data that constitutes 1 n were defined as the data that 1 biological replicate, which consists of 3 coverslips, yielded. 
(b) Two regions were imaged per coverslip—a confluent area and a sparse area—at 20x by fluorescence microscopy. (c) 7 
images were taken per region—3 single-stain images, each consisting of the image from one fluorescence microscopy light 
filter, and 4 merged images, each consisting of a different combination of fluorescence microscopy light filters. For 1 
coverslip, a total of 14 images were taken. (d) The set of 14 images was repeated with the other two coverslips in the 
biological replicate (here labelled B1 and C1). These 42 images were used in the quantification process.  

Consider one “staining set” (e.g. NeuN–β-actin–DAPI in Figure 5, Supplementary Figure 1) as 
one trial. A set of 3 coverslips seeded with cells is considered one biological replicate (Figure 
5a). Using fluorescence microscopy (20x), 2 regions—an area of high confluence and one of 
low confluence—of each coverslip are taken (Figure 5b). In each region, a series of 7 images 
(Figure 5c) is taken. Each of the first 3 of these images contains images taken with different 
light cubes (e.g. TexasRed, GFP, or DAPI). The last 4 images are merged images taken with 
every combination of light filters (e.g. TexasRed and GFP, TexasRed and DAPI, GFP and DAPI, 
and all 3) (Supplementary Figure 1). These merged images reveal staining co-localization, 
which is necessary for some staining conditions (e.g. NeuN and DAPI, Supplementary Figure 
1). In sum, 1 coverslip yields a set of 14 images: 7 from the confluent area and 7 from the 
sparse area. Then, this set of 14 images are collected from the other two coverslips (Figure 
5d). The result is a group of 42 images, each of which is used in quantification. 
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Figure 6: Quantification of Fluorescence Microscopy Images—Raw values for staining conditions from both regions of 
each coverslip were summed to create a ratio. Above: An example of how data was collected from a NeuN–β-actin–DAPI 
staining set. (a) The data that constituted 1 n was defined by the data that 1 biological replicate, which consisted of 3 
coverslips, yielded. (b) The raw number of NeuN+ cells (defined as cells in which DAPI and NeuN+ immunoreactivity co-
localize) was counted from each region of each coverslip. (c) As with NeuN+ cells, DAPI+ cells were counted from each 
region of each coverslip. (d) The raw number of NeuN+ cells were summed. This represented the total NeuN+ found in one 
biological replicate (e) The raw number of DAPI+ cells were summed. Since DAPI stained all cell nuclei, this summed DAPI 
value represented the total cell population in 1 biological replicate (f) The ratio of NeuN+ cells out of DAPI was determined 
by setting the summed NeuN+ count over the summed DAPI count.  

At this point, the number of positively-stained cells in each region is counted. Again, 3 
coverslips constitute one biological replicate (Figure 6a). Continuing with the example used 
in the previous paragraph, NeuN+ immunoreactivity (Figure 6b) and DAPI+ staining (Figure 
6c) from the confluent and sparse regions of 1 coverslip are counted. Included are cells 
displaying correctly-localized staining (e.g. NeuN+ immunoreactivity that is restricted to the 
nucleus, Supplementary Figure 1 a,c). In staining sets that include β-actin (Supplementary 
Figure 1b,d), quantification excluded cells in which β-actin or DAPI appeared abnormal or 
overlapped with neighboring cells. Dead, dying, or otherwise unhealthy cells often possess 
an unusual cytoskeletal structure (e.g. blebs), as elucidated by staining for β-actin, and a 
partially-degraded or fractured nucleus, as revealed by DAPI staining (83).29 Overlapping 
cells are difficult to delineate, rendering accurate quantification improbable. Since 
characterizing the efficiency of this protocol depends on how many live cells are in the 
terminal population, cells that appear anything less than healthy were excluded.  
 
The total NeuN+ (Figure 6d) and total DAPI+ (Figure 6e) values are summed, yielding the 
raw count of cells in 1 biological replicate. If applicable, this process is repeated with the 
images of other antibody labelling (e.g. S100β). DAPI is quantified for all coverslips for later 
use in calculating sub-population ratios (Figure 6f) at various experimental time points. 

 
29 For a review on experimentally detecting mammalian cell death, see Cummings et al. (2012) (83). 
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RAW COUNTS: 
The raw counts for 1 cell type (or neuronal subtype) from 1 biological replicate were 
defined as the combined amount of immunopositive cells seen in all 12 regions (2 regions 
per coverslip) of 1 biological replicate (3 coverslips per biological replicate) (Figure 6d and 
e). This summed value constituted 1 n. 
 
These raw counts were used to determine whether AraC induced differentiation (as 
indicated by the raw count of NeuN+ or S100β+ cells) or simply killed off undifferentiated, 
proliferating NT2 cells (as indicated by a drop in DAPI after AraC treatment without a 
significant increase in a raw count of NeuN+ cells after AraC treatment). 
 
Statistical analyses (see below) were performed to compare total raw counts (from at least 
3 biological replicates) taken at different time points (e.g. Day 0+0 and Day 6+0) or taken at 
the same time point in different experimental protocols (e.g. Day 6+0 vs sham Day 6+0). 
 

RATIOS:  
The ratio for 1 cell type or neuronal subtype from 1 biological replicate (1 n) was generated 
by dividing the total immunopositive cell count by the total DAPI in the denominator (Figure 
6f).  
 
The ratio represented the proportion of a cell type (e.g. neuron or astrocyte) or neuronal 
subtype found in a population at a given time point (e.g. Day 0+0, Day 6+0, Day 6+6, or Day 
6+12). 
 
Analyses were performed comparing ratios from at least 3 biological replicates (≥ 3 n) 
quantified at different time points or at the same time point in different experimental 
protocols, as mentioned above. 
 

FUNCTIONAL CHARACTERIZATION: 
Just before recording, brightfield images were taken of each probe at 20x (Figure 19) to 
provide a view of the entire MEA. FM was half-changed prior to imaging and recording. To 
maximize sterility of the culture, a UV-sterilized plastic cap covered the top of each probe 
(Figure 2). After settling the recording plate atop the MED64 probe, the plastic cap again 
covered the open face of the MED64 probe. Following recordings, MED64 probes were 
promptly moved into the incubator. 
 
Given that no activity was expected of undifferentiated cells (24, 25, 26), we recorded only 
on and after Day 6+0. Thus, all recordings were completed while cells were cultured in FM 
after termination of AraC treatment. 
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MOBIUS SETTINGS:  
Spontaneous extracellular field potentials were acquired with MED64 Mobius (version 3.02, 
MED64 probe Alpha Med Scientific Inc., Osaka, Japan) for 3 minutes (Figure 20e), with a 
sampling rate of 20kHz, a bandwidth of 10Hz to 10kHz, and at 5 times the standard 
deviation. The .bin file produced by MED64 Mobius software was imported into Spike 2 
(version 7.19, Cambridge Electronic Design, Cambridge, England). There, recordings were 
analyzed (Figure 20d) to obtain template waveforms (Figure 20a,b,c). 
 

DATA ANALYSES: 
 

PROGRAMS USED:  
Images were imported into ImageJ (NIH). The ImageJ cell counter plug-in30 was used to 
count cells during manual quantification of all images.31 
 
Raw data was entered into Microsoft Excel (version 16.34 for Macintosh). Analyses of IFC 
data were run in GraphPad Prism (version 8.3.1 for Macintosh). Analyses of 
electrophysiology data were run in Spike 2 (version 7.19 for Windows). 
 

STATISTICAL ANALYSES: 
In this document, in text and figures, all values are reported as mean ± SEM.  
 
Calculated ratios were rounded to 2 decimal places in all graphs, and for discussion 
purposes, ratios were translated to whole % values in the text. Raw counts were rounded to 
the nearest whole number, as is biologically relevant.  
 
Where appropriate, the tests employed included a one-way ANOVA or an unpaired t-test. 
Significance level, alpha, was set at α=0.05. Therefore, p≤0.05 indicated significant results. 
Statistical testing was restricted to groups of data containing 3 or more data points (i.e. 
n≥3). Significant one-way ANOVA findings prompted the use of a post-hoc Tukey-Kramer 
test of multiple comparisons to determine which groups significantly differed. We 
compared between-group to within-group variability by using F statistics. F values were 
obtained from ANOVAs (which are themselves a type of F test) and t-tests. An F>1 indicated 
that the between-group variability (e.g. Day 0+0 versus Day 6+0) exceeded within-group 
variability. 
 
  

 
30 https://imagej.nih.gov/ij/plugins/cell-counter.html (This plug-in was added to the “Analyze” > Plug-In menu in ImageJ) 
31 Images were opened in ImageJ. On the cell counter window, images were “initialized” to bring up a window called “Cell 
Counter” in which brightness and contrast could be temporarily modified (no digital image enhancements or edits were 
made at any point during experimentation, analyses, or quantification) to make cell counting easier. Cells were then 
counted manually in this “Cell Counter” image window. Screenshots were taken and saved each time a cell type (e.g. 
neuron, astrocyte, glutamatergic, or GABAergic) was counted. For stains requiring co-localization (e.g. NeuN-DAPI co-
localization), additional screenshots were taken to show DAPI and NeuN+ cell counts. 
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CHAPTER 3: RESULTS 
 
Because IFC data were used to identify and operationally define cell types in AraC-
differentiated populations, the terms “neuron”, NT2N, “astrocyte”, or NT2A will not be used 
until those data are presented. Note that results will address and connect graphical data 
and images taken via brightfield or fluorescence microscopy, where appropriate. The data 
collected from experiments related to Aim 1 were summarized in Figure 22. 
 

AIM 1 OF 2: Characterize cell types before and after AraC treatment. 

AIM 1.1:  
Treat NT2 cells with 6 days of 20 μM AraC, following the protocol in González-
Burguera et al. (2016). 

 

 
Figure 7: Brightfield Image Comparison Between AraC and Sham Experiments—Representative images taken at 10 and 
20x of cells. (a-b) Cells seeded on T-75 flasks. Images taken before AraC treatment began. (c-j) Cells seeded on PLL-coated 
glass coverslips and grown in separate 24-well plates. (c-d) Sham experiment cells given AraC-free FM for 6 days. (e-f) Cells 
treated for 6 days with AraC-containing media. (g-j) Cells maintained on FM for 6 days after termination of AraC treatment 
on Day 6+0. (i-j) Cells maintained on FM for 12 days after termination of AraC treatment on Day 6+12. (Top row) Scale bar 
= 400μm. (Bottom row) Scale bar = 200 μm. 

 

 
Figure 8: Brightfield Images (20x) Taken of PDL/Laminin-511-Coated MED64 Probes—Day 3+0 AraC-NT2 cells were 
seeded on MED64 probes and imaged each day using brightfield microscopy. Above: Representative 10x images. Blue 
arrows = extensions seen in each image. Green arrows = cell bodies with neuronal morphology in each image. (a) 1 day (24 
hours) after Day 3+0 cells were seeded onto PDL/Laminin-511-Coated MED64 Probes. (b-d) NT2N cells maintained in FM 
for 1 day (b), 8 days (c), and 14 days (d) after termination of AraC treatment. Scale bar = 200 μm. 
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MORPHOLOGICAL ASSESSMENT:  
Goal:  

To visually track the health of cells and to determine whether cells adhered to coated 
surfaces (e.g. glass coverslips and MED64 probes), brightfield images (Figure 7, Figure 8) 
were taken at 10x each day throughout both the sham and AraC experiments (i.e. 
through Day 6+12).  

 

Findings: 
Undifferentiated NT2 cells on Day 0+0 (Figure 7a,b) were adherent to T-75 flasks and 
grew to 80% confluence when AraC treatment began. Cells appeared flat, non-polarized, 
and did not form attachments to one another. 
 
