
 
 

ABSTRACT 

TAM, RYAN.  Dynamic and Epigenetic Properties of Human Pluripotent Stem Cell-derived 

Medium Spiny Neuron-like (hMSN-like) Models. (Under the direction of Dr. Albert Keung). 

 

 Human neuron models derived from pluripotent stem cells are contributing to our 

understanding of neurological diseases. However, these are complex diseases characterized not 

just by gross morphological, transcriptomic, or electrophysiological properties, but by changes in 

how they dynamically and longitudinally over time respond to signals such as neurotransmitters 

in their microenvironment. Here we focus on human medium spiny-neuron-like (hMSN-like) cells 

given their broad relevance across neurological disorders including substance abuse disorder, 

Parkinsons Disease, and Schizophrenia. In Chapter 1, we evaluate transcriptomic responses of 

human medium spiny neuron-like (hMSN-like) cells to temporally distinct input patterns of 

dopamine. We highlight gene desensitization as a salient example of dynamic epigenetic responses 

that hMSN-like models can capture. Additionally, we demonstrate receptor cross-talk in hMSN-

like cells. We then discuss the remaining challenges in using hMSN-like cells to investigate 

complex phenomena of the brain. In Chapter 2, we expand upon the characterized responses to 

dopamine in Chapter 1 by analyzing responses from multiple stem cell lines and increasing 

complexity of responses to dopamine. Specifically, we show that H9 and H1 hMSN-like cells lead 

to unique responses to dopamine, its agonists and its antagonists. Additionally, we also 

demonstrate the partial modulation of responses to dopamine using D1-like and D2-like dopamine 

receptor antagonists. Finally, we show increased complexity in responses to dopamine by 

investigating the role of tonic concentrations of glutamate, dopamine, and acetylcholine in 

enhancing responses to phasic concentrations of dopamine and recapitulation of some aspects of 

withdrawal-like phenotypes. In Chapter 3, we perform functional analyses to potentially bridge 

molecular level phenotypes to behavioral phenotypes. We highlight calcium signals in hMSN-like 

cells after exposure to dopamine and its agonists reminiscent of D1-like dopamine signaling. We 

also discuss the utility of cocultures for hMSN-like cell maturity and in vivo relevance. In Chapter 

4, we evaluate the diversity in the composition of hMSN-like cultures and heterogeneity in 

differentiation protocols using single cell RNA-seq. We highlight the enrichment of more cell 

types expressing markers of mature and fate-specified cell in 2D protocols as compared the 



 
 

enriched cell types in 3D organoid differentiation protocols. Future work will also investigate the 

contribution of different cell-types in responses to dopamine in both hMSN-like monocultures and 

cocultures. In Chapter 5, we characterize the dopamine-induced epigenome of hMSN-like cells 

and attempt to engineer it. We study the regulation of H3K4me3Q5Dop and H3K27me3 in 

response to dopamine in hMSN-like cells. Future studies will test how loci-specific epigenome 

modifications influence dopamine-induced transcription, protein expression, and neuronal activity 

characterized throughout this dissertation. Finally, Chapter 6 concludes and summarizes the 

findings of this dissertation. 
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CHAPTER 1 : Human Pluripotent Stem Cell-Derived Medium Spiny Neuron-like Cells 

Exhibit Gene Desensitization 

Ryan Tam1 and Albert J. Keung1 
1 Department of Chemical and Biomolecular Engineering, North Carolina State University, 

Raleigh, NC 27606 

1.1 Abstract 

Gene desensitization in response to a repeated stimulus is a complex phenotype important 

across homeostatic and disease processes, including addiction, learning, and memory. These 

complex phenotypes are being characterized and connected to important physiologically relevant 

functions in rodent systems but are difficult to capture in human models where even acute 

responses to important neurotransmitters are understudied. Here through transcriptomic analysis, 

we map the dynamic responses of human stem cell-derived medium spiny neuron-like cells 

(hMSN-like cells) to dopamine. Furthermore, we show that these human neurons can reflect and 

capture cellular desensitization to chronic versus acute administration of dopamine. These human 

cells are further able to capture complex receptor crosstalk in response to the pharmacological 

perturbations of distinct dopamine receptor subtypes. This study demonstrates the potential utility 

and remaining challenges of using human stem cell-derived neurons to capture and study the 

complex dynamic mechanisms of the brain. 

1.2 Introduction 

Complex cellular programs (e.g., transcriptional networks, epigenetics) respond to 

spatiotemporally diverse extracellular perturbations. These responses, including gene 

desensitization to repeated stimuli, act as homeostatic mechanisms to stress and are important for 

processes such as addiction [1,2], learning, and memory [3]. These phenotypes have been primarily 

studied in rodents but sparsely investigated in human models [4–7]. However, there are likely 

species-specific differences between humans and other animals and these differences may be 

relevant for the success of therapeutic strategies [8,9]. Therefore, it is important to assess complex 

cellular responses in ethical human models. 

A salient example of gene desensitization is the complex response of medium spiny 

neurons, the primary cell type of the striatum [1,2], to the chronic administration of substances of 
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abuse. In particular, cocaine and other drugs of abuse modulate the timing and levels of dopamine 

that presynaptic dopaminergic neurons [10,11] expose postsynaptic MSNs to, with postsynaptic 

transcriptomic and functional effects on MSNs [12–15]. More generally, MSNs serve as the main 

input and projection cells of the basal ganglia and thus play a role in the generation of behaviors 

[16]. Thus, in addition to human MSNs (hMSNs) serving as a potential model to study gene 

desensitization in human cells, they may also yield insights into the mechanisms underlying 

aspects of human behavior. 

Protocols have previously been developed to differentiate human pluripotent stem cells 

(hPSCs) into neurons expressing stereotypical markers of striatal MSNs [17–22]. However, these 

studies generally aimed to model disorders such as Huntington’s Disease and genetic forms of 

Parkinson’s Disease and their relatively static phenotypes. In this work, we evaluate the dynamic 

transcriptomic responses of hMSN-like cells to a range of acute and chronic dopamine exposures, 

identify experimental concentrations and timings correlating with specific types of MSN responses 

including desensitization, and discuss the advantages and challenges facing this model system 

illuminated by the results. This work advocates for the continued expansion of work leveraging 

human models to investigate complex dynamic cellular responses [4,15]. 

1.3 Results 

1.3.1 hPSC-Derived Neurons Express Markers of MSNs 

We differentiated male (H1) and female (H9) human embryonic stem cells with an Activin 

A induction protocol (Figure 1.1A) [17]. After 45 days (DIV 45), hMSN-like cells were 

immunostained and found to express DARPP32 and MAP2, the stereotypical markers of striatal 

MSNs and neurons, respectively (Figure 1.1B, Table 1.1). Additionally, hMSN-like cells 

differentiated into neurons that were 47.8% and 45.9% DARPP32+ in H1 and H9, respectively 

(Figure 1.1B). QRT-PCR at days 16 and 45 showed that hMSN-like cells also expressed other 

general markers of lateral ganglionic eminence MSNs including FOXP1, CTIP2, and ARPP21 

(Figure 1.1C, Table 1.2). MSNs are often classified into two main subtypes: dopamine receptor 

D1-like and D2-like receptor-expressing MSNs [23,24]. We identified the markers of both D1 (i.e., 

DRD1, TAC1, PDYN) and D2 (i.e., DRD2, PENK, A2A) MSNs. As expected, hMSN-like cells also 

expressed acetylcholine (e.g., CHRM1) and glutamate receptors (e.g., GRIA1, GRIN1) (Figure 

A.1) [25]. hMSN-like cells also expressed genes characteristic of medial ganglionic eminence 
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interneurons (i.e., NKX2.1) (Figure 1.1C). 

 

Figure 1.1 hPSC-derived neurons express markers of MSNs. 
(A) hPSCs are differentiated into hMSN-like cells following an Activin A induction protocol (Arber et al., 2015), 
(B) immunostained for MAP2+ (red), DARPP32 (green), and DAPI (blue) and quantified for DARPP32+ 
percentage. GFP-transfected hMSN-like cells were imaged to better highlight cell morphology. Scale bar = 50 
µm. (C) QRT-PCR of RNA isolated from H1 (blue) and H9 (orange) hPSCs and hPSCs differentiated into hMSN-
like cells at DIV 16 (D16) and DIV 45 (D45), for genes of interest. Values were normalized to HPRT1 mRNA 
levels in the same samples and expressed as normalized fold changes in hMSN-like versus hPSC cells. Values 
normalized to GUSB are provided in Figure S1. Gene categories are labeled in red. n = 3–4 independent replicates 
& 2 technical replicates. Error bars = Standard error. 
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1.3.2 hMSN-Like Cells Exhibit Dose and Time-Dependent Responses to Dopamine 

MSNs are expected to respond to dopamine, a key neurotransmitter in the striatum, 

although it remains unclear what the dose dependency and kinetics of the responses are in hMSN-

like models [20]. Therefore, we first characterized the dose-dependent response of hMSN-like 

cells to dopamine. It is still unclear what concentrations would best mimic the effective local 

concentrations of dopamine in the synaptic cleft. Estimates of neurotransmitter concentrations vary 

widely from 1 µM to 1 mM and are heavily dependent on whether measurements were made 

directly in the cleft or in the extracellular space. Prior work in ex vivo rodent models suggested 

100 nM–100 µM and 30–60 min time points would be reasonable to elicit physiologically relevant 

responses [26–32]. For example, FOSB and FOS are immediate early genes (IEG) previously 

observed to be induced in rodents by a minimum of 100 µM dopamine [31,33]. We, therefore, 

dosed both H1- and H9-derived DIV45 hMSN-like cells with a range of dopamine concentrations 

from 1 µM to 10 mM and tracked FOSB and FOS expression by QRT-PCR after 0 to 120 min 

(Figure 1.2A). Gene expression induction was observed at all concentrations and reached maximal 

expression at a concentration of 1 mM dopamine. We also tracked IEG induction at 0, 30, 60, and 

120 min post-addition of 1 mM dopamine and observed that maximal induction was observed 

between 60 to 120 min (Figure 1.2B). The FOSB and FOS measurements indicated that hMSN-

like cells respond acutely to dopamine. Additionally, immunostaining revealed FOSB expression 

in 11.21% of DIV45 H9 DAPI+ and 4.7% of DIV 45 H1 DAPI+ cells after acute dopamine dosage 

(Figure A.2). Having observed greater responses in H9-derived cells, we decided to perform all 

remaining experiments using H9 hMSN-like cells. We next assessed the transcriptome-wide 

responses and performed an RNA-seq 1 h after dosing the DIV45 H9 hMSN-like cells using either 