Cells undergoing AraC treatment and that were cultured on MED64 probes mirrored the 
morphological development of AraC-treated cells cultured on glass coverslips (Figure 8). 
On Day 4+0, cells began to extend processes, and the shape of cell bodies appeared 
more neuron-like (e.g. have extensions and long or triangular cell bodies) (Figure 8a). 
 
On the other hand, sham Day 6+0 (Figure 1a,b) cells were 100% confluent. It was nearly 
impossible to discern borders between individual cells, even at 20x magnification (Figure 
7d). Without AraC treatment, these cells, which are cancerous in nature, grew 
uninhibited, leading to cell death. As is seen in (Figure 7c), after 6 days of culturing in 
FM, floating (dead) cells and cell debris were seen in the sham flask. The amount of cell 
death was not significant enough to make the media darker or opaque (i.e. media 
maintained its translucence). 
 
After 6 days of 20μM AraC treatment (Figure 7e,f), coverslips were far less confluent 
(Figure 7e) compared to their sham experiment counterparts (Figure 7d). This made 
sense, given the anti-cancer properties of AraC and the fact that NT2 cells are 
cancerous. Day 6+0 cells extended thick, short processes, possible neurites (Figure 7f, 
especially the top), and became polarized (Figure 7f). Some of these extensions made 
contacts between cells (Figure 7f). These features morphologically distinguished Day 
6+0 cells as more mature than Day 0+0 and sham Day 6+0 cells. 
 
Just one day after AraC treatment was terminated, Day 6+1 cells on MED64 probes 
exhibited similar features (extensions, neurites, and small cell bodies) as Day 6+0 cells 
seeded onto PLL-coated glass coverslips. Importantly, AraC-treated cells made inter-cell 
contacts (Figure 8b). Additionally, the morphology of faintly-outlined cells (Figure 8b) 
appeared non-neuronal, given their size (e.g. width) and lack of long, thin processes. The 
neuron-like cells seemed to grow atop these non-neuronal cells in a layered fashion. 
 
AraC-treated cells cultured 6 (Figure 7g, Figure 9m) and 12 (Figure 7j) days after 
termination of AraC treatment were less confluent than Day 6+0 cells (Figure 7e) and 
even more so than sham Day 6+0 cells (Figure 7c) and Day 0+0 cells (Figure 7a). Indeed, 
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preserving cell survival after removal of AraC media proved challenging when we first 
conducted this experiment. However, using gentler techniques during media changes 
visually improved cell survival. As mentioned previously (see above), aspiration proved 
too vigorous. As such, old FM was removed by slowly pipetting. While replenishing FM, 
the pipette tip was aimed at the wall of each well rather than at the coverslip itself. This 
was an important adjustment in our technique, because mechanical detachment (e.g. by 
tapping or roughly jostling cell-containing vessels) was a method used to detach RA-
NT2N/A cells during two processes: a) selectively culturing to increase the ratio of 
neuronal or astrocytic cells in the terminal population and b) replating RA-NT2N/A to co-
culture RA-NT2N cells on astrocytes (23, 24, 33).  
 
After 6 days culturing in FM, Day 6+6 cells appeared even smaller, more polarized 
(Figure 7h), and either triangular or elongated (Figure 7h). In Figure 7h (center), the 
rounded end of a Day 6+6 cell extension may have been a growth cone. The processes 
seen in Day 6+6 cells were longer (Figure 7h) than those seen at Day 6+0. Compared to 
Day 0+0, sham Day 6+0, and Day 6+0 cells, Day 6+6 cells were morphologically distinct. 
This was also true of Day 6+12 cells. 
 
Day 6+8 cells showed further development of processes and a polarized shape (Figure 
8c). Processes appeared thinner than those seen on Day 6+0 but were not 
distinguishable from those seen on Day 6+6. As with the Day 6+4 population, that of Day 
6+8 contained a layer of non-neuronal cells beneath neuron-like cells. Specifically, 
extensions from cells traversed across the faint, large, flat cells (Figure 8c). 
 
After 12 days culturing in FM, Day 6+12 cell bodies still possessed their elongated or 
pyramidal shapes (Figure 7i,j; Figure 9p), and cells were more polarized, with finer and 
even longer processes (Figure 7j). More of the Day 6+12 cells reflected the morphology 
of a differentiated neuron compared to the Day 6+6 cells. Upon visual comparison 
between Day 6+12 cells to those of even earlier time points, we saw that culturing on 
FM after termination of AraC treatment promoted the maturity of AraC-differentiated 
cells. 
 
By Day 6+14, MED64 probes were less confluent (Figure 8d), but the cells present were 
still morphologically similar to those seen two days earlier, on Day 6+12 (Figure 7i,j; 
Figure 9p). In the bottom right quadrant of Figure 8d, a blue arrowhead points to a very 
long process (>200μm) extending over another cell (indicated by the green arrowhead).  
 
In sum, these data demonstrated that Day 0+0, Day 6+0, Day 6+6, and Day 6+12 cells 
were morphologically distinct. When comparing Day 0+0 to sham Day 6+0 cells, the only 
marked, visually-distinct difference was confluence. The overgrowth of sham Day 6+0 
cells (Figure 7c,d) was expected, given the cancerous origin of NT2 cells. On the other 
hand, Day 4+0 (Figure 8a) cells were much less confluent, and processes began to 
extend outward. By Day 6+0 cells adopted a polarized morphology with possible inter-
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cell connections and short, thick extensions and short neurites (Figure 7f). Furthermore, 
by Day 6+6, these extensions were more prevalent (though still short and thicker in 
shape) and contacted or crossed over other cells (Figure 7f). By Day 6+6 (Figure 7h) and 
Day 6+8 (Figure 8c), these extensions extended further and thinned out. AraC-treated 
cells continued to mature through Day 6+12 (Figure 7i,j; Figure 9p) and Day 6+14 (Figure 
8d), resulting in very thin processes originating from polarized, neuron-like cells.  
 
Given that 6-day AraC treatment appeared to produce a population with neuron-like 
features, we sought to conduct IFC characterizations the populations seen before and 
after treatment and in a sham experiment.  
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AIM 1.2:  
Use IFC to characterize cells before and after 20 μM AraC treatment to determine 
the ratio of neurons and astrocytes present. 

 

 
Figure 9: Brightfield & Fluorescence Microscopy Images of Sham & AraC Experiments (All Time Points)—(First row: a, f, 
h, m, p) Brightfield microscopy images (10x, scale bar = 400 μm) taken at major time points before (a) and after the sham 
(f) and AraC (h, m, p) experiments. (Second row: b, g, i, n, q) Fluorescence microscopy merged images of NeuN+ and DAPI 
stained cells at major time points before (b) and after sham (g) and AraC (i, n, q) experiments. (Third row: c, j, o, r) 
Fluorescence microscopy merged images of NeuN+, S100β+, and DAPI stained cells before (c) and at major time points 
after (j, o, r) AraC treatment. (Fourth row: d, k) Fluorescence microscopy merged images of VGluT1+ and DAPI stained cells 
before (d) and after (k) AraC treatment. (Fifth row: e, l) Fluorescence microscopy merged images of GAD67+ and DAPI 
stained cells at before (e) and after (l) AraC treatment. (Rows 2 to 5) Fluorescence microscopy (20x), scale bar = 200 μm. 
IFC image brightness was digitally increased by 20% for viewing. 

CELL SURVIVAL:  
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Figure 10: Cell Survival (Measured as DAPI) Over Time—Total cell population was defined as cells with DAPI staining. A 
statistically significant decrease in cell survival was seen between Day 0+0 vs. Day 6+0 (p<0.0001). No significant change 
was seen between Day 6+0 vs. Day 6+6 (p=0.9997). 

Before AraC treatment (Day 0+0), the initial cell population contained 922±75 cells (Figure 
10), as indicated by DAPI staining. The sham experiment was run in triplicate32 only once, 
yielding one data point (n=1) at sham Day 6+0: 1,776 cells, an almost 2-fold increase from 
the average cell count seen on Day 0+0. This was visually clear in brightfield images taken at 
Day 0+0 (Figure 7a,b, Figure 9a, Figure 17a) and Day 6+0 (Figure 7c,d, Figure 9f, Figure 17c), 
in which Day 6+0 coverslips looked more crowded.  
 
The same was seen in IFC images taken at Day 0+0 (Figure 9b,c and Figure 17b) and at Day 
6+0 (Figure 9g and Figure 17d)—the latter of which appeared very bright due to the amount 
of DAPI staining. After AraC treatment (i.e. Day 6+0), there were 80±6 cells in the surviving 
population (Figure 10), which constituted 8.71% of the initial population. This significant 
(p<0.0001), almost 11.5-fold decrease in size of the terminal population, was visually 
reflected in brightfield images taken on Day 0+0 (Figure 7a,b and Figure 9a) and Day 6+0 
(Figure 7e,f and Figure 9h) and in IFC images taken at the same time points (Figure 9b,c and 
Figure 9i,j respectively). Day 6+0 coverslips appeared much sparser (Figure 9i,j), which was 

 
32 As a reminder, “in triplicate” means that each data point (n) represents the combined quantifications collected from 3 
coverslips (i.e. a triplicate). 
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expected, given the anti-cancer effects of AraC (30) and cancerous identity of 
undifferentiated NT2 cells. 
 

NEURON (ARAC-NT2N) CHARACTERIZATION: 
 

 
Figure 11: Ratio of NT2N Cells at Various Time Points from Sham and AraC Experiments—Total cell population was 
defined by DAPI staining. Neuronal cells (NeuN+) possessed NeuN positive immunoreactivity that co-localized with DAPI 
staining in the nucleus. There was a statistically-significant increase in the ratio of NeuN+ cells between Day 0+0 vs. Day 
6+0 (p<0.0001) but no significant change between Day 6+0 vs. Day 6+6 (p=0.8043). 
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Figure 12: Raw Count of NT2N Cells at Various Time Points from Sham and AraC Experiments—The raw number of 
NeuN+ cells increased significantly between Day 0+0 vs. Day 6+0 (p=0.0101) but not between Day 6+0 vs. Day 6+6 
(p=0.1517). 

Goal:  
To determine the proportion of AraC-treated cells that obtained a mature neuronal identity, 
we used a triple NeuN–β-actin–DAPI staining condition, as described above (see Chapter 2: 
Methods). Fluorescence microscopy images at 20x were taken (Figure 9b,g,i,n,q) and then 
quantified. 
 

Findings:  
Before AraC treatment, the undifferentiated (i.e. Day 0+0) population consisted of 2±1% 
neurons (Figure 11), or 22±10 neurons (Figure 12). This low ratio was reflected in the near-
zero amount NeuN+ immunoreactivity observed in IFCs of Day 0+0 (Figure 9b) coverslips, 
even after digitally-increasing image brightness by 20% (Figure 9b). 
 
Preliminary data indicated that cells not treated with AraC (i.e. sham Day 6+0 cells) yielded 
a terminal population with a slightly lower fraction of neurons: 1% (n=1) (Figure 11) but 
incrementally more neurons: 25 (n=1) (Figure 12). Indeed, the number of discernable 
NeuN+DAPI+ cells in sham Day 6+0 coverslips stained by IFC (Figure 9g) appeared similar to 
those of Day 0+0 (Figure 9b). 
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After 6 days of treatment, 5.57% of the initial Day 0+0 population (922±75 DAPI+, Figure 
10) were neuronal. Of the cells that survived on Day 6+0 population, neurons comprised 
64±3% of the population (Figure 11), which translates to 70±5 total neurons present on Day 
6+0 (Figure 12). There were significant increases in both the ratio (p<0.0001, Figure 11) and 
the raw number (p=0.0101, Figure 12) of neurons seen after 6 days of AraC treatment 
compared to before AraC treatment. Visually, there was an increase in the amount NeuN-
DAPI co-localization in IFC images taken on Day 6+0 (Figure 9i, Supplementary Figure 1) 
compared to Day 0+0 (Figure 9b). Furthermore, the significance of these findings held true 
after accounting for within-group variation in the ratio (F=79.52, p<0.0001, Figure 11) and 
raw count (F=7.423, p=0.0116, Figure 12) data sets.  
 

ASTROCYTIC CELL CHARACTERIZATION: 
 

 
Figure 13: Ratio of NT2A Cells at Various Time Points in AraC Experiments—Total cell population was defined by DAPI 
staining. Astrocytic cells (S100β+) possessed S100β positive immunoreactivity that co-localized with β-actin in the cytosol. 
A statistically significant increase in the ratio of NT2N cells occurred between Day 0+0 vs. Day 6+0 (p=0.0002) but not 
between Day 6+0 vs. Day 6+6 (p=0.2418). 
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Figure 14: Raw Count of NT2A Cells at Various Time Points from Sham and AraC Experiments—The raw number of 
S100β+ cells decreased non-significantly between Day 0+0 vs. Day 6+0 (p=0.9821) and again between Day 6+0 vs. Day 6+6 
(p=0.8373). 

Goal:  
To characterize what proportion of cells treated with AraC for 6 days obtained a mature 
astrocytic identity, we used a triple staining condition of NeuN–S100β–DAPI (see above). Of 
note was the weakness of S100β immunoreactivity in Day 6+0 cells (Figure 9c,j,o,r).  
 

Findings:  
Using IFC (Figure 9), it was determined that the initial (i.e. Day 0+0) population (Figure 9c) 
contained 30±8 astrocytes (Figure 14), constituting 3±0% of the population (Figure 13).  
 
After 6 days of AraC treatment, the surviving population was 33±2% astrocytic (Figure 13), 
containing 28±3 astrocytes (Figure 14). This translates to 2.92% of the total Day 0+0 
population. Although the increase in the ratio of astrocytic cells from 3±0% on Day 0+0 to 
33±2% on Day 6+0 was significant (p=0.0002) and significantly differed more between than 
within (F=43.25, p<0.0001) time points, the raw number of astrocytes present did not 
significantly change (p=0.8373) after 6 days of AraC treatment. This was mirrored in the 
similar amount of S100β+ immunoreactivity observed between Day 6+0 (Figure 9j) and Day 
0+0 (Figure 9c). Although González-Burguera et al. (2016) did not stain for non-neuronal 
cells in their terminal population, others reported strong S100β+ immunoreactivity in RA-
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NT2A cultures obtained by methods used specifically to produce a primarily astrocytic 
population (see above) (33, 54, 66). Because S100β protein levels increase as astrocytes 
mature and lose their stem cell identity (53), it is possible that the S100β+ cells in the 
present study did not fully mature, leading to the weak labelling that we observed in 
fluorescent imaging (Figure 9c). 
 
Significant overall cell death (p<0.0001, Figure 10) but no significant change in the raw 
number of astrocytes (p=0.8373, Figure 14) indicated to us that the significant increase in 
astrocyte ratio on Day 6+0 (p=0.0002, Figure 13) was likely due to cell death. In other words, 
6-day 20μM AraC treatment did not induce astrocytic differentiation. 
 
In sum, NT2 cells treated with 6 days of 20 μM AraC produced a primarily-neuronal 
population (64±3%, Figure 9i image, Figure 11), which consisted of, on average, 70±5 
neurons (Figure 12). This Day 6+0 population was significantly more neuronal (ratios: 
p<0.0001; raw NeuN+ counts: p=0.0101) than the Day 0+0 population (2±1% neuronal and 
composed of 22±10 neurons). This significance in ratios (p<0.0001) and raw counts 
(p=0.0101) remained true, even after accounting for within-group variation in both ratio 
(F=79.52, p<0.0001, Figure 11) and raw NeuN+ count (F=7.423, p=0.116, Figure 12) data. 
These results were mirrored in IFC images, in which the near-zero NeuN+ immunoreactivity 
on Day 0+0 (Figure 9b) cells noticeably increased by Day 6+0 (Figure 9i). On the other hand, 
the astrocytic population size (i.e. raw counts) did not significantly (p=0.9821) change after 
treatment (28±3) compared to before treatment (30±8, Figure 13, Figure 14). Instead, the 
apparent significant (p=0.0002) increase in astrocytic composition (i.e. proportion) of the 
total surviving population from Day 0+0 (3±0%) to Day 6+0 (33±2%) was likely an artifact of 
the significant (p<0.0001) cell death that occurred during 6-day AraC treatment. Taken 
together, neuron and astrocyte population quantification data indicated that on Day 6+0, 
there were 1.91x more neurons than astrocytes (Figure 23). 
 
While the quantifications of NeuN+ and S100β+ cells encouraged the conclusion that AraC 
treatment yielded a primarily (64±3%) neuronal population, it was still unclear how this 
composition arose. To address this question, we used a sham experiment. This allowed us 
to weigh the influence of AraC against two other possible factors: Cell death and 
spontaneous differentiation.  
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AIM 1.3:  
Answer mechanistic questions: Does AraC truly increase the number of neurons (or 
does it simply kill off proliferative NT2 cells)? And is AraC any more efficient than 
spontaneous differentiation? 

 

CELL DEATH: 
The first question we addressed was concerned with the mechanism by which the terminal 
population became primarily neuronal. Central to this issue was the fact that 6-day AraC 
treatment induced a significant (p<0.0001), nearly 11.5-fold, loss in total cell population 
(Figure 10). Our guiding question was Could cell death alone account for the significant 
increase in neurons in our terminal Day 6+0 population? Put another way, Did 6-day AraC 
treatment induce only massive cell death, or did it also significantly increase in the raw 
number of neurons? 
 

 
Figure 15: Decision Tree: Could Cell Death Alone Account for Day 6+0 Neuron Ratios—From left to right: (Yes) If cell 
death was responsible for the increase in NeuN/DAPI ratio observed on Day 6+0, then the raw count of NeuN should not 
have significantly increased between Day 0+0 and Day 6+0. (No) If cell death alone was not responsible for the increased 
Day 6+0 ratio, then the raw count of NeuN should have significantly increased after 6 days of AraC treatment. 

To answer this question, raw values of NeuN+ cells (neurons) were re-analyzed according to 
the decision tree in Figure 15. If cell death alone was responsible for increasing the ratio of 
neurons from 2±1% to 64±3% (Figure 11), then the raw number of neurons seen before and 
after 6 days of AraC treatment should have been statistically unchanged. However, if cell 
death alone was not responsible for this 26-fold increase, then the number of neurons 
should have significantly increased after 6 days of AraC treatment.33  
 

 
33 See , where we address an issue regarding controlling for cell density per coverslip, which is a variable  that may have 
affected raw NeuN+ cells present on each coverslip at Day 0+0 and Day 6+0 timepoints. 
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Cell Death: Number of Neurons: 
After 6 days of AraC treatment, there was a statistically significant increase (p=0.0101) 
in the neuronal population size, from 22±10 neurons on Day 0+0 to 70±5 on Day 6+0. 
This significance remained (F=7.423, p=0.0116, Figure 12) after accounting for within-
group variation. Because the raw number of neurons increased significantly between 
these time points, cell death alone could not explain the significant increase in the 
neuron proportion seen after 6 days of AraC treatment.  

 

SPONTANEOUS DIFFERENTIATION: 
The second question also addressed the mechanism by which the terminal population 
becomes primarily neuronal, but it took a different perspective. Because NT2 cells are 
known to spontaneously differentiate, albeit minimally (10, 14), an important question was: 
Did 6 days of AraC treatment increase the neuron composition of the terminal population 
more than spontaneous differentiation alone?  
 

 
Figure 16: Decision Tree: Could Spontaneous Differentiation Alone Account for Day 6+0 NT2N Cells–NT2 cells are known 
to spontaneously differentiate (10, 14). A sham (AraC-lacking) experiment was run to determine whether spontaneous 
differentiation alone was capable of producing a terminal population composed primarily of NT2N cells. There were two 
possibilities: No (right branch), meaning that some factor other than spontaneous differentiation must have contributed to 
the process resulting in the primarily neuronal population seen on Day 6+0. Yes (left branch), meaning that spontaneous 
differentiation alone could produce a primarily neuronal population after 6 days.  

To answer this question, a sham experiment was run concurrently with the AraC 
experiment, from Day 0+0 to Day 6+0 (Figure 3). The populations at Day 0+0, Day 6+0, and 
sham Day 6+0 were examined using a triple staining condition of NeuN–β-actin–DAPI. Two 
values were obtained from this stain: ratios and raw numbers of neurons in the terminal 
population.  
 
If spontaneous differentiation alone was responsible for producing a mostly-neuronal 
population by Day 6+0, then there would have been no significant difference between the 
NeuN/DAPI ratios seen in an AraC experiment (64±3%, Figure 11) and those of a sham 
experiment (as in Figure 16, left branch). If this was the case, then AraC treatment did not 
increase the neuronal differentiation potential of NT2 cells beyond what spontaneous 
differentiation alone could have accomplished. However, if spontaneous differentiation 
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alone was not capable of producing a primarily-neuronal population after 6 days, then the 
Day 6+0 and sham Day 6+0 ratios should have differed significantly (as in Figure 16, right 
branch). If this was the case, then AraC treatment contributed to increasing the neuronal 
ratio (i.e. spontaneous differentiation is not the sole factor). 
 
Unlike cell death, spontaneous differentiation had the potential to increase the raw number 
of neurons present, not only the ratios. Thus, raw neuron counts from the Day 0+0, Day 
6+0, and sham Day 6+0 were analyzed in addition to NeuN/DAPI ratios from the same time 
points. When the decision tree in Figure 16 was adapted to address raw counts rather than 
ratios, we found two interpretations: If spontaneous differentiation alone was responsible 
for the increase in total neurons seen at Day 6+0, then there would have been no significant 
difference between sham Day 6+0 and Day 6+0 NeuN counts (similar to Figure 16, left 
branch). However, if spontaneous differentiation alone could not account for the increase in 
neurons seen at Day 6+0, then neuron counts from Day 6+0 and sham Day 6+0 should have 
differed significantly (similar to Figure 16, right branch). 
 
Due to months-long mechanical issues with laboratory equipment and campus closing to 
prevent the spread of COVID-19, only 1 sham experiment was run. Thus, no statistical 
analyses were run on sham experiment data. We kept this statistical caveat in mind when 
interpreting our preliminary data.  
 

Spontaneous Differentiation: Neuron Ratios:  
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Figure 17: Brightfield and Fluorescence Microscope (20x) for a Sham Experiment (n=1)—(a, c) Brightfield images (20x) 
before (a) and after (c) 6 days of culturing in AraC-free (i.e. fresh) media. (b, d) IFC staining was conducted before (b) and 
after (d) 6-days of AraC treatment. Scale bar = 200 μm. IFC image brightness was increased by 20% for viewing. 

NT2 cells in the sham experiment grew to confluence by sham Day 6+0 (Figure 17c,d). 
Indeed, brightfield imaging revealed a lack of discernable space between sham Day 6+0 
cells (Figure 17c). Although there were large areas of NeuN-DAPI co-localization in sham 
Day 6+0 coverslips (Figure 17d),34 it was impossible to distinguish one cell from its 
neighbor in these highly-confluent regions, especially near the center of each region. 
Doing so would have, in our opinion, rendered the data unreliable. As such, these areas 
were excluded from quantification. Quantifying sham Day 6+0 coverslips was preceded 
by a time-consuming process of determining which DAPI+ cells in each NeuN–β-actin–
DAPI image were discernable from its neighbors. Cells that were not distinguishable 
from their neighbors were excluded from quantification. Then, using merged NeuN-DAPI 
and NeuN–β-actin–DAPI images as references for cell borders and NeuN localization, 
NeuN+ cells were counted for each sham Day 6+0 coverslip.  
 