1 µM or 1 mM dopamine (Figure 1.2C,D). The overlap in the DEGs was low between the two 

concentrations (Figure 1.2C); yet, reassuringly, among the DEGs that were common included 

many genes canonically relevant to substance-use disorders and neuronal stimulation such as 

EGR1, FOSB, FOS, JUNB, and ARC. The KEGG pathway analysis suggested some general 

differences between 1 µM and 1 mM concentrations where the 1 mM dose led to DEGs associated 

more with the signaling pathways (i.e., TGFβ, Wnt, & Hippo Signaling) (Figure 1.2D). As 

expected, the larger 1 mM concentration of dopamine led to a greater response compared to the 1 

µM dopamine dose [34–36]. Furthermore, the presence of some specific DEGs suggests that the 1 

mM concentration may be more informative for studies related to substances of abuse. For 
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example, GADD45B (implicated in memory of cocaine reward) [37], TENT5B (the top DEG 

observed in dopamine-dosed rodent MSNs) [31], and MMP1 (extracellular matrix and synaptic 

plasticity) [38] were elevated only in the 1 mM dopamine conditions. However, the expression of 

individual DEGs should not be overinterpreted as they were not individually confirmed by QRT-

PCR. Instead, here we focus on collections or sets of related DEGs through ontologies or key 

phenotypes that reflect neuronal responses.
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Figure 1.2 hMSN-like cells exhibit dose and time-dependent responses to dopamine. 
(A) QRT-PCR of RNA isolated from DIV45 H1 and H9 hMSN-like cells 1 h after exposure to different dopamine 
concentrations (1 µM to 10 mM) and analyzed for FOSB and FOS. (B) QRT-PCR of RNA isolated from DIV 45 
H1 and H9 hMSN-like cells 0 to 120 min after exposure to 1 mM dopamine and analyzed for FOSB and FOS. 
(A,B) For QRT-PCR, values were normalized to GUSB mRNA levels in the same samples and expressed as a fold 
change in dopamine versus PBS control cultures. * = p < 0.05; One-way ANOVA. n = 3–4 independent replicates 
and 2 technical replicates. (C) Venn Diagram showing the number of shared differentially expressed genes (DEG) 
between DIV45 hMSN-like cells quantified by RNA-seq 1 hour after acute 1 μM and 1 mM dopamine. (D) 
Functional enrichment analysis of RNA-seq data for KEGG pathways of DEGs unique to DIV45 1 μM dopamine 
dosed (left) and 1 mM dosed (right) hMSN-like cells. Significance is represented by Log10-transformed p-values. 
Dotted red line indicates p-value of 0.05. (C,D) DEGs were identified by max group mean ≥ 0.75, FDR p-value < 
0.05, and Log2(Fold Change) > |1|. Differential expression was performed against PBS control group using the 
Wald test. n = 3 independent replicates. 

 



7 
 

1.3.3. Chronic Administration of Dopamine Leads to Desensitization of Genes Implicated in 

Cocaine and Dopamine Responses 

A key physiological response to substances of abuse is desensitization at the cellular 

level. The chronic dosage or self-administration of substances of abuse in rodents leads to a 

unique molecular phenotype known as gene desensitization [1,14,48], in which differentially 

expressed genes (DEG) reduce in magnitude of expression when compared to a single acute 

exposure. To assess if this important response also occurs in hMSN-like cells, we acutely 

(DIV45) or chronically (DIV50) dosed hMSN-like cells with dopamine, extracted RNA at 1 h or 

24 h after the last dose, and performed RNA-seq (Figures 1.3, A.3). As both the 1 µM and 1 mM 

concentrations elicited gene expression responses but to distinct degrees (Figure 1.2A) and it 

remains unclear what concentration is truly physiological, we tested both. Importantly, at both 

concentrations, chronic dosing led to a dramatic reduction in the number of DEGs compared to 

single acute doses (Figure 1.3B). As expected, the number of DEGs decreased when sampling at 

24 h versus 1 h after the last dopamine exposure, although a substantial number of DEGs 

remained (see dataset S1–S4). To identify whether the same set of genes was responding to both 

acute and chronic dosing, we compared DEGs across conditions and observed that 50–60% of 

the chronically dosed hMSN-like cell DEGs were also differentially expressed after acute dosing 

(Figure 1.3C). This was true for both concentrations. However, although the overall number of 

DEGs decreased, this did not mean that individual genes were necessarily desensitizing. 

Therefore, we narrowed our analysis to identify the desensitized genes. To do this, we ratioed the 

gene expression changes of acute 1 h hMSN-like cells to chronic 1 h hMSN-like cells and did so 

for 1 µM and 1 mM dopamine conditions separately. Desensitized genes were defined as those 

with a ratio >|1.1| as previously defined [1]. In general, the 1 mM dopamine conditions led to a 

larger number of desensitized genes compared to the 1 µM conditions (Figure 1.3D; see dataset 

S5). However, both concentrations shared overlap in important desensitized genes (Figure 

1.3D). Specifically, genes that were desensitized in both concentrations of dopamine included 

many immediate early genes (e.g., FOSB, FOS, JUNB) (Figure 1.3D). Additional overlap was 

identified through IPA analysis including genes that were associated with the upstream 

regulators CREB1 and SRF, transcription factors that are necessary for ∆FOSB induction 

including in response to cocaine; and NFκB1/RELA, which are involved in regulating the reward 

properties of drugs of abuse (Figure 1.3E) [39,40]. Interestingly, we also noted an increase of 
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FOSB+ cells after chronic dopamine dosage (DIV50) compared to acute dosage (DIV45) for 

both H1 and H9 hMSN-like cells (Figure A.2). This may be indicative of an increase in the 

∆FOSB concentration after chronic dosage. We also performed a regulatory motif analysis of 

desensitized DEGs present for both concentrations and found that the motifs for SRF and 

CREB1 were enriched, which was similar to the IPA analysis results. In addition, the motifs for 

E2F3 binding, a transcription factor that regulates cocaine-induced locomotor and place-

conditioning behavior, were also enriched (Figure 1.3E) [41]. To identify differences in the 

nature of the desensitized genes between the 1 mM and 1 µM concentrations, we also analyzed 

genes that were highly desensitized to a 1 mM dopamine dose which we defined as beyond the 

maximum level of desensitization observed after a 1 µM dose (Acute 1 h to Chronic 1 h ratio > 

|2|). Genes dosed with 1 mM dopamine with an Acute 1 h to Chronic 1 h ratio |>| 2 were enriched 

for biological process GO related to ERK1/2 cascades (Figure 1.3F). Thus, differences in 

desensitization between the 1 mM and 1 µM concentrations were in large part acting through 

ERK signaling. 
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Figure 1.3 Chronic administration of dopamine leads to desensitization of genes implicated in cocaine and 
dopamine responses. 
(A) Schematic for isolation of RNA from H9 hMSN-like cells dosed acutely (DIV45) and chronically (DIV50) 
with dopamine. (B) Total number of DEGs from RNA-seq of H9 hMSN-like cells dosed with 1 μM and 1 mM 
dopamine. (C) Venn diagrams showing shared number of DEGs 1 hour after dosage between hMSN-like cells 
dosed with DIV45 acute and DIV50 chronic dopamine. (D) Heatmaps of top 20 desensitized genes for hMSN-like 
cells exposed to acute and chronic dopamine. Desensitized genes are defined as the ratio of Acute 1 h Log2(Fold 
Change)/Chronic 1 h Log2(Fold Change) > |1.1|. Overlapping genes highlighted by tan-colored bars. (E) IPA 
upstream regulators and gProfiler transcription factor regulatory motifs of desensitized genes common between 1 
μM and 1 mM dopamine conditions. (F) Gene ontology biological processes for highly desensitized genes after 
chronic 1 mM dopamine, defined when the ratio Acute 1 h Log2(Fold Change)/Chronic 1 h Log2(Fold Change) > 
|2|. (E,F) Significance is represented by Log10-transformed p-values with dotted red line indicating p-value of 0.05. 
In all cases, data were obtained from RNA-seq of H9 hMSN-like cells. DEGs were identified by max group mean 
≥ 0.75, FDR p-value < 0.05, and Log2(Fold Change) > |1|. Differential expression was performed against PBS 
control group using the Wald test. n = 3 independent replicates. 
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1.3.4. Time Course of Chronic Dopamine Administration Reveals Peak in DEGs at Day 3 

and Desensitization at Day 5 

We observed desensitization in hMSN-like cells after 5 days of chronic dopamine dosing, 

similar to the length of administration in rodent models [1,14]. We next asked what the kinetics of 

gene expression changes and (de)sensitization were over time. We dosed hMSN-like cells with 1 

mM dopamine once a day for five days and performed RNA-seq 1 h (DIV50) after each dose 

(Figures 1.4A and A.4). We calculated the total number of DEGs over time and observed a peak 

on the third day of chronic dosing, which then dropped. We did observe a common set of genes 

that were differentially expressed at all time points (Figure 1.4B) and enriched for biological 

process GOs related to responses to stimuli and KEGG pathways such as MAPK signaling (Figure 

1.4C). MAPK/ERK responses were observed prior to day 5, in agreement with our prior functional 

enrichment analysis of desensitized genes. However, despite this commonality, intriguingly, the 

nature of the response each day dynamically shifted. Genes unique to day 3 were related to the 

extracellular matrix organization and cell adhesion or morphogenesis. This then shifted, where day 

4 was enriched for the nicotine addiction KEGG pathway, a pathway associated with nicotine-

induced alterations in glutamatergic and GABAergic receptors (e.g., GRIN1 and GABRR2) on 

GABAergic MSNs [42]. By day 5, the expression profile had shifted yet again to cholesterol and 

fatty acid metabolism. It is notable that the number of DEGs peaked at day 3, with many genes not 

activating or repressing until multiple doses of dopamine were administered. 
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Figure 1.4 Time course of chronic dopamine administration reveals peak in DEGs at day 3 and 
desensitization at day 5. 
(A) Total number of DEGs from RNA-seq of DIV50 hMSN-like cells 1 hour after 2, 3, 4, or 5 days of daily dosing 
of 1 mM dopamine. (B) Venn diagrams showing shared (white) and unique (red) numbers of DEGs between 
hMSN-like cells dosed with dopamine for 2–5 days. (C) Gene ontology biological processes and KEGG pathways 
for shared and unique genes from hMSN-like cells dosed with dopamine for 2–5 days. Significance is represented 
by Log10-transformed p-values with dotted red line indicating p-value of 0.05. In all cases, data were obtained 
from RNA-seq of H9 hMSN-like cells. DEGs were identified by FDR p-value < 0.05. Differential expression was 
performed against ascorbic acid vehicle control group using the Wald test. n = 2–3 independent replicates. 
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1.3.5. hMSN-Like Cells Capture Some Features of Dopamine Receptor Cross-Interactions 

hMSN-like cells respond acutely to dopamine and exhibit desensitization to repeated 

exposures. However, one of the enduring challenges for MSN biology in rodents and humans is 

that MSNs exist as complex subtypes with multiple distinct receptors that may be expressed in 

many combinations [43–45]. Furthermore, these receptors can have complex downstream cross 

interactions. For example, D2-like receptor expression is normally associated with ADORA2A 

expression in the same MSNs in vivo [45]. Furthermore, D2-like receptors inhibit the activity of 

adenylyl cyclase downstream of ADORA2A [43–45]. We directly tested whether this crosstalk 

interaction between D2-like receptors and ADORA2A was maintained in human cells. We acutely 

and separately dosed DIV45 hMSN-like cells with the D2-like receptor agonist quinpirole and 

ADORA2A agonist CGS21680 (Figures 5 and S5, Dataset S7). DEGs were the most abundant 

after dosage with CGS21680 (Figure 5A). CGS21680-induced DEGs were enriched for molecular 

function GO and reactome pathways related to G protein-coupled receptor signaling (Figure 5B), 

as expected for ADORA2A binding [43]. More interesting than the effects of individual agonists 

was when quinpirole and CGS21680 were added together. DEGs induced by quinpirole alone 

largely overlapped with those induced by CGS21680 alone (Figure 5C). However, preincubation 

with quinpirole an hour before the CGS21680 dosage negated the significant differential 

expression induced by CGS21680. This matches much of what is understood about D2-like 

receptors and ADORA2A. This result is also in alignment with previously studied interactions 

between the adenosine and dopamine systems [46]. This cross-interaction suggests that hMSN-

like cells may be capable of capturing complex MSN signaling. 
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Figure 1.5 hMSN-like cells capture some features of dopamine receptor cross-interactions. 
(A) Total number of DEGs from RNA-seq of DIV45 hMSN-like cells dosed with receptor agonists. (B) Gene 
ontology molecular functions and reactome pathways for DEGs from hMSN-like cells dosed with ADORA2A 
agonist CGS21680 and D2-like receptor agonist quinpirole. Dotted red line indicates p-value of 0.05. (C) Venn 
diagram showing shared and unique numbers of DEGs for DIV45 hMSN-like cells dosed with agonists. In all 
cases, data were obtained from RNA-seq of DIV45 H9 hMSN-like cells. DEGs were identified by FDR p-value < 
0.05. Differential expression was performed against a water (vehicle) control group using the Wald test. n = 3 
independent replicates. 
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1.4 Discussion 

New experimental models are needed to better understand the complex human-specific 

responses to dynamically variable perturbations. In this study, we highlighted the ability of hMSN-

like cells to capture many simple gene expression responses as well as the more complex dynamic 

and signaling properties of the cells. These included gene desensitization in response to chronic 

dopamine exposure and receptor crosstalk in response to agonists of dopamine receptor subtypes. 

However, further development will be needed to improve these models, in particular, to improve 

the homogeneity and purity of hMSN-like cultures and to connect observed responses to 

physiological contexts. Identifying the similarities and differences to rodent models may also 

identify areas for improvement in hMSN-like models. 

We showed that hMSN-like cells exhibited gene desensitization to a wide range of 

concentrations of dopamine. We also found that desensitized immediate early genes in hMSN-like 

cells, such as FOS, FOSB, JUNB, and DUSP14, matched those found in prior rat studies [1,47]. 

We also found that highly desensitized genes were associated with signaling through ERK1/2, a 

phenomenon also observed in the mice striatum in response to drugs of abuse [48]. Additionally, 

we described how the number of DEGs peaked at 3 days of chronic dopamine exposure and were 

functionally enriched at that point for processes thought to underlie neuroadaptations in substance 

use disorders. Specifically, alterations in the extracellular matrix organization may relate to the 

synaptic modifications observed after chronic cocaine exposure in mice [49]. These processes 

shifted to metabolic-related ontologies and pathways, along with a reduction in the total number 

of DEGs, after day 3. Finally, we showed that the D2-like receptor agonist quinpirole and the 

ADORA2A agonist CGS21680 induced DEGs. In addition, DEGs induced by CGS21680 were 

inhibited by quinpirole preincubation. Thus, D2-like receptors function as expected in hMSN-like 

cultures, and complex cross-interactions between receptors were observed. Overall, we observed 

overlap in many aspects of acute and chronic transcriptional responses and dynamics between 

hMSN-like cells and rodent MSNs. Understanding the transcriptional dynamics in hMSN-like 

cells may improve our understanding of the role specific genes play in the development of 

addictive behaviors in humans. 

Despite many similarities, many differences also exist between the responses of hMSN-

like cultures and rodent primary MSNs. Importantly, heterogeneity is observed in hMSN-like cells. 

For example, we observed the expression of genes characteristic of medial ganglionic eminence 
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interneurons when MSNs should express only lateral ganglionic eminence genes [17]. This is 

partly due to the fact that differentiated culture systems in general do not generate pure populations 

of cells [50]. Furthermore, they may not be able to differentiate stem cells into fully mature, 

subtype-specific neurons, with neurons in development co-expressing mixtures of markers not 

observed in adult neurons [51]. It is important to also note that this heterogeneity may contribute 

to the differential responses observed in hMSN-like cells compared to rodent MSNs. For example, 

there were many more downregulated DEGs due to acute dopamine exposure observed in this 

study compared to what has previously been reported in rodents [31]. Furthermore, chronic 

dopamine dosage led to fewer DEGs in hMSN-like cells compared to more DEGs after chronic 

cocaine dosage in rats [1]. These differences could arise due to species-specific differences, 

heterogeneity, as well as experimental differences. For example, although we time-matched 

dosages and RNA extractions in most experiments, when comparing acute to chronic conditions, 

they cannot both be simultaneously matched. One additional experimental consideration is how 

dopamine dosing is performed in this study, where whole-cell incubation of dopamine does not 

necessarily replicate in vivo exposures. In vivo, dopamine exposure occurs at synapses on the 

length scale of tens of nanometers and time scale of microseconds [27]. However, given the rapid 

autooxidation rate of dopamine in vitro, higher concentrations of dopamine are potentially required 

to bind dopamine receptors despite precautions to maintain stability in acidic aqueous solutions 

[52]. A deviation in hMSN-like culture and rodent striatal MSN responses in culture may also be 

due to different distributions of MSN subtypes and precursors. For example, FOS expression in 

predominantly D2-like hMSN-like cells may be partly due to the natural lack of dopamine in basal 

hMSN-like culture media [17], as dopamine depletion in the globus pallidus has been shown to 

lead to FOS expression in response to quinpirole [53]. Additionally, the expression of dopamine 

receptor heteromers, which are more highly expressed in neonatal striatal neurons than in adult 

MSNs, may lead to unexpected transcriptional dynamics not seen in vivo [54]. hMSN-like cells 

may also not compare well with adult rodent studies because hMSN-like cells tend to lack 

functional maturity when compared to adult rodent neurons [51,55]. The lack of noticeable spines, 

characteristic of in vivo MSNs, also highlights the relative immaturity of hMSN-like cells [56]. 

Longer experiments may provide additional time for maturation but face practical experimental 

challenges. Functional maturation may also be due to the lack of other relevant cell types that 

MSNs reside with in vivo such as astrocytes, glutamatergic neurons, and dopaminergic neurons. 
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Future work could aim to improve the functional maturity and other phenotypes of hMSN-

like cells that are prominently seen in primary rodent cultures. Prior work using primary rodent 

cultures has shown enhancements in functional characteristics such as increased dendritic spine 

density and spontaneous action potentials after cocultures with cortical neurons and astrocytes, 

respectively [57,58]. Similarly, cocultures between hMSN-like cells and other physiologically 

relevant human cell types may enhance the functional characteristics. Three-dimensional models 

of hMSN-like cells such as cerebral organoids could also potentially yield more mature neurons. 

In addition to improving neuronal maturation, new protocols that could either create or pan for 

purer populations of MSN subtypes would provide improved reductionist control to deconvolve 

the biology of MSNs. In addition, many protocols already exist to differentiate human stem cells 

to DARPP32+ striatal neurons [18,59] and it would be advantageous for the field to identify the 

differences in heterogeneity produced using each protocol using single-cell sequencing 

technologies. Future work could also include the purification of target cell types by tagging the 

DARPP32 gene with a fluorescent reporter and sorting via flow cytometry [60]. Finally, it would 

be interesting to investigate the post-translational and epigenetic changes in histone modifications 

that may underlie the mechanisms of desensitization, whether these changes are observed in 

hMSN-like cells in response to chronic dopamine administration as they are observed in rodents, 

as well as expand to other dosing regimens to investigate transcriptional or epigenetic changes in 

experiments mimicking withdrawal [61,62]. For example, we observed transcriptional 

desensitization of the ERK pathway genes; determining if post-translational phosphorylation of 

ERK1/2 is also desensitized would be of interest mechanistically. The work here highlights the 

promise as well as current limitations of stem cell-derived hMSN-like cells as a model to study 

complex responses to substances of abuse and other diverse perturbations in humans. 

1.5 Materials and Methods 

1.5.1 Cell Cultures 

hMSN-like cells were obtained following previously described protocols [17]. Feeder-

independent cell lines were H9 and H1 hESCs (WA09 and WA01; WiCell, Madison, WI, USA). 

Cells were maintained in 6-well tissue culture dishes (Greiner Bio-One, Alphen aan den Rijn, NL) 

coated with 0.5 µg/mL reduced growth factor Matrigel solution (Corning, Durham, NC, USA) in 

E8 medium (Stemcell Technologies, Cambridge, MA, USA) and passaged using standard 
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protocols. Cells were grown to ~75–80% confluency prior to differentiation. On days in vitro 

(DIV) 0 of differentiation, E8 medium was removed, cells were washed with 1X PBS (Gibco, 

Waltham, MA, USA), and media switched to DMEM-F12/Neurobasal media (2:1) (Gibco) 

supplemented with N2 (Gibco) and B27 minus Vitamin A (Gibco) (together referred to as N2B27). 