After 6 days of AraC treatment, the population was comprised of 64±3% neurons (as 
reported above; Figure 11). IFC staining data from a sham experiment revealed that 

 
34 Note that researchers have identified similar clusters as structures called neural rosettes (82), which have the potential 
to differentiate into CNS or peripheral nervous system cells. 
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spontaneous differentiation produced a population that was only 1±0% (n=1) neuronal 
(Figure 17d), which was slightly less than the 2±1% seen on Day 0+0 (2±1%, Figure 11, 
Figure 17a,b). The proportion of neurons after AraC treatment (i.e. Day 6+0) was 45.3x 
more than the proportion seen with no treatment (i.e. sham Day 6+0). Based on this 
preliminary data, spontaneous differentiation alone could not produce a population that 
is primarily neuronal. 

 

Spontaneous differentiation: Number of Neurons: 
While 6 days of AraC treatment yielded 70±5 neurons, which was significantly higher 
(p=0.0101) than the Day 0+0 population (see above; Figure 12), culturing in FM for 6 
days (n=1) yielded 25±0 neurons (Figure 12), which was similar to the Day 0+0 neuron 
population (22±10 neurons). The Day 6+0 population contained 2.8x more neurons than 
the sham Day 6+0 population. 
 
These preliminary results indicate that treatment with 6 days of AraC produced more 
neurons than spontaneous differentiation alone. In other words, spontaneous 
differentiation alone cannot account for the increased number of neurons observed 
after AraC treatment.  
 
In sum, neither cell death nor spontaneous differentiation alone accounted for the 
increases in NeuN/DAPI ratio and raw number of neurons seen in the terminal Day 6+0 
population. With regard to spontaneous differentiation, because neuron population 
sizes (raw NeuN) were similar between the sham Day 6+0 and Day 0+0 time points 
(Figure 12), the decrease in the NeuN/DAPI ratio from 2±1% at Day 0+0 (n=3) to 1±0% at 
sham Day 6+0 (n=1) (Figure 11) was likely due to uninhibited cell growth that took place 
in the absence of AraC. Although spontaneous differentiation data was not statistically 
verifiable due to insufficient n, cell death data reflected that the decrease in overall 
population alone could not explain the primarily-neuronal population observed at Day 
6+0. 
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AIM 1.4:  
Use IFC to determine the ratio of excitatory to inhibitory cells in a Day 6+0 
population. 

 
To compare the excitatory and inhibitory populations, IFC staining and fluorescence imaging 
were used to quantify the raw numbers and ratios of these cell populations before and after 
6-day AraC treatment. 
 

QUANTIFYING EXCITATORY CELLS:  
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Figure 18: Raw Counts and Ratios for Glutamatergic and GABAergic Cells—Ratios of excitatory (VGluT1+) (a) and 
inhibitory (GAD67+) (b) cells. Ratios were calculated by taking raw counts of excitatory (VGluT1+) (c) and of inhibitory 
(GAD67+) (d) dividing by total cell count (i.e. DAPI). There was a significant increase in the ratios (a, p=0.0001) and raw 
counts (c, p=0.0019) of VGluT1+ cells. There was also a significant increase in the proportion of GAD67+ cells (b, p=0.0007) 
but not in the raw number (d, p=0.1470) of GAD67+ cells. The raw number of excitatory cells were compared to inhibitory 
cells (e) by calculating a new ratio: Raw counts of excitatory (VGluT1+) or inhibitory (GAD67+) cells were divided by the 
sum of both raw counts (VGluT1+ + GAD67+).  

Goal: 
To quantify the excitatory cell population, a triple staining condition of VGluT1–β-actin–
DAPI was used at Day 0+0 (Figure 9d) and Day 6+0 (Figure 9k). As previously mentioned 
(see above), positive VGluT1 immunoreactivity indicates only those neurons (50) and 
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does not co-localize with immature neuronal markers (50). Indeed, González-Burguera 
et al. (2016) used the VGluT1 antibody to identify glutamatergic neurons in AraC-
differentiated NT2 populations (13). Fluorescence microscopy images (20x) were taken 
on Day 0+0 (Figure 9d) and Day 6+0 (Figure 9k) in the manner previously described (see 
above). These images (Figure 18) were then quantified (see above).  

 

Findings: 
On Day 0+0, there was minimal (1±0%) and weak (Figure 18a) VGluT1 immunoreactivity. 
However, by Day 6+0, this VGluT1 immunoreactivity strengthened, strongly labelling 
most Day 6+0 cells (69±5%, Figure 18a) and co-localizing with β-actin in processes 
(Figure 9k). 
 
Quantitatively, on Day 0+0, there were 5±2 glutamatergic neurons (Figure 18c), which 
translates to 1±0% (Figure 18a) of the population. By Day 6+0, the glutamatergic neuron 
population size increased to 48±6 cells (Figure 18c), which constituted 69±5% of the 
surviving Day 6+0 population. Thus, 5.99% of the initial Day 0+0 population 
differentiated into glutamatergic neurons.  
 
The increases in both raw numbers (p=0.0019) and ratios (p=0.0001) were significant 
(Figure 18c,a respectively). Although raw values differed more between- than within- 
groups (F=15.78), the between-group variation was not significantly (p=0.1204) greater 
than the within-group variation. On the other hand, there was an even larger (F=518.6) 
and significant (p=0.0039) difference in the glutamatergic neuron ratios seen between 
Day 6+0 and Day 0+0 compared to within each time point. Thus, after 6 days of AraC 
treatment, there were significantly more glutamatergic neurons than before treatment. 
 
These data revealed that after 6 days of AraC treatment, the resulting population was 
mostly (69±5%) glutamatergic. Although González-Burguera et al. (2016) never 
quantified the neurotransmitter subtypes present in their terminal population (Day 
6+0), the authors reported a primarily-glutamatergic terminal population. 

 

QUANTIFYING INHIBITORY CELLS: 
Goal: 

To quantify the influence of AraC treatment on the inhibitory cell population, we utilized 
the GAD67 antibody. González-Burguera et al. (2016) used the GAD67 antibody to 
identify GABAergic (or inhibitory) cells in their terminal AraC-differentiated population. 
To characterize the GABAergic populations during this experiment, a triple staining 
condition of GAD67–β-actin–DAPI was used at Day 0+0 (Figure 9e) and Day 6+0 (Figure 
9l). 
 
Day 0+0 and Day 6+0 coverslips were then imaged (see above) using fluorescence 
microscopy at 20x (Figure 9e,l) for later quantification (Figure 18). 
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Findings: 
GAD67 immunoreactivity was weak and nearly absent in the Day 0+0 population (Figure 
9e). By Day 6+0, GAD67 immunoreactivity remained sparse (Figure 9l). Before AraC 
treatment, 8±1 GABAergic cells were present, constituting 1±0% of the Day 0+0 
population (Figure 18b,d). After 6 days of AraC treatment, there were 10±1 GABAergic 
neurons (Figure 18d), which translated to 18±2% of the Day 6+0 population (Figure 18b). 
The increase in proportion of GABAergic cells (Figure 18b) was significant (p=0.0007), 
with significant between-group variation (F=69.72, p=0.0283). On the other hand, while 
there was more between-group than within-group variation in the raw GABAergic 
counts (F=4.250), the difference in variation was not significant (p=0.3927). 
Furthermore, the increase in raw GABAergic cells present was not significant (p=0.1470, 
Figure 18d). 
 
These results indicated that the significant cell death (p<0.0001, Figure 10), rather than 
6-day AraC treatment, led to a nonsignificant increase (p=0.1470) in the GABAergic ratio 
from 8±1% on Day 0+0 to 18±1% on Day 6+0 (Figure 18b). Thus, 6 days of 20 μM AraC 
treatment did not significantly increase the GABAergic population. 
 

COMPARE GLUTAMATERGIC TO GABAERGIC POPULATIONS: 
In sum, by Day 6+0, there were 48±6 glutamatergic cells, making up 69±5% of the 
population (Figure 18a,c), and 10±1 GABAergic cells, constituting 18±2% at the same time 
point. However, the increased GABAergic ratio was likely due to the significant decrease 
(p<0.0001, Figure 10) in overall population size rather than AraC-induced differentiation to 
the inhibitory, GABAergic neurotransmitter phenotype. Nevertheless, at Day 6+0, the 
surviving population had 4.66x more glutamatergic cells than GABAergic cells (raw counts), 
meaning that excitatory cells constituted 3.82x more of the terminal population than did 
inhibitory cells (ratios).  
 
Importantly, the summed ratio (87%) of glutamatergic (69±5%) and GABAergic (18±2%) 
neurons—the values calculated by dividing the raw number of VGluT1+ and GAD67+ cells by 
the DAPI values from the same coverslips—at Day 6+0 far exceeded the ratio of total 
neurons (64±3%). Thus, to better compare the populations of these two neurotransmitter 
phenotypes, we calculated new ratios: The Day 6+0 raw VGluT1+ values (n=4, Figure 18c) 
and raw GAD67+ values (n=4, Figure 18d) were summed across all biological replicates. This 
value, rather than the overall cell population (DAPI), became the denominator in our new 
ratios (Figure 18e). Then, the raw VGluT1+ and raw GAD67+ values became the numerator 
in each respective ratio. This produced two ratios that more accurately compared the 
glutamatergic and GABAergic populations (Figure 18e). Based on this metric, there were 
4.79x more excitatory than inhibitory cells. This was highly encouraging, since this finding 
not only matched the findings of González-Burguera et al. (2016) that AraC-NT2N 
populations were primarily glutamatergic and minimally GABAergic, but also resembled the 
5-to-1 ratio of glutamatergic-to-GABAergic neurons seen in the human brain in vivo (56).  
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AIM 1.5:  
Determine whether the cell population obtained after AraC treatment is stable. 

 
Given that RA-NT2N (11, 12, 23) and RA-NT2N/A populations (23, 33) survived for months 
after the RA differentiation protocol ended, we sought to characterize the stability of the 
Day 6+0 obtained through AraC treatment. 
 

QUANTIFYING CELL TYPES AFTER TERMINATION OF TREATMENT:  
To characterize the stability of the Day 6+0 population, AraC treatment was terminated by 
replacing AraC media with FM (see above), allowing us to characterize of overall survival 
(Figure 10), neuronal population survival (Figure 11, Figure 12), and astrocytic population 
survival (Figure 13, Figure 14).  
 
In this context, stability refers to the degree of change observed in the AraC-differentiated 
populations after stopping AraC treatment. This parameter indicates how reliably AraC 
differentiation produces differentiated populations that have committed to their respective 
cellular identities and that are capable of surviving.  
 

Overall Cell Survival (i.e. DAPI staining): 
After 6 days of culturing Day 6+0 cells in FM, the size of the Day 6+6 population (65±6 
cells) insignificantly (p=0.9997) decreased compared to the Day 6+0 population (80±6 
cells, Figure 10). Since there existed more variability between groups (i.e. Day 0+0 vs. 
Day 6+0 vs. Day 6+6) than within each group (F=82.67), we considered the Day 6+0 cell 
population size to be stable when cultured in FM for 6 days. Brightfield imaging of Day 
6+0 (Figure 7e,f) and Day 6+6 (Figure 7g,h; Figure 9m) coverslips mirrored this 
interpretation.  
 
At Day 6+12, there were 57±8 cells present (note: n=2) (Figure 10). Additional 
experiments are still needed to validate the use of statistical tests on Day 6+12 data, but 
initial results showed that the slight decrease in cell population seen at Day 6+6 
continued with the Day 6+12 population (Figure 10). Again, this was visually mirrored in 
brightfield imaging at Day 6+12 (Figure 7i,j; Figure 9p). Although the Day 6+12 
population was smaller than that of Day 6+6, preliminary data suggested that the Day 
6+0 and Day 6+12 populations were unlikely (n=2) to become significantly different, 
even with the addition of experiments (n). Thus, while there was a slight decrease in 
overall population size after termination of AraC media, this change was insignificant 
after culturing the terminal population on FM for 6 days (p=0.9997) and was not notable 
at Day 6+12 (n=2). 
 