From DIV 0 to 4, cultures were supplemented with SB431542 (10 µM in 95% EtOH; Selleck 

Chemicals, Houston, TX, USA), LDN-193189 (100 nM in DMSO; BioVision, Waltham, MA, 

USA), and dorsomorphin (200 nM; BioVision). Media was changed every day. From DIV 5 to 8, 

cultures were supplemented with just LDN-193189 and dorsomorphin. Media was changed every 

day. On DIV 9, cultures were washed with 1X PBS, and media switched to N2B27 supplemented 

with activin A (25 ng/mL in 4 mM HCl; R&D, Minneapolis, MN, USA). Cells were then lifted 

using cell scrapers (Greiner Bio-One) since EDTA treatment drastically reduced survivability, 

pipetted up and down 1 time with a 5 mL serological pipette, and replated with 5.21E5 cells/cm2 

onto Matrigel-coated 6-well plates. Half-media was changed the next day and then every other day 

afterward. On DIV 18, cultures were passaged using 0.5 mM EDTA for 2 min at 37 °C, as we no 

longer observed issues with survivability with EDTA treatment, and pipetted up and down 10–15 

times using P1000 mechanical pipette then replated onto Poly-L-Ornithine (15 µg/mL in water; 

Sigma) and Laminin (5 µg/mL in PBS; Corning) coated 24-well plates (Greiner Bio-One) at 

2.11E5 cells/cm2. Half-media was changed the next day and then every other day afterward. From 

DIV 20 to 24, media was switched to N2B27 with Vitamin A (Gibco). On day 25 for analysis, 

BDNF and GDNF (10 ng/mL in 0.1% BSA (w/v); Peprotech) were added to aid neuronal 

maturation and survival (referred to as Maturation Medium). Cells were lifted, similar to the 

DIV18 passage, on DIV 30 to 35 and all cells were replated onto Poly-L-Ornithine (2 µg/cm2) and 

Laminin (1 µg/cm2) coated 24-well plates to maintain neuron attachment. Cells were maintained 

in a humid incubator at 37 °C with 5% CO2. 

1.5.2. Dosing Experiments 

To perform acute incubations, hMSN-like cells were grown to DIV45, half-media was 

removed, replaced with dopamine hydrochloride (10 nM–1 mM in 100 µM ascorbic acid; Sigma, 

St. Louis, MO, USA), quinpirole (1–100 µM; Sigma, St. Louis, MO, USA), or CGS21680 (0.1–

10 µM; Sigma, St. Louis, MO, USA), and incubated at 37 °C for 60 min for RNA-seq. Chronic 

incubation proceeded by removing all culture media, replacing with maturation media, and 
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repeating dopamine incubations for 2, 3, 4, or 5 days. Chronic dopamine time-course doses were 

time-matched to extract all samples on DIV50. Comparisons of 1 mM and 1 µM dopamine doses 

were performed on DIV45 for acute dosage and DIV50 for chronic dosage. 

1.5.3. Immunocytochemistry 

Prior to immunocytochemistry, cultures were grown in 8-well chamber slides (Falcon) to DIV 

45. Cultures were fixed in 4% paraformaldehyde for 15 min at room temperature (RT) followed 

by 3 × 5 min 1X PBS washes. Cultures were then permeabilized and blocked in 0.3% Triton X-

100 in PBS (PBST) and 5% (w/v) normal donkey serum (Jackson Immunoresearch) in PBS for 30 

min at RT. Cultures were incubated with primary antibodies (see Table S1) in PBST at RT for 2 h 

or at 4 °C in a humidity chamber overnight. Cultures were washed by 3 × 10 min PBST washes 

and incubated with secondary antibodies in PBST for 2 h at RT, and nuclei were stained with DAPI 

(Invitrogen, Waltham, MA, USA). Slides were mounted using ProLong Antifade Diamond 

(Thermo Fisher Scientific, Waltham, MA, USA). Secondary antibodies used were donkey Alexa 

Fluor 546 and 647 conjugates (Invitrogen, 1:250). Images were taken using a Nikon A1R confocal 

microscope (Nikon Instruments) using a 40X oil immersion objective. To ‘fill’ the cell to assess 

morphology, hMSN-like cells were transfected with a pmaxGFP plasmid (Lonza) using 

Lipofectamine 3000 Transfection reagent (Thermofisher) 72 h before fixation following the 

manufacturer’s instructions. 

1.5.4. Immunostaining Quantification 

To quantify FOSB+ and DARPP32+ cell percentages, immunostained slides were imaged 

using a 40X oil immersion objective for DAPI, FOSB, MAP2, and DARPP32 simultaneously 

using the 405, 488, 561, and 640 nm lasers. ND2 stacks were imported into FIJI [63], Z-projected 

for max intensity, converted to grayscale, split into individual channels and background subtracted 

for each channel individually using a 50-pixel rolling ball radius. Images were thresholded using 

the “Moments” algorithm with the “Auto” setting and measured for area fraction. Overlap 

percentages were obtained by combining thresholded FOSB or DARPP32 channels with either 

DAPI or MAP2 using the Image Calculator function with the “AND” operation, measuring area 

fraction, and dividing the overlap area fraction by the DAPI or MAP2 area fraction. For FOSB 

overlap with DARPP32/MAP2, “AND” combined DARPP32 and MAP2 channels were “AND” 

combined with the thresholded FOSB channel. Error bars were calculated as standard deviation. 
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For each sample, 2–3 independent replicates (n = 2–3) in 8-well chamber slides were dosed, fixed, 

and immunostained. 

1.5.5. RNA Extraction and QRT-PCR 

For RNA extraction, total RNA was extracted as previously described [64]. In brief, hMSN-

like cultures were washed 1 time in PBS. Total RNA was isolated using Direct-zol RNA MicroPrep 

Kit (Zymo Research) according to the manufacturer’s protocol. RNA samples were collected in 2 

mL RNAse-free tubes and chilled on ice throughout the procedure. Total RNA was then used for 

either QRT-PCR or RNA-seq. cDNA synthesis was performed using 1000 ng of total RNA and 

the iScript Reverse Transcription Kit (BIO-RAD) according to the manufacturer’s protocol. QRT-

PCR reactions were performed using SsoAdvanced™ Universal SYBR® Green Supermix (BIO-

RAD) on a BIORAD 384-well machine (CXF384) with custom-designed primers using Primer3 

[65] (see Table S2). Analysis of target gene expression along with the reference genes HPRT1 and 

GUSB was performed using Excel. Data are presented as expression level (2-ΔΔCt) relative to 

HPRT1 and GUSB and normalized to control dose. For each QRT-PCR sample, 3 independent 

replicates (n = 3) in individual 24-well plate wells were collected. Two technical replicates per 

sample were also included with each QRT-PCR experiment. All QRT-PCR analyses were 

performed on RNA extracted from DIV 45 hMSN-cells. 

1.5.6. RNA-Sequencing and Analysis 

Sequencing and preparation of Illumina libraries from total RNA was performed and then 

sequenced using Illumina Hi-seq 2 × 150 bp (Azenta, Research Triangle Park, NC, USA) and 

NovaSeq S1 2 × 100 bp (UNC High Throughput Sequencing Facility) for 20–30 million reads per 

sample. Raw sequencing data are publicly available on the Gene Expression Omnibus (GEO 

Accession Number: GSE195492). 

Raw FASTQ formatted sequence reads were imported into CLC Genomics Workbench (v. 

21.0.5 Qiagen, https://digitalinsights.qiagen.com/, accessed on 12 January 2022). Adaptor 

sequences and bases with low quality were trimmed and reads were mapped to the reference 

genome (GRCh38.102) using the RNA-seq analysis tool with the default parameters recommended 

for RNA-seq analysis. Principal component analysis and differential expression analysis were 

performed using ‘PCA for RNA-seq’ and ‘Create Heat Map for RNA-seq’ toolsets. Heatmaps were 

generated using Euclidean distance with complete linkage. All genes were displayed. Ingenuity 

https://digitalinsights.qiagen.com/
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Pathway Analysis (v. 22.0, QIAGEN Inc., https://digitalinsights.qiagen.com/IPA, accessed on 12 

January 2022) was used to predict upstream regulators [66]. Functional enrichment analysis was 

performed using gProfiler to extract KEGG pathways, biological process and molecular function 

gene ontologies, and transcription factor binding motifs associated with an inputted list of genes 

[67]. Other plots and analyses were generated using RStudio [68]. Overlaps between gene sets 

were performed using BioVenn [69] and the Venn Diagram tool from the Bioinformatics & 

Evolutionary Genomics Department at Ghent University [70]. Log2(fold change) heatmaps were 

generated using pheatmap (v. 1.0.12). Boxplots and Lineplots were plotted using ggplot2 (v. 

3.3.5)[71]. Significance was defined as p < 0.05. Statistical analyses for RNA-seq were performed 

in CLC Genomics Workbench (v. 21.0.5 Qiagen, https://digitalinsights.qiagen.com/, accessed on 

12 January 2022). 

1.5.7. Statistical Analysis 

Statistics were performed for QRT-PCR using the one-way ANOVA with Tukey’s post hoc 

test to test for significance. All analyses were performed using Rstudio. Significance was defined 

as p < 0.05. Statistical analyses for RNA-seq were performed in CLC Genomics Workbench (v. 

21.0.5 Qiagen, https://digitalinsights.qiagen.com/, accessed on 13 January 2022). Significance was 

selected as log2(fold change)  ≥ |1| in expression between comparison groups with a threshold false 

discovery rate (FDR), adjusted p-value < 0.05, and max group mean ≥ 1 for acute and chronic 

dopamine datasets. Significance for all other RNA-seq datasets was selected as (FDR) adjusted p-

value < 0.05. All sequencing data passed default quality filters for the CLC Genomic Workbench 

version 21.0.5 RNA-Seq pipeline analysis. Significance for Ingenuity Pathway (v. 22.0, QIAGEN 

Inc., https://digitalinsights.qiagen.com/IPA, accessed on 13 January 2022) and gProfiler [67] 

analyses were defined as p-value < 0.05 and g:SCS threshold < 0.05, respectively. 

Table 1.1 Primary antibodies. 

Antigen Host Supplier Cat. No. RRID Dilution 

DARPP32 Goat R&D Systems AF6259 AB_10641854 1:13 

MAP2 Mouse Millipore Sigma M1406 AB_477171 1:375 

GFP Chicken Abcam AB13970 AB_300798 1:500 
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Table 1.2 QRT-PCR Primers. 

Gene 

Symbol 

Gene 

ID 
Forward Primer Reverse Primer 

DRD1 1812 AGGTATTGGGCTATCTCCAGC AGATGAGTACAGACAAGGTCCAT 

DRD2 1813 CTCTTCGGACTCAATAACGCAG GACGATGGAGGAGTAGACCAC 

FOXP1 27086 AGGCCACAAAAGATCAGTGG GCCATTGAAGCCTGTAAAGC 

GAD2 2572 CTATGACACTGGAGACAAGGC CAAACATTTATCAACATGCGCTTC 

TAC1 6863 GTACGACAGCGACCAGATCA AGCCTTTAACAGGGCCACTT 

PDYN 5173 GGTGCTCCTTGTGTGCT CATCTCTCCCATTCCTCAGA 

A2A 135 AGGCAGCAAGAACCTTTCAA CTAAGGAGCTCCACGTCTGG 

PENK 5179 GCTGTCCAAACCAGAGCTTC TCTGGCTCCATGGGATAAAG 

CTIP2 64919 CAACCCGCAGCACTTGTC CCTCGTCTTCTTCGAGGATGG 

ARPP21 10777 GTGCAAAGCGTGATGGTTTCC CCTTGACCTGCCTGGTTAGG 

CALB1 793 ATCAGGACGGCAATGGATAC TAAGAGCAAGATCCGTTCGG 

GPR88 54112 ATCCCGGTGTCACTCCTGTAT CACGAGATAGATGACCATGCC 

OPRM1 4988 CAGCCATTGGTCTTCCTGTA TCAGCAGGTTTTCCCAGTAC 

RARB 5915 TCCGAAAAGCTCACCAGGAAA GGCCAGTTCACTGAATTTGTCC 

CHRM1 1128 CTCTATACCACGTACCTGCTCA CCGAGTCACGGAGAAGTAGC 

CHRM4 1132 AGGACACTTCCAATGAGTCCA TGTCTGCTTCGTCACAATCTG 

GRIA1 2890 TGCTTTGTCGCAACTCACAGA GGCATAGACTCCTTTGGAGAAC 

GRIA2 2891 CACCCCACATCGACAATTTGG GACGTGGAGTGTTCCGCAA 

GRIA3 2892 TCCGGGCGGTCTTCTTTTTAG TCCACCTATGCTGATGGTGTT 

GRIN1 2902 CTACCGCATACCCGTGCTG GCATCATCTCAAACCACACGC 

GRIN2A 2903 GTCCTTCTCCGACTGTGAGC CCTTGCAGCATTTCTTCACA 

GRIN2B 2904 TCTTCCTGGCCAGCTACACT GGAACTTTTTGTCGCTCAGG 

GUSB 2990 CAGCGTGGAGCAAGACAGTGG AATACAGATAGGCAGGGCGTTCG 

VASH2 79805 TTGGCAAAGCCTTCAATACC GTAATTCTGGATCGCCTGGA 

PAQR6 79957 CCTTCCCCTATGCCGCCTA GGAGGACCTTACTGAGCCC 

DARRP32 84152 TTGGAAAATCCAGAAAACCG CTGGTAGAAGCCGGTGAGAG 

FOSB 2354 AGCAGCAGCTAAATGCAGGA TTCGTAGGGGATCTTGCAGC 
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Table 1.2 QRT-PCR Primers (Continued). 

FOS 2353 GGGGCAAGGTGGAACAGTTA TCCTTCAGCAGGTTGGCAAT 

DRD3 1814 TGGTAAACTCCTCGGTCTCCAGA CAGAGATGCCATAGCCCAGAGG 

DRD4 1815 AACTCCTTCATCGTGAGCCT CGCACAGGTTGAAGATGGAG 

DRD5 1816 TTGCTGAGTCTGTCTGGGAG TAAAGGGAGCAGCACTGGAA 

NKX2.1 2290 GGACGTGAGCAAGAACATGG AACCAGATCTTGACCTGCGT 

SST 7080 CTCCGTCAGTTTCTGCAGAA TCAGGTTCCAGGGCATCATT 

PVALB 6750 AAAGAGTGCGGATGATGTGAAG ACCCCAATTTTGCCGTCCC 

FOXG1 5816 CCCTGCCCTGTGAGTCTTTA GGTTGGAAGAAGACCCCTGA 

NR2F2 7026 GGAGAAGCTCAAGGCGCTGCA CCTGCAAGCTTTCCACATGGG 
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2.1 Abstract 

Human cellular and molecular changes in response to dopamine result from complex 

cellular programs and may contribute to processes such as addiction and memory. We have 

previously demonstrated gene desensitization and cellular crosstalk phenotypes in human medium 

spiny neuron-like (hMSN-like) cells. However, greater understanding of variability in responses 

to dopamine are required to increase the in vivo relevance of observations drawn in hMSN-like 

cells. Furthermore, towards this goal, we need to push the envelope of these models and increase 

complexity in understanding and regulating responses to dopamine. Here, we demonstrate unique 

responses to dopamine between hMSN-like cells derived from H9 and H1 stem cell lines and 

partially attribute their responses to D1-like and D2-like MSNs, respectively. Furthermore, we 

demonstrate the specific effects of dopamine on hMSN-like cells by comparing their responses to 

responses in medial ganglionic eminence (MGE)-like interneuron cells. We also highlight the 

ability of dopamine receptor antagonists (SCH23390 and Sulpiride) to ablate phenotypes of 

chronic dopamine-dosed hMSN-like cells. Finally, we demonstrate complex phenotypes of 

dopamine-dosed hMSN-like cells by highlighting the priming effect of preincubating tonic 

concentrations of dopamine, glutamate and acetylcholine on responses to phasic dopamine and 

recapitulation of some aspects of withdrawal in hMSN-like cell models. Overall, the results here 

offer potential future paths of optimization of hMSN-like cells to ultimately increase the in vivo 

relevance and biological understanding of these models. 

2.2 Introduction 

Human cellular and molecular changes in response to dopamine result from complex 

cellular programs and may contribute to processes such as addiction and memory [1,2]. We have 
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previously demonstrated gene desensitization and cellular crosstalk phenotypes in human medium 

spiny neuron-like (hMSN-like) cells [3]. Interrogating these responses has yielded insights into 

human MSN biology. However, variability in hMSN-like cells needs to be investigated due to 

differences in differentiation tendencies of different stem cell lines [4–6]. For example, intrinsic 

differences between induced pluripotent stem cell (iPSC) lines led to alternative differentiation 

outcomes ranging from dorsalized to highly ventralized and caudalized [6]. Similarly, different 

stem cell lines may lead to different MSN subtypes that ultimately influence observed responses 

to dopamine. 

Additionally, MSNs in vivo are influenced by a variety of extrinsic and intrinsic factors 

that serve to modulate responses to dopamine. Extrinsic factors, such as dopamine receptor 

antagonists, are known to regulate responses to dopamine by binding to dopamine receptors, 

blocking dopamine binding, and preventing downstream responses [7–11]. Dopamine receptor 

antagonists have been used as therapeutics to treat diseases such as schizophrenia and addiction 

[12,13]. However, it remains to be seen whether dopamine receptor antagonists can also modulate 

phenotypes of dopamine exposure in hMSN-like cells, an understanding of which may uncover 

human-specific molecular mechanisms of dopamine modulation. 

 Intrinsic factors, such as neurotransmitter exposure from other neuro types, also influence 

how MSNs respond to dopamine. For example, dopaminergic neurons of the midbrain are 

hypothesized to expose MSNs to dopamine through tonic or phasic modes of dopamine release 

[14–18]. Phasic dopamine corresponds to higher levels of dopamine that previous investigations 

of hMSN-like cell responses have focused on [3]. In contrast, tonic dopamine corresponds to low, 

background levels of dopamine that are hypothesized to regulate responses to phasic dopamine 

[15–17,19,20]. However, this effect has not been demonstrated in hMSN-like cells. Additionally, 

MSNs in vivo are also exposed to the neurotransmitters acetylcholine and glutamate [16,20–28]. 

Significant cross interactions exist within MSNs between dopamine, glutamate and acetylcholine 

signaling pathways [22,29–33]. Yet, the effect of prior exposure to glutamate and acetylcholine on 

responses to phasic dopamine have not been performed. Additionally, we sought to extend our 

understanding of the utility of hMSN-like cell models by investigating the model’s ability to 

capture other complex phenotypes such as molecular phenotypes associated with withdrawal after 

a period of abstinence. Individuals exposed to chronic doses of drugs of abuse who reduce or 

eliminate drug usage enter a period of abstinence [34]. During abstinence, individuals normally 
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experience withdrawal in which negative emotional states predominate in the absence of the drug 

and may ultimately lead individuals to seek drug usage again [35,36]. Molecular phenotypes of 

withdrawal have been previously identified in rodent models that include reduced gene expression, 

decreased dendritic spine density, and increased anxiety-like behaviors [37]. Although previous 

work has identified molecular phenotypes of chronic dopamine, no prior work has evaluated 

molecular phenotypes of withdrawal after a chronic dopamine dosage [3]. Therefore, to increase 

the in vivo relevance of observations drawn in hMSN-like cells, we need to increasingly push the 

envelope towards increasing complexity in understanding and regulating responses to dopamine. 

Thus, here we investigated responses to dopamine and its agonists in hMSN-like cells 

derived from multiple stem cell lines and observed responses reminiscent to D1-like and D2-like 

responses in H9 and H1 hMSN-like cells, respectively. These observations are further 

supplemented by studies demonstrating the ablation of responses to dopamine utilizing 

antagonists. Finally, we demonstrated increased complexity in responses to dopamine in hMSN-

like cells by observing the effect of tonic dopamine, acetylcholine, and glutamate on circadian 

rhythm and dopamine signaling ontologies in H9 hMSN-like cells and recapitulation of some 

aspects of withdrawal in H1 hMSN-like cells. Ultimately, this work seeks to expand the utility of 

hMSN-like models for investigating human-specific responses to dopamine and other relevant 

perturbations (i.e. drugs of abuse) and offers potential future paths for their investigation to further 

in vivo relevance and biological understanding. 

2.3 Results 

2.3.1 H9 and H1 hMSN-like cells exhibit distinct responses to dopamine and its agonists 

reminiscent of MSN subtypes 

MSNs are generally categorized as either D1-like or D2-like dopamine receptor expressing 

MSNs [32,38]. Although, both MSN subtypes are abundant in the striatum, differences in 

development underlie the generation of D1-like and D2-like MSNs that contribute to unique 

responses to drugs of abuse [39–42]. We previously identified differences in dopamine receptor 

subtype expression between H1 and H9 hMSNs [3]. Therefore, we sought to highlight differences 

in responses to dopamine between these stem cell lines. 