Neuronal Survival (Raw Counts and Ratios): 
To assess neuronal population survival, Day 6+6 and Day 6+12 coverslips underwent IFC 
characterization for NeuN immunoreactivity. 6 days after AraC treatment ended, the 
ratio of neurons at Day 6+6 (61±4%) remained statistically unchanged (p=0.8043) from 
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Day 6+0 (64±3%), even after accounting for within-group variation (F=79.52, p<0.0001, 
Figure 11). With regard to the raw number of neurons seen at Day 6+6 (44±6) compared 
to the Day 6+0 (70±5) population, there was a decreasing trend that was not statistically 
significant (p=0.1517), even after accounting for within-group variation (F=7.423, 
p=0.0116, Figure 12). Preliminary data revealed that at 12 days after AraC treatment 
(n=1), there were 28±0 neurons, which constituted 57±0% (n=1) of the Day 6+12 
population. No statistical analyses were run with Day 6+12 data, as there was an 
insufficient amount of data for Day 6+12 data (n=1). 

 

Astrocytic Survival (Raw Counts and Ratios): 
To assess astrocytic population survival, Day 6+6 and Day 6+12 coverslips were 
characterized using IFC for S100β immunoreactivity. After Day 6+0 cells were cultured in 
FM for 6 days, the Day 6+6 population was 41±4% astrocytic and contained 23±1 
astrocytes. Neither the Day 6+6 ratios (p=0.2418, Figure 13) nor the raw values 
(p=0.8373, Figure 14) significantly differed from the Day 6+0 values (Figure 13, Figure 
14, respectively). Day 6+12 ratios (33±0%, n=1) and raw (21±0, n=1) values resembled 
those seen at Day 6+6, though statistical analyses could not be run due to insufficient 
sample size (n=1, Figure 13). As mentioned earlier (see above), cell death likely 
contributed to the statistically significant change (p=0.0002) in astrocytic proportions 
seen after (33±2%) compared to before (3±0%) AraC treatment (Figure 13). The raw 
number of astrocytes present after AraC treatment (28±3) not statistically different 
(p=0.8373) from what was present before AraC treatment (30±8). One possible 
interpretation we considered was that the terminal astrocytic population from Day 6+0 
was stable 12 days after AraC treatment ended. However, a more accurate and 
encompassing interpretation was that AraC treatment did not induce astrocytic 
differentiation and that culturing thereafter in FM had no statistical effect on the 
astrocytic population.   

 
In sum, these results indicated that the Day 6+0 population was statistically stable to at 
least 6 days after termination of AraC treatment. This was true with regards to overall, 
neuron, and astrocyte population size and proportions, as neither the raw numbers nor 
ratios measured at Day 6+6 significantly differed from their Day 6+0 counterparts. 
Furthermore, comparing data from NeuN and S100β immunoreactivity revealed that on Day 
6+6, there were 1.94x more neurons than astrocytes, meaning neurons constituted 1.50x 
more of the Day 6+6 population than did astrocytes. This resembled the comparisons made 
on Day 6+0, when there were 2.5x more neurons than astrocytes and neurons made up 
1.91x more of the Day 6+0 population than did astrocytes. 
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AIM 2 OF 2: Use electrophysiology to functionally characterize cells after AraC treatment. 

AIM 2.1:  
Characterize electrophysiological responses—do these cells demonstrate intrinsic 
activity and spontaneous action potentials? 

 

CELL POPULATION ON MED64 PROBES:  
Goals: 

To characterize the functional characteristics of the differentiated population, we 
seeded Day 3+0 cells onto PDL/Laminin-511-coated MED64 probes using techniques 
described in Chapter 2: Methods. On days during which recordings (Figure 20e) took 
place, MED64 probes were imaged at 20x in a way that allowed us to stitch the images 
together (Figure 19). As mentioned above, cells were recorded in FM to detect 
spontaneous activity.  

 

Findings:  
Due to mechanical issues with the incubator beginning in January and the timing of 
global health issues leading to facility closures, we were prevented from conducting 
enough recordings to generate enough data on which to run statistical tests of 
significance.  
 
However, we detected activity from 1 electrode (n=1) on a MED64 probe (150μm 
spacing) on Day 6+12. The raw trace is shown in Figure 20e. Spikes (i.e. action 
potentials) with amplitudes exceeding background noise by 5 standard deviations (see 
above in Chapter 2: Methods) are shown in Figure 20d. Spikes were then sorted,35 
yielding 3 distinct template waveforms (Figure 20a,b,c) of all the action potentials 
detected during the 3-minute recording. Because we did not develop a plot of spike 
half-width36 (x-axis) vs spike asymmetry (y-axis), accurate categorization each of the 3 
waveforms as excitatory or inhibitory (85) was not possible (86, 87).37 

 
35 This is an analysis method called spike sorting, which can be done manually or via a computer capable of machine 
learning (86, 87). 
36 Spike half-width refers to the length of time, in milliseconds, between the midpoint of the falling and rising phases of a 
spike (88, 90). Asymmetry refers to the difference in amplitudes before and after the spike trough (88) 
37 According to Figure 1a in Sirota et al. (2008), excitatory waveforms are wider (i.e. have a wider mean spike width) and 
less asymmetrical, while inhibitory waveforms are narrower and more asymmetrical (89). 
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Figure 19: Day 6+12, Stitched Brightfield Microscopy (20x) Images of a MED64 Probe (300μm spacing)—On days when 
recordings were taken, brightfield microscope images (20x) were captured in manner that allowed them to be stitched 
together. Scale bar = 200 μm. 
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Figure 20: Analysis of a Recording Taken on Day 6+12 from a MED64 Probe (150μm Spacing)—(a,b,c) Waveforms 
(detected by spike sorting) of spikes detected during a 3-minute extracellular field potential recording taken of cells 
cultured in FM for 12 days after terminating AraC treatment. (d) Spikes with amplitudes that were ≥5 standard deviations 
greater than background noise. Colors correspond to the waveform templates in a,b,c. (e) Raw trace recording lasting 3 
minutes. 
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CHAPTER 4: DISCUSSION 
 

GOAL AND NOVEL FEATURES: 
 
This study tested the hypothesis that 6-day treatment with 20 μM AraC-containing media 
would produce a differentiated population of neurons and astrocytes capable of forming 
functional networks. Our goal was to characterize a heterogeneous population produced by 
this rapid, novel method of NT2 cell differentiation. 
 
We used the adherent NT2 cell line that, upon differentiation, obtains a neuronal 
morphology (10, 11, 13, 15, 16), labels for neuronal (11, 13, 15, 24, 25, 66) and synaptic 
markers (12, 15, 24, 26, 66), displays an array of neurotransmitter phenotypes (13, 15, 27, 
28, 29, 66), and possesses functional characteristics (23, 24, 25, 26, 38, 66). 
 
There were two aims: IFC characterization and functional characterization of the 
differentiated population. The protocol used in this study distinguishes itself from 
conventional methods of NT2 differentiation by its departure from conventional reliance on 
RA. The González-Burguera et al. (2016) protocol instead uses AraC, an MI, as the sole 
differentiation agent.  
 
Due to the recency of this protocol, much of the data presented here is novel. González-
Burguera et al. (2016) previously demonstrated that this protocol yielded a 70% neuronal 
population that was mostly glutamatergic (13). However, for the first time, we reported not 
only the neuronal ratios but also astrocytic and neurotransmitter subtype ratios (and raw 
numbers). Second, we successfully maintained the terminal Day 6+0 population on FM for 
up to 12 days after AraC treatment ended. Third, we characterized the stability and 
morphological development of these cells 12 days after terminating AraC treatment. 
Fourth, we addressed two mechanistic questions regarding how the AraC-NT2N population 
is obtained. To this end, we ran a sham experiment, which was unique with respect to 
González-Burguera et al. (2016). Fifth, although COVID-19 and laboratory equipment 
troubles prevented the collection of additional functional data, we were the first to attempt 
to functionally characterize a terminal population following AraC differentiation. These 
efforts included optimizing MED64 attachment methods and obtaining encouraging results 
from a recording of these cells.  
 
The results here provide a basis against which future quantifications and characterizations 
may be compared. The novel nature of this protocol means that there is still much to 
discover about AraC-NT2N/A populations. Before placing these results within the context of 
current literature, a cost analysis of this novel protocol will provide a fiscal comparison 
between the novel AraC method and its elders: RA differentiation and primary neuron 
culture. Hereafter, our discussion of results and future directions will intermingle, providing 
a more accurate depiction of how this study deepens the understanding of AraC-mediated 
NT2 differentiation and points to future avenues of investigation. 
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COST ANALYSIS: 
 
We opened this compendium with a discussion on the considerable temporal and financial 
costs of drug development. Traditionally, this lengthy process relies heavily on in vivo 
animal studies that require IACUC approval—a time-consuming series of protocol 
submissions and revisions. Then, we introduced in vitro work as a potentially cost-effective 
and more efficient method to screen drug candidates. As such, better predictive in vitro 
models could precede in vivo studies to minimize both the volume of animal testing and the 
failure rate of translating in vivo results to clinical human trials. Figure 21 compares the time 
and money costs between 3 ways of obtaining neurons mentioned previously: AraC-
mediated differentiation, RA-mediated differentiation, and primary neuron culture. In line 
with our focus on AraC-mediated differentiation, the cost comparisons presented here 
focus on AraC vs RA and AraC vs primary neuron culture. 
 

 
Figure 21: Cost Comparison Between 3 Methods—The cost of growing 1.5x106 cells, according to 3 protocols. AraC 
consumables and time are calculated according to the novel González-Burguera et al. (2016) protocol. RA consumables 
and time are calculated according to the conventional RA-differentiation protocol used by previous laboratory members 
(12). The primary neuron consumables and time calculations are determined by using a primary neuron isolation protocol 
employed by previous laboratory members. Consumables and time are separated into 3 sections: Surgery/growth, 
differentiation, and maintenance. Surgery/growth is the time needed to grow cells to confluence or hours needed to 
acquire fetal mouse primary neurons. Differentiation refers to the amount of time needed to obtain a differentiated 
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population from NT2 cells. Maintenance refers to the time between the end of differentiation and the beginning of 
functional tests. 

In Figure 21, the “AraC” and “RA” columns represent the two in vitro pharmacological 
avenues discussed at length above (see Chapter 1: Introduction), while the “primary 
neuron” column represents a method of obtaining neurons that requires IACUC-approved 
animal work. Because the timeline of obtaining IACUC approval differs widely between 
institutions, Figure 21 does not reflect this time investment. The cost of each protocol 
accounts for labor and consumables—the non-recyclable materials used up (i.e. consumed) 
each time cells are cultured. For example, each time a researcher needs to test a drug 
candidate using neurons, the laboratory will incur the costs listed in the final row of each 
column (Figure 21). All values are presented in USD ($). For all 3 categories, the cost of 
consumables reflects the micrograms (μg) or microliters (μL) of each material required to 
culture 1.5x106 neurons. In other words, the unit (e.g. 10μL vs. 10mL or 20μg vs. 20mg) in 
which each consumable is sold does not affect the calculations in Figure 21. 
 
Due to the reliance of drug development on in vivo animal research, Figure 21 compares 
NT2 differentiation against a primary culture with murine origins rather than one with 
human origins. Since primary neuron cultures are not immortal (17, 59), the source animal 
(a timed-pregnant mouse) and labor required to isolate these neurons are “consumed” by a 
single round of culturing. As such, these costs are reflected in the primary neuron protocol 
column of Figure 21. Since primary neurons display electrical activity 7-10 days after being 
seeded on a MED64 probe (44), we calculated the resources needed to maintain these cells 
for 7 days in culture. On the other hand, the NT2 cell line is immortal (i.e. can divide 
indefinitely) (17). As a result, the initial cost of NT2 cells is not a consumable and is excluded 
from the AraC and RA protocol columns. Furthermore, because RA-NT2N display electrical 
activity as soon as 3 weeks after RA differentiation (23, 24), the costs associated with RA-
NT2N maintenance (Figure 21) were calculated for this length of time. For AraC-NT2N cells, 
we observed electrical activity on Day 6+12, prompting us to calculate maintenance costs 
for 12 days of culturing in FM (Figure 21). 
 