We performed RNA-seq on H1 hMSN-like cells dosed with acute and chronic dopamine 

and compared the total number of differentially expressed genes (DEG) to those previously 
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observed in H9 hMSN-like cells [3]. Interestingly, H1 hMSN-like cells dosed with acute dopamine 

exhibited a larger number of DEG 24 hours after dosage when compared to the number of DEG 

observed 1 hour after an acute dosage (Figure 2.1A, B.1A). This contrasts with H9 hMSN-like 

cells that exhibited lower DEG after a chronic dopamine dosage when compared to an acute dosage 

[3]. Gene ontology analysis showed genes associated with the synapse and the extracellular matrix 

1 hour after acute dopamine dosage and genes associated with chromatin 24 hours after dosage 

(Figure 2.1B). This contrasts with chromatin and synapse gene ontologies annotated for H9 

hMSN-like cells DEG 1 hour and 24 hours after an acute dopamine dosage, respectively. 

Furthermore, H1 hMSN-like cells uniquely yield DEG annotated with cell cycle gene ontologies 

1 hour after a chronic dopamine dosage (Figure 2.1C). Dopamine has been demonstrated to lead 

to greater entry into the cell cycle in D2 MSN in the LGE [43,44]. Therefore, the differences in 

gene ontologies may indicate that H1 hMSN-like cells exhibit responses more characteristic of 

D2-like hMSNs. 



36 
 

 

Figure 2.1 H9 and H1 hMSN-like cells exhibit distinct responses to dopamine. 
(A) Total number of DEGs from RNA-seq of H9 hMSN-like cells dosed with 1 μM and 1 mM dopamine. (B) 
Functional enrichment analysis of RNA-seq data for gene ontology: cellular components of DEGs for DIV45 1 
mM dopamine dosed H1 (left) and H9 (right) hMSN-like cells 1 hour after (Top) and 24 hours after (Bottom) an 
acute dopamine dosage. Significance is represented by Log10-transformed p-values. Dotted red line indicates p-
value of 0.05. (C) Gene ontology biological process of DEGs for DIV45 1 mM dopamine dosed H1 (left) and H9 
(right) hMSN-like cells 1 hour after a chronic dopamine dosage. DEGs were identified by max group mean ≥ 0.75, 
FDR p-value < 0.05, and Log2(Fold Change) > |1|. Differential expression was performed against 1X PBS vehicle 
control group using the Wald test. n = 3 independent replicates. 
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Differences in desensitized and sensitized genes are also observed between cell lines. Gene 

desensitization is a key cellular level response observed in rodents exposed to chronic doses of  

substances of abuse in which DEG reduce in magnitude of expression when compared to an acute 

doses [45–48]. This contrasts with gene sensitization a phenomenon not described previously in 

which DEG increase in magnitude of expression when compared to an acute dose. Desensitized 

and sensitized genes were obtained by performing differential expression analysis between hMSN-

like cells dosed with acute and chronic dopamine 1 hour after dosage. When comparing the ratio 

of desensitized (D) to sensitized (S) genes, H1 hMSN-like cells are observed to have a higher ratio 

(~1.78 fold) of D/S genes when compared to H9 hMSN-like cells (~1.23 fold) (Figure 2.2A). This 

may potentially show that DEG of H1 hMSN-like cells are desensitized to a greater extent than 

H9 hMSN-like cells. These ratios are contrasted to the ratio of D/S genes (~0.94) for a dopamine-

dosed negative control cell type that did not express DARPP32, the primary signaling molecule in 

dopamine signaling, that we refer to as H9 Medial Ganglionic Eminence (MGE)-like cells 

[5,49,50] (Figure 2A, B.2A, B.1B). Gene ontology analyses highlighted ontologies related to cell 

cycle associated with H1 hMSN-like cell desensitized genes (Figure 2.2C). Sensitized genes were 

associated with gene ontologies related to synaptic signaling in both H1 hMSN-like and MGE-like 

cells (Figure 2.2B-C). However, sensitized genes in dopamine-dosed H9 hMSN-like cells were 

associated with circadian rhythm (Figure 2.2B). Prior work has established the role of the 

dopamine D1-like receptors, but not dopamine D2-like receptors, in the manifestation of circadian 

rhythms associated with food anticipatory activity in rodents [51]. Therefore, sensitized gene 

responses to chronic dopamine may indicate that H9 hMSN-like cells are reminiscent of D1-like 

MSNs. 
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Figure 2.2 Ratios of Desensitized to sensitized genes highlight differences in responses to dopamine between 
H9 and H1 hMSN-like cells. 
(A) Total number of desensitized and sensitized genes from RNA-seq of H9 and H1 hMSN-like cells and medial 
ganglionic eminence (MGE)-like cells dosed with 1 mM dopamine. Ratios of desensitized to sensitized genes are 
shown above the plot. Functional enrichment analysis of RNA-seq data for gene ontology: biological process and 
KEGG pathways of DEGs for DIV45 1 mM dopamine dosed (B) H9 hMSN-like cells, (C) H1 hMSN-like cells, 
(D) and H9 MGE-like cells 1 hour after an acute and chronic dopamine dosage. Significance is represented by 
Log10-transformed p-values. Dotted red line indicates p-value of 0.05. DEGs were identified by max group mean 
≥ 0.75, FDR p-value < 0.05, and Log2(Fold Change) > 1 for sensitized genes and Log2(Fold Change) < -1 for 
desensitized genes. Differential expression was performed by comparing chronic dopamine dosed cells with acute 
dopamine dosed cells using the Wald test. n = 3 independent replicates. 
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We further performed protein expression analyses for p-ERK1/2, an upstream regulator of 

dopamine-induced transcription and in the development of behavioral sensitization due to chronic 

cocaine [3,52–55], and p-FOS, a protein whose stability is maintained through regulation of 

phosphorylation and is important for coupling long-term cellular and behavioral changes to gene 

expression in response to drugs of abuse [56–59] (Figure B.2). p-FOS+/MAP2+ cells partially 

increased after a chronic dopamine dosage in H9 hMSN-like cells but not in H1 hMSN-like cells 

or MGE-like cells (Figure B.2B). This is in alignment with the higher D/S gene ratio as well as 

the ~2 fold higher magnitude of FOS gene desensitization seen in H1 hMSN-like cells when 

compared to H9 hMSN-like cells (Figure B.2C). Differences in FOS gene and protein expression 

between H1 and H9 hMSN-like cells may also be attributed to changes in p-ERK+/MAP2+ 

expression from acute to chronic dopamine dosage (Figure B.2D). 

Responses in hMSN-like cells dosed with dopamine were further contrasted with MGE-

like cells to determine whether responses in hMSN-like cells could be distinguished from 

responses in MGE-like cells (Figure B.3). MGE-like cells dosed with dopamine differed in the 

magnitude of DEG for both acute and chronic doses when compared to both H1 and H9 hMSN-

like cells (Figure B.3A). H9 MGE-like cells dosed with chronic dopamine did not lead to 

immediate early gene expression or gene ontologies related to dopamine signaling (Figure B.2B-

C). However, acute dopamine dosage led to DEGs associated with cell cycle gene ontologies akin 

to chronic dopamine-dosed H1 hMSN-like cells gene ontologies (Figure B.2C). Dopamine dosage 

was also compared to glutamate-dosed H1 hMSN-like cells to evaluate whether observed 

transcriptional responses to dopamine were unique (Figure 2.3A). Although glutamate and 

dopamine-dosed H1 hMSN-like cells shared many immediate early genes, dopamine DEGs were 

associated with more gene ontologies related to development (Figure B.4A-B). Thus, responses 

to dopamine in hMSN-like cells were unique when compared to responses of glutamate-dosed 

hMSN-like cells and dopamine-dosed MGE-like cells. 

To further interrogate responses reminiscent of MSN subtypes, we investigated how H1 

hMSN-like cells responded to the dopamine agonists SKF82958 (50 µM) [60] and Quinpirole (20 

µM) [61], and the ADORA2A agonist, CGS21680 (5 µM) [62]. Specifically, we sought to test the 

crosstalk interaction between the D2-like dopamine receptor and ADORA2A previously shown to 

exist in H9 hMSN-like cells [3,63]. H1 hMSN-like cells dosed with agonists were analyzed via 

RNA-seq and observed that Quinpirole led to the largest number of DEG (Figure 2.3A, B.5A). 
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Furthermore, H1 hMSN-like cells dosed with acute dopamine led to DEGs that significantly 

overlapped with DEGs from Quinpirole-dosed cells (Figure 2.3B). This may further indicate that 

responses to dopamine in H1 hMSN-like cells are more similar to responses observed in D2-like 

MSNs. This contrasts with H9 hMSN-like cell responses to agonists where CGS21680 exhibited 

the largest number of DEG [3]. MGE-like cells exhibited a significantly greater response to 

SKF82958 than did either H1 or H9-like hMSNs (Figure B.2A, B.2D). This may indicate that 

MGE-like cells express both types of dopamine receptors in equal proportion. Finally, 

preincubation with quinpirole prior to CGS21680 dosage led to significantly reduced numbers of 

DEGs induced by Quinpirole dosage alone (Figure 2.3A). This is largely in alignment with 

previous studies showing interactions between the adenosine and dopamine systems [3,64]. 

However, the DEGs induced by CGS21680 seemed to represent only a subset of DEGs induced 

by Quinpirole alone in H1 hMSN-like cells (Figure 2.3C). This response is opposite to what was 

observed in H9 hMSN-like cells [3]. Therefore, the differences between responses to dopamine in 

H9 and H1 hMSN-like cells may indicate distinct characteristics corresponding to D1-like and D2-

like MSN subtypes, respectively. 
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Figure 2.3 H1 hMSN-like cells dosed with dopamine receptor agonists highlight responses reminiscent of 
D2-like MSNs. 
(A) Total number of DEGs from RNA-seq of H1 hMSN-like cells dosed with 1 mM acute dopamine, its agonists, 
and the ADORA2A agonist, CGS21680. (B) Venn diagram showing shared and unique numbers of DEGs for 
DIV45 H1 hMSN-like cells dosed with dopamine and its agonists. (C) Venn diagram demonstrating significant 
overlap between DEG induced by Quinpirole, the DEG induced by CGS21680, and the DEG induced by their 
combination.  In all cases, data were obtained from RNA-seq of DIV45 H1 hMSN-like cells. DEGs were identified 
by FDR p-value < 0.05. Differential expression was performed against a water vehicle control group using the 
Wald test. n = 3 independent replicates. 
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2.3.2 Dopamine antagonists ablate phenotypes characteristic of chronic dopamine-induced 

gene desensitization 

The D1-like and D2-like dopamine receptor antagonists SCH23390 and Sulpiride, 

respectively, have been shown to modulate behavioral phenotypes of diseases such as 

schizophrenia and addiction [12,13]. This modulation is thought to primarily occur by blocking 

dopamine receptor binding and downstream responses to dopamine [65,66]. However, the ability 

of dopamine receptor antagonists to modulate responses to dopamine in human systems have not 

been investigated. Thus, we asked whether dopamine receptor antagonists could negate 

characteristic responses to acute and chronic dopamine in hMSN-like cells.  