ARAC VS RA:  
Because the process of growing NT2 cell in T-75 flasks (FM changed every 3 days) is identical 
between the AraC and RA protocols, no difference is reflected in the costs associated with 
the growth phase (Figure 21). However, differentiation and maintenance reveal stark 
differences between these protocols.  
 
Specifically, RA differentiation lasts nearly 10x longer, is 2.5x more labor intensive, and 
costs about 20x more in materials than AraC differentiation. Furthermore, although the 
labor and consumables of RA-NT2N and AraC-NT2N maintenance are similar, RA-NT2N 
maintenance takes nearly twice as long. Overall, compared to the AraC protocol, the RA 
differentiation protocol takes over 3x longer, nearly 2x the labor, costs 3x more overall, and 
carries a material (i.e. consumables) price tag of nearly 10x more. Therefore, from an 
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economic standpoint, the AraC-NT2N protocol is more cost- and time-efficient than the RA-
NT2N protocol.  
 

ARAC VS PRIMARY NEURON:  
Unlike NT2 cell protocols, the primary neuron protocol requires IACUC approval because 
obtaining the primary neurons requires surgical removal of mouse embryos (also known as 
pinkys) from a timed-pregnant mouse (also known as a doe). However, primary neuron 
culturing does not have the associated growth phase that is required to culture NT2 cells. 
Compared to primary neuron culturing, the AraC protocol requires about 3x more time and 
labor but costs 1.57x less overall and uses materials that are 6x cheaper. 
 
Specifically, NT2 cell growth and AraC differentiation total only $239.04 ($180 in labor and 
$59.04 in consumables), while the cost of simply obtaining primary neurons requires $300 
($60 in labor and $240 in consumables). Furthermore, maintaining primary neurons in 
culture for only 7 days requires a $134.06 investment, while maintaining AraC-NT2N cells 
for 12 days costs only $13.45. In other words, maintaining AraC-NT2N cells for 12 days costs 
almost 10x less than maintaining primary neurons costs for nearly half the time. Overall, the 
primary neuron protocol is less than 3x as long and requires 2.89x less labor. Despite this 
shorter timeline, primary neuron culturing requires a nearly 6x higher investment in 
consumables and 1.57x overall.  
 
One important point is that in general, primary neuron cultures have a much higher survival 
rate38 than AraC-mediated and NT2-cell differentiation.39 Nevertheless, for researchers who 
do not yet have or are not seeking IACUC approval, do not have access to animals, or are 
not trained in IACUC-approved animal care or experimental protocols, AraC-mediated 
differentiation of NT2 cells may be an affordable avenue to obtain a heterogeneous 
neuronal and astrocytic culture. These cells can then be used in, for example, 
pharmacological tests on neuronal function. 
 
As previously mentioned, (see Chapter 1: Introduction), NT2N cells have shown promise to 
improve outcomes in stroke patients who presented with motor disabilities (35). In mice, 
the RA-NT2N cells used in this small study (n = 12) expressed an array of neuronal proteins, 
receptors, channels and generated electrical activity that reflected their functional state 
(35). Positron emission tomography scans of human patients’ brains revealed that the 
implanted RA-NT2N cells increased metabolic activity in the infarct region, with no evidence 
of inflammation in these regions (35). RA-NT2N cells implanted into the human brain in 
Phase I and Phase II clinical trials demonstrated safety (80).40 Despite these encouraging 
results, financial concerns halted subsequent work with RA-NT2N cells in stroke patients 

 
38 From anecdotal accounts from my committee: 50-70% survival 
39 Abolpour Mofrad et al. (2016) reported a 37.83% (39% of 97%) survival rate in RA-differentiated NT2N cultures before 4-
week treatment with MI. There were no figures of cell survival reported at the end of MI treatment. 
40 Note that RA-NT2N cells have also been successfully implanted into mouse brains (84). However these RA-NT2N cells 
were differentiated using 5 weeks of RA treatment (84). 
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(69). Given that RA-mediated NT2 cell differentiation is more expensive than both primary 
neuron culture and AraC-mediated differentiation combined (Figure 21), researchers 
considering the therapeutic potential of stem cells in stroke patients may be interested 
future studies that more thoroughly characterize the ability of AraC-NT2N to mimic in vivo 
human neurons. 
 
In sum, although the timeline for 1 round of NT2 cell differentiation (from growth to 
functional testing) is longer than that of primary neurons, AraC-mediated NT2 cell 
differentiation is nearly half as expensive and circumvents the time-consuming process of 
obtaining IACUC approval. Comparing the AraC and RA protocol columns reveals that AraC 
differentiation is 3.36x shorter, half as laborious, 10x cheaper in consumables, and 3.68x 
cheaper overall. Therefore, using the novel AraC-mediated differentiation method to 
culture neurons for functional tests is cheaper and more efficient than both primary neuron 
cultures and conventional RA-based NT2 differentiation. 
 

DISCUSSION OF FINDINGS AND FUTURE DIRECTIONS: 
 
Previously, González-Burguera et al. (2016) reported that 6 days of 20 μM AraC treatment 
produces a 70% neuronal population. Morphological analysis of our data suggests that AraC 
treatment directs NT2 cells to develop neuron-like characteristics that are present neither 
before 6-day treatment nor after concurrent culturing in AraC-free FM. Additionally, 
brightfield imaging suggests that non-neuron-like cells may be present after (Figure 7e,f; 
Figure 9h) but not before 6 days of AraC treatment. Furthermore, maintaining Day 6+0 cells 
in FM allows further development of neuron-like features (Figure 7g,h,i,j; Figure 9m,p). 
 

 
Figure 22: Table of All Quantified Data—Summary of all quantified data. 

In addition to morphological analyses, quantification of IFC images (20x, Figure 9b-e, i-l, n-o, 
q-r) reflect that 6-day AraC treatment produces a mostly neuronal culture, as summarized in 
Figure 22. In agreement with the findings of González-Burguera et al. (2016), Day 6+0 
populations in this study are primarily (64±3%) neuronal (Figure 11). This is reflected in the 
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neuron-like morphology of Day 6+0 cells (Figure 7e,f). Furthermore, our quantifications of 
two neurotransmitter phenotypes support the observations made in González-Burguera et 
al. (2016) that most of the terminal population is glutamatergic and minimally GABAergic. 
The Day 6+0 population is 69±5% glutamatergic (Figure 18a) and 18±2% GABAergic (Figure 
18b). Moreover, differences in all three neuronal ratios between Day 0+0 vs. Day 6+0 arose 
from between-group (i.e. Day 0+0 vs Day 6+0), not within-group, variation (neuronal: 
F=79.52, p<0.0001; glutamatergic: F=518.6, p=0.0039; GABAergic: F=69.72, p=0.0293). 
Future studies characterizing AraC-NT2N morphology should investigate polarity by staining 
for MAP2 (as González-Burguera et al. (2016)) and tau (unphosphorylated, 79), as MAP2 
stains dendrites and tau stains axons (79). 
 
One major departure in our findings from that of González-Burguera et al. (2016) is cell 
survival. González-Burguera et al. (2016) report a 20.2% survival rate of NT2 cells after 6 
days of AraC treatment (see Chapter 1: Introduction). However, here we report a survival 
rate that is less than half (8.71%) of that reported in González-Burguera et al. (2016). Our 
results reflect a significant decline (p<0.0001) in population size from Day 0+0 (922±75) to 
Day 6+0 (80±6), as is apparent in brightfield images (Day 0+0: Figure 7a,b; Day 6+0: Figure 
7e,f). This difference in population size between Day 0+0 and Day 6+0 is preserved, even 
after accounting for within-group variation (F=82.67, p<0.0001).  
 
In addressing 2 mechanistic questions not considered by González-Burguera et al. (2016), 
we report that neither cell death nor spontaneous differentiation are solely responsible for 
the increase in neuron population from 22±10 to 70±5 (Figure 12) and terminal population 
composition from 2±1% (Day 0+0) to 64±3% (Day 6+0; Figure 11) neuronal. To further 
elucidate the degree to which cell death contributes to the neuronal ratio at Day 6+0, future 
studies should use cell markers of cell death.41  
 
On the other hand, with regard to the astrocyte population, since raw astrocyte numbers do 
not significantly increase (p=0.9821, Figure 14) despite a significant decline in overall 
population (p<0.0001, Figure 10), cell death alone may account for increased ratio of 
astrocytes seen on Day 6+0 (33±2%; Figure 14). Characterization of astrocytic cells after 6 
days of AraC treatment has not been conducted previously. 
 
One concern levied on our approach to this question regarding the role of cell death is that 
our quantification method does not account for coverslip cell density—a variable that could 
affect the raw number of cells counted per coverslip. In this case, our assessment of cell 
death could be rejected as an answer to the mechanistic question of whether cell death 
artificially inflates NeuN+ cell counts. In other words, NeuN+ counts taken from images of 
Day 6+0 coverslips could have been artificially inflated.  
 

 
41 This could be done using annexin-V, a cell death marker of plasma membrane-associated phosphatidyl serine (81), in 
flow cytometry, as this method can discriminate between individual cells. During apoptotic cell death, phosphatidyl serine 
migrates to the extracellular face of the plasma membrane (81). 
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Consider this example of a hypothetical biological replicate with no AraC-dependent 
increase in NeuN+. Also assume that on Day 0+0, there are 100 NeuN+ cells per T-75 flask. 
If there are 5 T-75 flasks, then on Day 0+0, there are 500 NeuN+ cells total. Of all 5 T-75 
flasks, 1 T-75 flask (containing 100 NeuN+ cells) supplies more than enough NT2 cells 
required to seed the 12 coverslips that are needed to accommodate all 4 staining conditions 
done on Day 0+0 (see Figure 9 left-most column).42 Per protocol, we dispose of the excess 
Day 0+0 cells, which includes 16 NeuN+ cells (arbitrary number), leaving 84 NeuN+ cells 
present on all 12 Day 0+0 coverslips. After IFC staining, we take fluorescence microscopy 
images (see above). Since there are 4 staining conditions completed on Day 0+0 and we do 
not image whole coverslips (only 2 regions per coverslip), we count only 24 NeuN+ cells 
across all 3 Day 0+0 NeuN–β-actin–DAPI-stained coverslips. Here is where the problem 
arises: Cells from the remaining 4 T-75 flasks, which contain the same 400 NeuN+ cells from 
Day 0+0, are trypsinized and combined into a single 50-mL centrifuge tube on Day 3+0 in 
order to seed enough cells at a 3x higher density.43 Because they are seeded at a higher 
density, we count 72, rather than 24, NeuN+ cells across all 3 Day 6+0 NeuN–β-actin–DAPI-
stained coverslips. Since this example assumes no increase in the NeuN+ cells (i.e. no 
neuronal differentiation), this 3-fold increase in NeuN+ cells counted at Day 6+0 is an 
artifact of the 3-fold higher density at which we seeded coverslips on Day 3+0. In other 
words, if AraC treatment does not actually induce NT2 cell differentiation, then our 
experimental set up does not actually answer the question of whether cell death alone 
underlies the increase in NeuN+/DAPI+ ratio after treatment (Figure 11). In fact, in our real 
data, there is a 3-fold increase in NeuN+ cells at Day 6+0 compared to Day 0+0 (Figure 12). 
 
Our response to this is mathematical. There are 80±6 DAPI+ cells present on Day 6+0, which 
is 8.7% of the 922±75 DAPI+ cells present on Day 0+0. In other words, after 6 days of AraC 
treatment, there is a 91.3% decrease in DAPI+ cells. In terms of raw numbers, there are 
70±5 NeuN+ cells on Day 6+0, which is a 218.2% increase from the 22±10 NeuN+ cells 
present on Day 0+0. If cell death alone could account for the increase in raw NeuN+ cells 
counted, then the Day 0+0 NeuN+ raw count (22±10) should increase by only 91.3%, setting 
the hypothetical Day 6+0 value at 4244 cells. In reality, the mean Day 6+0 NeuN+ count 
(70±5) is a 218.2% increase compared to Day 0+0 (22±10). Furthermore, the 95% 
confidence interval (95%CI)45 of the Day 6+0 NeuN+ counts ranges from 53 to 87, which 
excludes 42. Recall that the population of NeuN+ cells on Day 6+0 is significantly larger 
(p=0.0101)46 than that seen on Day 0+0. Because p equals the probability that the observed 
difference is obtained by chance, we can say that there is a 1% chance that Day 6+0 and Day 
0+0 raw counts are not actually different. In sum, the 91.3% decrease in total cell 

 
42 In reality, too, only 1 T-75 flask is needed to supply a sufficient number of cells for Day 0+0 IFC experiments. 
43 This density was 332,500 alive cells/coverslip, as described by González-Burguera et al. (2016) supplemental information 
page 2 (13). 
44 23 to 61. 42 is a 90.9% increase from the average NeuN+ cells on Day 0+0, which was 22±10 (Figure 12). 
45 A 95% confidence interval in Statistics refers to the range of values in which we can expect the true mean value to fall. 
Based on GraphPad analysis, the 95% CI of our Day 6+0 NeuN+ raw count is 53 to 87. In other words, we can be 95% sure 
that the true value of NeuN+ cells at Day 6+0 lies between 53 and 87. 
46 p is a probability value representing the % chance that results are obtained randomly. 
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population from Day 0+0 to Day 6+0 cannot account for the 218.2% increase in NeuN+ cells 
on Day 6+0. 

 
Figure 23: Comparing Ratios of Neurons to Astrocytes at Day 6+0—Neurons constitute 64±3% of the Day 6+0 population, 
while astrocytes make up 34±2%. This difference is statistically significant (p=0.0002) 

When we examine the heterogenicity of the Day 6+0 population, further analysis reveals 
that neurons comprise 1.91x more of the Day 6+0 population than do astrocytes—a finding 
that is significant (p=0.0002, Figure 23). Although most reports from the past century assert 
that the glial-to-neuron ratio in vivo is 10:1, in 2016, a review of a new, verified 
quantification method asserts that the actual in vivo ratio is likely less than 1 and that the 
original 10:1 statistic was mistakenly generalized (58). Thus, there are likely more neurons 
than glia in the human brain (58). Since astrocytes are a key component of human neuron 
functions in vivo, it is encouraging that our results are consistent with this updated finding. 
 
Furthermore, our findings report that the overall cell population and ratios of neurons and 
astrocytes present at Day 6+0 remain statistically unchanged after termination of AraC 
treatment until at least Day 6+6 (Figure 10, Figure 11, Figure 13). Preliminary data reflects 
that this stability may extend 6 more days, to Day 6+12 (Figure 10, Figure 11, Figure 13). It is 
likely that cell survival could continue past even this time point, as demonstrated by Day 
6+14 cells seen on a MED64 probe (Figure 8d). These results are especially encouraging in 
the context of future functional characterization studies, given that RA-NT2N/A populations 
demonstrate electrical activity and coordinated calcium fluctuations no earlier than 3 weeks 
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after differentiation (23, 24, 29, 38, 41). Based on the population stability reported here, 
future studies should extend FM maintenance to 3 weeks or until AraC-NT2N cells reliably 
generate electrical activity on MED64 probes.  
 
Another way to determine if and at what point in time AraC-NT2N cells are capable of 
supporting electrical activity is to use calcium imaging (see above in Chapter 1: Introduction) 
(70). Briefly, because intracellular calcium levels are a measure of electrical activity, 
measuring cytosolic calcium levels through calcium imaging can reveal the excitability of 
AraC-NT2N cells (70). Although campus closure prevents us from conducting calcium 
imaging of our AraC-NT2N cells, a review by Grienberger and Konnerth (2012) provides 
information on how we might conduct these experiments. Given the tight regulation of 
intracellular calcium levels in neurons, we would employ a calcium indicator (e.g. a chelator) 
whose low affinity would not greatly interfere with intracellular calcium buffering (e.g. fluo-
4) in AraC-NT2N cells, allowing more accurate readings (70). Because calcium imaging has 
not been attempted in AraC-NT2N cells, it is important to enhance the accuracy of these 
readings. Targeted electroporation would load this calcium indicator into AraC-NT2N cells 
(70). To capture images with high spatial and temporal resolution, we would use charged 
coupled detector-based cameras (CCD), which acquire images quickly and show results 
continuously. Increasing the resolution at which we acquire our images would enable more 
precise interpretations of results. Furthermore, we could identify the contribution of 
metabotropic and ionotropic glutamate receptors. For example, alpha-methyl-4-
carboxyphenylglycine (MCPG) would reveal the contribution of metabotropic glutamate 
receptors (70), CNQX would reveal that of AMPA/KAR, and APV would reveal that of 
NMDAR. Finally, in evaluating the role that astrocytes play on AraC-NT2N excitability, 
neurotransmission, or synaptic connections, calcium imaging could be conducted with and 
without the presence of astrocytes. 
 
Relatedly, while most RA-differentiation articles are preoccupied with increasing neuronal 
yield (e.g. purely neuronal populations), others report benefits of co-culturing NT2N cells 
onto astrocytes (23, 24) with special regard to the generation of typical electrical activity. 
Encouragingly, our Day 6+0 populations were 33±2% astrocytic. Future studies should 
examine whether these astrocytic cells influence the generation of normal electrical activity 
by AraC-NT2N cells with typical characteristics. 
 
However, one issue is the presence of double-labelled (NeuN+S100β+) cells in this our 
populations (Figure 9c,j,o,r; Figure 24). This was completely unexpected, given that the anti-
NeuN/FOX-3 primary AB labels mature neurons (46) and that the anti-S100β primary AB 
labels astrocytes that are no longer pluripotent (53). In our population, AraC treatment 
produced a significant increase (p=0.0030) in raw counts (Figure 24b) of NeuN+S100β+ 
double labelling from Day 0+0 (5±1) to Day 6+0 (13±1), even after accounting for within-
group variation (F=13,02, p=0.0030). This is also true at the ratio level (Figure 24a), in which 
there is a significant increase (p=0.0015) from Day 0+0 (0±0%, n=3) to Day 6+0 (16±1%), 
even after accounting for within-group variation (F=24.77, p=0.0004). Of the overall Day 0+0 
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population, 1.36% of NT2 cells become doubly immunopositive for the NeuN & S100β 
antibodies by Day 6+0 (Figure 13). In terms of ratios (p=0.4379) and raw counts (p=0.4312), 
this double-labelled population remains stable at least 6 days after terminating AraC 
treatment (Figure 24). Preliminary data shows that this may be true even 6 days further, at 
Day 6+12 (Figure 24).  
 

 
Figure 24: Double-Labelled Cells—The ratios (a) and raw count (b) data for double-labelled (i.e. doubly NeuN and S100β 
immunopositive) cells present at all experimental time points. (a) There is a significant (p=0.0015) increase in the ratios of 
NeuN+S100β+ cells after 6 days of AraC treatment, but this level remains unchanged (p=0.4379) after 6 days of culturing in 
FM following AraC treatment. (b) There is a significant (p=0.0030) increase in the raw values of NeuN+S100β+ cells after 6 
days of AraC treatment, but this level, too, does not significantly change (p=0.4132) after 6 days culturing in FM. 

We considered two possible identities for these double-labelled NeuN+S100β+ cells. One 
consideration comes from reports noting the presence of a population of cells called 
balloon cells, which are a pathologic marker of a neurological disease (73)47, in cultures 
derived from non-NT2 cell lines. Co-localization of select neuroepithelial (e.g. nestin) (73), 
immature neuronal (e.g. βIII-tubulin) (72), mature neuronal (e.g. MAP2) (72), immature glial 
(e.g. vimentin) (72), and astrocytic (e.g. GFAP) (72, 73) markers in balloon cells is 
consistently observed (72, 73). Due to their co-localization of MAP2 and GFAP, these cells 
are considered immature neurons (72, 73). However, studies using the NeuN antibody in 
balloon cells report negligible NeuN+ immunoreactivity (72). Furthermore, one consistent 
characteristic of balloon cells is their massive size (72, 73). Given this IFC and morphological 
information, we decided against classifying our double-labelled cells as balloon cells.  
 
Another possibility is that some of these NeuN+S100β+ cells are immature neurons. 
However, previous reports comparing NeuN+ immunoreactivity in vitro to in vivo indicate 
that NeuN+GFAP+ double-labelled cells are not immature neurons but astrocytes (52). In 
line with this thinking is the observation that S100β+ immunoreactivity in our population 
was weak (Figure 9c,j,o,r) and that strong S100β+ immunoreactivity indicates astrocytic 
maturity (53). Differentiated RA-NT2A cells are known to be strongly S100β immunopositive 
(33, 54, 66). Thus, double-labelled NeuN+S100β+ cells may be NT2 cells that are not fully 
matured astrocytes.  

 
47 Focal cortical dysplasia (73) 
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In deciding how to categorize NeuN+S100β+ cells during quantification and analysis, we 
considered these two facts: NeuN+GFAP+ cells are not considered neuronal but astrocytic 
(52), and S100β+ immunoreactivity indicates astrocytic cells (53). As a result, these double-
labelled NeuN+S100β+ cells are categorized as astrocytes, and their numbers are included 
in the S100β counts and ratios previously mentioned (see Chapter 3: Results, Figure 13, 
Figure 14).48 It should be noted that the total raw number of astrocytes remains statistically 
unchanged (p=0.9821) after 6 days of AraC treatment, despite a significant increase 
(p=0.0002) in the astrocyte ratio. This indicates that cell death, not AraC treatment, is likely 
responsible for this increased ratio. Despite the role of cell death, the fact remains that the 
Day 6+0 population contains 33±2% astrocytes. This is an important consideration when 
looking ahead at how to optimize future functional studies. Although we obtained only one 
recording before campus closed due to COVID-19, our results reflect that a Day 6+12 
population generates spontaneous activity (Figure 20). 
 
Reports that co-cultured RA-NT2N cells onto astrocytes used either primary astrocytes (24) 
or RA-NT2A (23). RA-NT2A demonstrate some glial functions, such as uptake of excess 
glutamate through glutamate transporters (33) and synchronized calcium fluctuations, 
indicating the presence of gap junctions between RA-NT2A cells (23). In particular, Hartley 
et al. (1999) established that without a co-culture, RA-NT2N are incapable of generating 
evoked action potentials that resemble those found in vivo. To this end, it is possible that 
the heterogeneous nature of our AraC-NT2N/A terminal population increases the likelihood 
of recording typical (24) electrical activity like that seen in vivo.  
 
Before Pleasure et al (1992) updated the Andrews (1984) RA-differentiation protocol, MI 
cocktails were not employed in NT2 cell differentiation. The Andrews (1984) protocol 
produced a population of mostly non-neuronal cells (10, 11). However, for decades, 
researchers have used MI after RA-differentiation to reliably yield nearly purely-neuronal 
cultures (11, 12, 15, 16, 17, 23, 24, 25, 26, 27, 28, 29, 38, 41, 42, 66). While the levels of 
each neurotransmitter phenotype in RA-NT2N populations differs widely between studies, 
the ratio of glutamatergic-to-GABAergic cells (4.79:1) we found reflects the mostly-
glutamatergic observation made by González-Burguera et al. (2016) and mirrors the 5:1 
ratio seen in vivo (56). Thus, AraC-mediated differentiation may produce terminal 
populations with more consistent ratios of neurotransmitter phenotypes. 
 