To evaluate the effect of antagonists on responses to dopamine, RNA-seq was performed 

on both H1 and H9 hMSN-like cells exposed to either acute or chronic dopamine with and without 

exposure to the combination of SCH23390 (250 µM) [67] and Sulpiride (250 µM) [68] (Figure 

2.4A, B.5B). Acute exposure to the combination of dopamine and SCH23390/Sulpiride led to a 

larger number of DEG than dopamine exposure alone for both H1 and H9 hMSN-like cells (Figure 

2.4B). This result contrasted with the known ability of dopamine antagonists to competitively 

inhibit dopamine from binding dopamine receptors and prevent dopamine-induced transcriptional 

alterations [8,52,65]. Similarly, chronic exposure to the combination of dopamine and 

SCH23390/Sulpiride led to a larger number of DEG than induced by chronic dopamine alone 

(Figure 2.4B). Furthermore, SCH23390/Sulpiride dosage unexpectedly led to DEGs (Figure 

2.4B). This may indicate that the action of D1-like and D2-like dopamine receptor binding by an 

antagonist leads to transcriptional changes. We also compared DEG resulting from acute dopamine 

and acute SCH23390/Sulpiride and observed that many canonical immediate early genes (FOS, 

FOSB, EGR1, etc.) are upregulated due to both conditions in H9 hMSN-like cells (Figure 2.4C). 

In fact, a majority of DEG resulting from SCH23390/Sulpiride dosage were also identified as DEG 

resulting from acute dopamine dosage. However, dopamine and SCH23390/Sulpiride doses were 

differentiated by a set of DEG related to the MAPK (i.e. MAPK13, CDC42EP5, C1QL4, MEF2C, 

NENF, MT3, PBK, IGF2, JUND, PTPRR, TGFB3, VEGFC, TGFB2) and Dopamine (i.e. DRD4, 

HTR5A, HTR2C, HTR2A, SLC1A1) signaling pathways (Figure 2.4C). MAPK and dopamine 

signaling genes were not prominent in any of the H1 hMSN-like cell DEGs in alignment with their 

hypothesized similarity to D2-like MSNs [41,42,69]. However, these results also show that 

dopamine receptor antagonists fail to ablate acute responses to dopamine in hMSN-like cells. 
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Figure 2.4 Dopamine antagonists ablate phenotypes characteristic of chronic dopamine-induced gene 
desensitization. 
(A) Schematic for DIV45 acute and DIV50 chronic dopamine (1 mM) dosing regiments of hMSN-like cells with 
and without the dopamine antagonists, SCH23390 (250 µM) and Sulpiride (250 µM). SCH23390 and Sulpiride 
were added 1 hour prior to dopamine addition and remained in the medium during dopamine incubation. RNA 
extraction was performed one hour after dopamine addition. (B) Total number of differentially expressed genes 
(DEG) from bulk RNA-seq of dopamine and antagonist (SCH23390/Sulpiride) exposed H9 (left) and H1 (right) 
hMSN-like cells. (C) Venn diagram showing shared and unique DEG between H9 (left) and H1 (right) DIV45 
hMSN-like cells samples exposed to Acute Dopamine, Acute SCH23390 and/or Sulpiride, and a combination of 
Acute Dopamine and SCH23390/Sulpiride. Lines highlight conditions that express genes or gene ontologies of 
interest. Significance is represented by Log10-transformed p-values with dotted red line indicating p-value of 0.05 
for KEGG pathways. DEGs were identified by max group mean ≥ 0.75, FDR p-value < 0.05, and Log2(Fold 
Change) > |1|. Differential expression was performed against DIV50 PBS control samples using the Wald test. n 
= 3 independent replicates. 
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To gain a better understanding of the effect of dopamine receptor antagonists 

SCH23390/Sulpiride on responses to dopamine, we investigated D/S gene ratios (Figure 2.5A). 

Indeed, D/S gene ratios for DEG induced by the combination of dopamine and 

SCH23390/Sulpiride drastically differed from the ratios for DEG induced by dopamine alone. In 

fact, the D/S gene ratios were more reminiscent of MGE-like cells (D/S ~ 1) than H1 or H9 hMSN-

like cells dosed with dopamine alone (D/S > 1.5). This may indicate that SCH23390/Sulpiride 

effectively antagonizes the establishment of D/S gene ratios characteristic of chronic dopamine-

dosed hMSN-like cells. Interestingly, the MAPK and NF-kappa B signaling gene ontologies were 

associated with both desensitized and sensitized genes induced by dopamine exposure in H9 

hMSN-like cells. Both the MAPK and NF-kappa B signaling pathways are implicated in regulating 

cocaine reward in D1-like MSNs [70,71]. These results support the idea that H9 hMSN-like cells 

are reminiscent of D1-like MSNs. 
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Figure 2.5 Antagonists alter desensitized to sensitized gene ratios. 
(A) Total number of desensitized and sensitized genes from RNA-seq of H9 and H1 hMSN-like 1 mM dopamine 
and the antagonists SCH23390 and Sulpiride. Ratios of desensitized to sensitized genes are shown above the plot. 
(B) Functional enrichment analysis of RNA-seq data for gene ontology: biological process, KEGG pathways, 
Transcription Factors, Wiki Pathways, and Reactomes of DEGs for DIV45 1 mM dopamine and antagonist dosed 
H9 (left) hMSN-like cells, H1 (right) hMSN-like cells 1 hour after an acute and chronic dopamine dosage 
combined with SCH23390/Sulpiride. Significance is represented by Log10-transformed p-values. Dotted red line 
indicates p-value of 0.05. DEGs were identified by max group mean ≥ 0.75, FDR p-value < 0.05, and Log2(Fold 
Change) > 1 for sensitized genes and Log2(Fold Change) < -1 for desensitized genes. Differential expression was 
performed by comparing chronic dopamine dosed cells with acute dopamine dosed cells both coincubated with 
SCH23390/Sulpiride using the Wald test. n = 3 independent replicates. 
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2.3.3 Prolonged exposure of hMSN-like cells to tonic levels of dopamine, acetylcholine and 

glutamate alters Circadian Rhythm and Dopamine Signaling Ontologies in H9 hMSN-like 

cells. 

Exposure to dopamine, acetylcholine and glutamate have been shown to regulate MSN 

properties. For example, acetylcholine negatively modulated MSN neurotransmission [33] while 

glutamate increased MSN output [27]. Dopamine neurotransmission contributes to increases in 

MSN dendritic spine density and maturation of excitability during development [24,72]. However, 

different modes of neurotransmission may serve different purposes. For example, tonic and phasic 

dopamine have been associated with different behavioral states [14,15]. This may be partly 

attributed to the hypothesis that tonic dopamine establishes a baseline to dopamine receptor 

stimulation that responses to phasic dopamine are subsequently regulated by [15–17]. Yet, how 

tonic levels of neurotransmitters such as dopamine, acetylcholine and glutamate regulate responses 

to phasic dopamine is not well understood. 

To investigate the effect of tonic levels of dopamine, acetylcholine and glutamate on responses to 

phasic dopamine, we incubated H1 and H9 hMSN-like cells with tonic concentrations of dopamine 

(10 nM) [16,73], glutamate (2 µM) [25,28], and acetylcholine (750 nM) [20] individually and 

combined for 3 weeks (Figure 2.6A, B.6A). On the last day of dosing, hMSN-like cells were 

incubated with phasic dopamine (1 mM) for 1 hour, a condition previously tested [3], and 

submitted for RNA-seq. Differentially expressed genes (DEG) were obtained by comparing the 

final phasic dopamine dosage to a vehicle control (100 µM Ascorbic Acid) dosage that was 

performed for each condition. Interestingly, preincubation of H9 hMSN-like cells with a 

combination of dopamine, glutamate, and acetylcholine (DGA) led to the largest number of DEG 

(5826 DEG) after the final phasic dopamine dose while neither incubation with acetylcholine nor 

glutamate led to DEG after the final phasic dopamine (Figure 2.6B). This result was not observed 

in H1 hMSN-like cells (Figure B.5B, B.6A). In fact, the number of DEG in hMSN-like cells 

reduced due to exposure with tonic levels of either dopamine, acetylcholine or glutamate. In 

contrast, H9 hMSN-like cells preincubated with no neurotransmitters (100 µM Ascorbic Acid) and 

dopamine led to far fewer DEG (20 and 30 DEG, respectively) after the final phasic dopamine 

dose. However, previously observed immediate early genes were still identified (e.g. FOS, FOSB, 

NR4A1, etc.) (Figure 2.6C). These immediate early genes were also differentially expressed in 

cells preincubated with DGA (Figure 2.6C). Preincubation with DGA uniquely led to the 
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expression of genes related to Circadian Rhythm Signaling ontologies (e.g. BHLHE40, NOCT, 

TIMELESS, etc.). Protein binding and Translation related terms were also highlighted by Gene 

ontology and KEGG pathway analyses for DGA preincubated cells. This contrasts with the DNA 

transcription and response-to-stimuli terms observed in cells preincubated with dopamine and no 

neurotransmitters (Figure 2.6D). Tonic preincubation also led to basal alterations in hMSN-like 

cells, calculated by only comparing cells exposed to vehicle control on the final day (Figure B.6B-

C). Preincubation with DGA similarly led to the largest number of DEG when compared to cells 

that were preincubated with no neurotransmitters (Figure B.6B). However, DEGs were also 

observed after preincubation with acetylcholine and glutamate but not dopamine. Interestingly, 

preincubation with DGA led to many downregulated genes in contrast to preincubation with 

acetylcholine or glutamate (Figure B.6B). Downregulated genes included some circadian rhythm 

and immediate early genes shown to be upregulated after preincubation with DGA and exposure 

to subsequent phasic dopamine. Many DEG induced by basal alterations of preincubation with 

DGA overlapped with DEG from acetylcholine and glutamate preincubated cells and corresponded 

with many development related gene ontologies (Figure B.6B). This may be related to effects of 

acetylcholine, glutamate and dopamine on functional [27,33] and dendritic maturation [23,72] of 