Furthermore, unlike conventional RA-mediated differentiation, AraC-differentiation yields a 
population that is both neuronal (64±3%, Figure 11) and astrocytic (33±2%, Figure 13) in a 
nearly 2-to-1 ratio (Figure 23). This finding is encouraging, as it aligns with both new 
research asserting a less-than 1:1 glial-to-neuron ratio in vivo (58) and previous research 

 
48 As noted in Chapter 2: Methods, we characterized neurons by NeuN+ raw counts and ratios from the NeuN–β-actin–
DAPI (not the NeuN-S100β-DAPI) staining condition. To exclude possible and undetected double-labelled cells (i.e. 

astrocytes) from our neuronal quantifications of the NeuN–β-actin–DAPI staining condition, we excluded cells that lacked 
neuronal morphology, such as those described in Aim 1.1 of Chapter 3: Results. 
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that underscores the importance of astrocytes in RA-NT2N signaling (23, 24). The parallels 
in cell type and neurotransmitter phenotype ratios between AraC-NT2N cells in vitro and 
the human brain in vivo may point to the biological relevance of AraC-NT2N obtained by the 
novel González-Burguera et al. (2016) protocol. 
 
To further assess this, future studies should elucidate how the presence of primary 
astrocytes or, preferably, AraC-NT2A cells affect the presence of AraC-NT2N-generated 
electrical activity (e.g. single-spikes, burst firing, and synchronized network activity). 
Furthermore, the optimal ratio of AraC-NT2N to AraC-NT2A cells for such functional studies 
should be determined, as the aforementioned co-culture studies using RA-NT2N cells did 
not provide these statistics (24). Additional work with the 6-day AraC protocol should aim to 
determine whether AraC-NT2N form synapses and whether they contribute to possible 
network activity. RA-NT2N cells express synapsin and synaptotagmin, both of which are 
essential in neurotransmission (12, 15, 24, 26, 66), but it is unknown whether these proteins 
are present in AraC-NT2N cells. An understanding of whether AraC-NT2N form functional 
synapses would elucidate whether AraC-NT2N could be used in future studies on synaptic 
function. Along similar lines, electrophysiological studies should assess the functionality of 
AraC-NT2N ligand-gated receptors and voltage-gated channels, given that such receptors 
(24, 25, 29, 41) and channels (13, 23, 24, 76) are present in RA-NT2N. 
 
Since differentiated RA-NT2N cells are a useful tool in excitotoxicity studies (17), the 
presence of voltage-gated channels in AraC-NT2N cells is of particular interest. Such future 
findings would help to determine the utility of AraC-NT2N cells in better understanding 
excitotoxicity. González-Burguera et al. (2016) found that AraC-NT2N cells (identified by 
neuronal markers) also express Nav1.6. These channels are located on human CNS neurons 
(57). Because Nav1.6 are TTX-sensitive (57), future functional studies should investigate the 
effects of TTX on the electrical activity of AraC-NT2N. Such a study could be modeled after 
Hartley et al. (1999), which used RA-NT2N, and could reveal whether AraC-NT2N cells 
generate mEPSCs and the role and functionality of Nav1.6 on AraC-NT2N in action 
potentials. Furthermore, the most accurate way to determine whether AraC-NT2N cells 
contain functional synapses by testing for the presence of mEPSCs and mIPSCs in the 
presence of TTX. In humans, Nav are responsible for the rising phase of action potentials. 
Thus, elimination of AraC-NT2N action potentials by TTX would not only confirm that AraC-
NT2N have synapses but also that the Nav present are functional and, like neurons in vivo, 
are essential in generating action potentials. Future IFC characterizations should also seek 
to identify the presence of other voltage-gated ion channels to reveal whether AraC-NT2N 
possess all channels involved in neurotransmission.  
 
Previous studies established that RA-NT2N cells possess both pre-synaptic (13, 15, 24, 27, 
28, 29) and post-synaptic (24, 25) proteins involved in synaptic neurotransmission. For 
example, RA-NT2N cells are immunopositive for VGluT1 (15, 28) and possess functional 
NMDA and AMPA/KAR (24, 25). In addition to determining the presence of glutamatergic 
and GABAergic cells in AraC-NT2N populations, González-Burguera et al. (2016) also found 
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prevalent colocalization between the VGluT1 antibody and an antibody for the cholinergic 
marker choline acetyltransferase but no evidence of dopaminergic neurotransmission. Thus, 
future characterization studies should investigate the presence of two other 
neurotransmitter phenotypes in AraC-NT2N cells: serotonergic (15, 27, 28) and peptidergic 
(27), both of which have been identified in RA-NT2N. 
 
In sum, in addition to the financial and temporal benefits of AraC-mediated differentiation 
over other culturing methods, the results presented here are novel for 5 reasons:  
1) We report quantifications of not only the neuronal population, as in González-Burguera 
et al. (2016), but also the astrocytic population after AraC differentiation. As a result, we 
conclude that the Day 6+0 population is heterogeneous, being 64±3% neuronal (Figure 11) 
and 33±2% astrocytic (Figure 13). González-Burguera et al. (2016) and our findings agree 
that AraC differentiation produces a primarily neuronal population. Future studies should 
assess whether the astrocytic population plays a role in AraC-NT2N signaling, including 
during neurotransmission via the tripartite synapse (23). Furthermore, we report the 
quantifications of two neuronal neurotransmitter phenotypes at Day 6+0: 69±5% 
glutamatergic (Figure 18a) and 18±2% GABAergic (Figure 18b). These ratios are consistent 
with the observational findings of González-Burguera et al. (2016). 
2) González-Burguera et al. (2016) did not quantify results on cell survival after ending AraC 
treatment, and email correspondences with the authors revealed that they had not found a 
way to do this successfully. By maintaining the Day 6+0 population in FM, we report that 
AraC-NT2N cells survive for at least 12 days after ending AraC treatment. 
3) Furthermore, our IFC characterizations after ending AraC treatment reveal that the Day 
6+0 population is stable. There are no statistically significant differences in ratios and raw 
values collected from Day 6+0 and Day 6+6 regarding cell survival, the neuron population, 
and the astrocyte population.  
4) Here we address two mechanistic questions (cell death and spontaneous differentiation) 
pertaining to how AraC treatment yields a Day 6+0 population that is primarily neuronal. 
Our results indicate that cell death alone does not play a significant role, while preliminary 
data indicates that spontaneous differentiation also does not play a significant role.  
5) We report the first attempt to functionally characterize AraC-NT2N cells. While we did 
not collect sufficient data to run statistical tests, preliminary data reflects electrical activity 
in Day 6+12 cells. These results encourage future functional tests. Furthermore, in the 
course of collecting this data, we also report a successful adherence protocol onto MED64 
probes and the first time point at which AraC-NT2N cells show electrical activity. 
 
Given the novel nature of the AraC-differentiation protocol, there is much that can be done 
to more thoroughly characterize the cell types, subtypes, functionality, and utility of the 
AraC-NT2N/A population in studies of neuron behavior. 
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GLOSSARY OF ABBREVIATIONS 
AB antibody 
APV (2R)-amino-5-phosphonovaleric acid (selective NMDAR antagonist) 
AraC cytosine-B-D-arabinofuranoside 
AraC-NT2A AraC-differentiated NT2-derived astrocyte cells 
AraC-NT2N AraC-differentiated NT2-derived neuronal cells 
AraC-NT2N/A AraC-differentiated NT2-derived populations (heterogeneous population  
 of neurons & astrocytes) 
BrDU bromodeoxyuridine (marker for DNA synthesis in mitosis) 
CCD charged coupled detector (a type of camera that continuously detects  
 calcium fluctuations in calcium imaging) 
CNQX 6-cyano-7-nitroquinoxaline-2,3-dione (competitive AMPA/Kainate  
 receptor antagonist) 
CNS central nervous system 
DAPI 4′,6-diamidino-2′-phenylindol-dihydrochloride stain 
Day __+__ days of AraC media + Days in AraC-free media after ending treatment 
Day 0+0 before AraC treatment 
Day 6+0 time point reflecting 6 days of AraC treatment followed by 0 days of FM 
Day 6+6 time point reflecting 6 days of AraC treatment followed by 6 days of FM 
Day 6+12 time point reflecting 6 days of AraC treatment followed by 12 days of FM 
ddH2O double distilled H2O that has been autoclaved and filtered 
DMEM Serum free media Dulbecco’s Modified Eagle Medium 
DMSO dimethyl sulfoxide 
DPBS+/+ Corning™ Dulbecco’s phosphate-buffered salt w/ Mg2+ & Ca2+. 
DPBS-/- Corning™ Dulbecco’s phosphate-buffered salt w/o Mg2+ & Ca2+. 
EtOH ethanol 
FBS fetal bovine serum 
FM fresh media (i.e. AraC-free media; contains DMEM, FBS, and Pen/Strep) 
GABA γ-aminobutyric acid or gamma-aminobutyric acid 
GABAAR Ionotropic, ligand-gated GABA receptors 
GAD67 glutamic acid (or glutamate) decarboxylase 67 (primary antibody) 
GFAP glial fibrillary acidic protein 
IACUC Institutional Animal Care and Use Committee 
IFC immunofluorescence 
MAP2 Microtubule-associated protein 2 (neuronal marker) 
MCPG alpha-methyl-4-carboxyphenylglycine (metabotropic glutamate receptor  
 antagonist) 
MeOH methanol 
64-MEA 64-electrode MEA 
MEA multielectrode array; here, refers to the electrodes themselves 
MED64 probe Alpha MED 64-probe; here, refers to the entire probe, including the well 
mEPSCs mini excitatory post-synaptic potentials 
MI mitotic inhibitors 
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Nav voltage-gated sodium channels (important in action potential generation) 
NeuN nuclear neuronal (primary antibody) 
NMDA N-methyl-D-aspartate 
NMDAR NMDA receptors 
NT2 NTERA-2 cl.D1 [NT2/D1] (ATCC® CRL-1973) cell line 
NT2A NT2-derived astrocytes (obtained by differentiating NT2 cells) 
NT2N NT2-derived neurons (obtained by differentiating NT2 cells) 
0.2%-PBST PBS with 0.2% TritonX (for increasing plasma membrane permeability) 
PBS phosphate-buffered saline 
PDL poly-D-lysine 
PLL poly-L-lysine 
Pen/Strep penicillin/streptomycin 5,000 U/mL 
RA retinoic acid 
RA-NT2A RA-differentiated NT2-derived astrocytic cells  
RA-NT2N RA-differentiated NT2-derived neuronal cells 
RA-NT2N/A RA-differentiated NT2-derived populations (heterogeneous  
 population of neurons & astrocytes) 
sham Day 6+0 FM (negative) control experiment (0 days on AraC, 6 days of FM) 
S100β S100 calcium binding protein β (primary antibody) 
T-75 flasks tissue-culture treated 75-cm2 flasks 
TTX tetrodotoxin 
USD United States Dollars ($) 
VGluT1 vesicular glutamate transporter 1 (primary antibody) 
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APPENDIX OF SUPPLEMENTARY FIGURES: 
 

 
Supplementary Figure 1: Representative Fluorescence Image of a Triple Stain (1:250 NeuN, 1:1000 β-actin, 1:500 DAPI) 
on Day 6+0—This figure more clearly explains how NeuN+ cells were identified and quantified. These cells are those in 
which NeuN+ immunoreactivity is 1) bright 2) co-localized with DAPI and 3) not present beyond the boundaries of DAPI 
(i.e. not present throughout the cytoplasm). (a-b and c-d) Corresponding images without (a, c) and with (b, d) β-actin. 
During the quantification process (see Chapter 2: Methods), a and c were used to identify cells with NeuN-DAPI co-
localization. Images containing β-actin were excluded from this initial step, as the β-actin antibody brightly labels cells and 
may have otherwise muddled the identification process. Images b and d were used to identify which cells fulfilled 2 
criteria: 1) could be discriminated from its neighbors and 2) NeuN did not co-localize with the rest of the cytoplasm. 
Because the images above are representative, images have not been enhanced, edited, or otherwise modified. Scale bar = 
200μm. 
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