MSNs. H1 hMSN-like cells showed similar trends in basal alterations due to tonic preincubation 

(Figure B.6B). However, no circadian rhythm genes were observed in DEG induced by 

preincubation of H1 hMSN-like cells. Overall, these results may indicate that preincubation with 

tonic DGA in combination, but not individually, may prime Circadian rhythm and dopamine 

signaling pathways for greater responsiveness to subsequent phasic dopamine dosage in H9 

hMSN-like cells. This could occur through the basal alteration of developmental genes in hMSN-

like cells. 
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Figure 2.6 Prolonged exposure of H9 hMSN-like cells to tonic levels of dopamine, acetylcholine and 
glutamate alters Circadian Rhythm and Dopamine Signaling ontologies. 
(A) Human pluripotent stem cells (hPSC) were differentiated to human medium spiny neuron-like (hMSN-like) 
cells following an Activin A induction protocol [49]. After 45 days in vitro (DIV) cells were incubated for 21 
additional days with tonic levels of dopamine (10 nM) (D), glutamate (2 µM) (G), acetylcholine (750 nM) (A), or 
vehicle control (100 µM ascorbic acid) in combination or individually prior to dosage with a phasic concentration 
of dopamine (1 mM). RNA extraction was performed on DIV66 one hour after phasic dopamine addition. (B) 
Total number of differentially expressed genes (DEG)(Labeled in red) from bulk RNA-seq of samples 
preincubated with tonic dopamine, glutamate, and acetylcholine. (C) Venn diagram showing shared and unique 
DEG between samples preincubated with DGA, Dopamine alone, and vehicle control. (D) Gene ontology 
Molecular Function (GO:MF) and Biological Process (GO:BP) analysis of lists of DEG from samples preincubated 
with DGA, Dopamine alone, and vehicle control. Significance is represented by Log10-transformed p-values with 
dotted red line indicating p-value of 0.05. In all cases, data were obtained from RNA-seq of H9 hMSN-like cells. 
DEGs were identified by max group mean ≥ 0.75, FDR p-value < 0.05, and Log2(Fold Change) > |1|. Differential 
expression was performed against samples that were preincubated with the appropriate neurotransmitter(s) and 
dosed on DIV66 with vehicle control using the Wald test. n = 3 independent replicates. 
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2.3.4 A period of withdrawal in H1 hMSN-like cells reduces the magnitude of desensitized 

and sensitized genes but conversely increases their ratio. 

Molecular phenotypes of withdrawal have been previously shown to manifest as changes 

in the expression of genes synaptic plasticity-associated genes such as BDNF, Arc, and 

Neuropeptide Y [37]. However, whether similar synaptic plasticity-associated genes are observed 

in hMSN-like cells after a chronic dopamine dosage remains to be seen. Thus, we sought to expand 

our understanding of the utility of hMSN-like models by attempting to recapitulate molecular 

phenotypes of withdrawal. H1 hMSN-like cells were dosed with acute and chronic dopamine and 

compared to hMSN-like cells dosed with chronic dopamine and not exposed to dopamine for two 

more weeks (Figure 2.7A, B.4A). Interestingly, the number of DEG did not decrease after a two-

week period of withdrawal (Figure 2.7B). However, the desensitized and sensitized genes 

decreased in magnitude after a two-week period of withdrawal and uniquely led to a D/S gene ratio 

greater than 2 (Figure 2.7C). Additionally, gene ontology analyses highlight synaptic plasticity 

genes (e.g. NR4A1, EGR1, etc.) unique to DEG induced by dopamine after a period of withdrawal 

(Figure 2.7D). The annotation of synaptic plasticity-associated genes may indicate that a period 

of withdrawal after a chronic dopamine dosage of H1 hMSN-like cells captured some aspects of 

known molecular phenotypes of withdrawal [37,74–77]. Furthermore, genes that were not 

previously expressed in H1 hMSN-like cells after a chronic dopamine dose (e.g. FOSB, CCN1, 

and CCN2), were differentially expressed after a period of withdrawal (Figure 2.7D). This 

phenomenon may relate to observed increases in c-Fos after chronic morphine withdrawal in mice 

[78]. 
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Figure 2.7 A period of withdrawal in H1 hMSN-like cells reduces the magnitude of desensitized and 
sensitized genes but conversely increases their ratio. 
(A) Schematic for DIV45 acute, DIV50 chronic, and DIV64 withdrawal dopamine (1 mM) dosing regiments of 
H1 hMSN-like cells. Pink boxes signify points of RNA extraction. (B) Total number of DEG from RNA-seq of 
H1 hMSN-like cells dosed with acute, chronic and withdrawal 1 mM dopamine time points. (C) Total number of 
DEG for desensitized and sensitized genes from RNA-seq of H1 hMSN-like cells dosed with chronic and 
withdrawal 1 mM dopamine. Ratios of desensitized to sensitized genes are shown above the plot. (D) Venn 
diagram showing shared and unique DEG between samples dosed with chronic and withdrawal dopamine. Lines 
highlight conditions that express genes or gene ontologies of interest. In all cases, data were obtained from RNA-
seq of H1 hMSN-like cells. DEGs were identified by max group mean ≥ 0.75, FDR p-value < 0.05, and Log2(Fold 
Change) > |1|. Differential expression was performed by comparing chronic dopamine dosed cells with acute 
dopamine dosed cells using the Wald test. n = 3 independent replicates. 
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2.4 Discussion 

Human cellular and molecular changes in response to dopamine have been previously 

characterized in hMSN-like models. However, responses to dopamine were only evaluated in one 

stem cell line [3]. Having previously observed differences in dopamine receptor subtype 

expression in H9 and H1 hMSN-like cells, we showed that dosage with dopamine and its agonists 

led to unique responses in both H9 and H1 hMSN-like cells. Dosage of H1 hMSN-like cells 

induced DEG associated with gene ontologies related to D2-like MSNs while responses to 

dopamine in H9 hMSN-like cells were more reminiscent of D1-like MSNs. Furthermore, these 

responses were shown to be unique to responses observed in dopamine and agonist dosed MGE-

like cells and glutamate-dosed H1 hMSN-like cells. Thus, responses to dopamine differ from 

responses to glutamate potentially signifying that observed gene desensitization phenotypes were 

specific to dopamine dosage. This conclusion is supported by dopamine antagonist studies that 

highlighted unique D/S gene ratios altered upon interference of dopamine binding to dopamine 

receptors. Persistent perturbation of many compounds other than dopamine have been shown to 

lead to gene expression alterations reminiscent of gene desensitization in multiple other cell types 

[79–81]. Thus, D/S gene ratios may potentially serve as an analytical metric to identify dopamine-

specific responses in hMSN-like cells. However, noise observed in transcriptional measurements 

confounds analyses in hMSN-like cells.  

Noise in transcriptional measurements may be partly attributed to variable expression of 

dopamine receptors that may ultimately lead to differential responses to dopamine. Differences in 

dopamine receptor expression have been observed between individuals and are thought to underlie 

differences in the development of neuropsychiatric disorders [82,83]. In hMSN-like cell cultures, 

this may manifest as differences in dopamine receptor protein expression [83] and trafficking [84]. 

Additionally, multiple dopamine receptor subtypes may also be expressed in the same cell [85], a 

potential phenomenon more common in immature populations of MSNs such as in vitro stem cell 

differentiated hMSN-like cells [86,87]. Therefore, future work will need to focus on optimizing 

hMSN-like cell differentiation protocol efficiencies to yield more homogeneous, well-defined 

populations of cells. Furthermore, noise was also observed in the analysis of phospho-FOS and 

phospho-ERK expression in hMSN-like cells. In addition to dopamine receptor expression 

dynamics, timing of analysis also contributes to noise in protein expression analyses. For example, 

although, significant FOS protein expression was expected to occur within the time frame of 
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analysis chosen in this work (1 hour) [88], investigation into timing for maximal protein expression 

post-dose will need to be performed for future studies. Furthermore, future studies will need to 

supplement transcriptional and protein findings with standard functional assays such as 

electrophysiology [89] or multielectrode arrays [90] to evaluate other relevant assays for responses 

to dopamine. These assays may also provide greater insights into similarities between D1-like and 

D2-like MSNs with hMSN-like cells. 

Increasing complexity in regulating responses to dopamine is required to further the in vivo 

relevance of hMSN-like cell models. Particularly, modulating responses to dopamine with MSN 

relevant perturbations will yield greater understanding of human MSN biology. We investigated 

the ability of tonic concentrations of neurotransmitter and dopamine receptor antagonists to 

modulate responses to dopamine and showed that preincubation with a combination of tonic 

concentrations of DGA significantly altered responses to phasic dopamine dosage primarily in H9 

hMSN-like cells. Transcriptional alterations in H9 hMSN-like cells after preincubation with DGA 

seemed to uniquely associate with Circadian Rhythm and dopamine signaling pathway ontologies. 

DGA did not induce DEG associated with circadian rhythm or dopamine signaling ontologies in 

H1 hMSN-like cells. However, H9 and H1 hMSN-like cells were hypothesized to be similar to 

D1-like and D2-like MSNs, respectively. Circadian rhythm signaling has been shown to associate 

primarily with D1-like MSNs [51]. Therefore, we would not expect H1 hMSN-like cells to 

similarly lead to changes associated with circadian rhythm signaling. However, future work should 

investigate into whether hMSN-like cells reminiscent of D2-like MSNs can be influenced by tonic 

preincubation dosing regimens not used in this study. 

Prior exposure to tonic concentrations of dopamine have been predicted to regulate 

responses to subsequent phasic dopamine [15–17]. Thus, it is possible that homeostatic regulation 

of responses to dopamine may include alterations in circadian rhythm signaling. Additionally, 

dopamine in the striatum has been shown to fluctuate according to circadian rhythms [91]. 

Therefore, changing between tonic and phasic modes of exposure may resemble aspects of 

fluctuations in dopamine seen in circadian rhythms in the striatum. However, dopamine 

preincubation alone yields no significant alterations in DEG after the final phasic dopamine dosage 

in both H9 and H1 hMSN-like cells. This lack of significant changes is also observed for cells 

preincubated with glutamate and acetylcholine alone. This may be due to the complex integration 

of dopamine, glutamate, and acetylcholine signaling within MSNs that may be required to enhance 
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responses in hMSN-like cells. For example, acetylcholine has been shown to regulate noise in 

synaptic changes in MSN by directly regulating cAMP levels through the M4 muscarinic receptor 

[92]. Additionally, MAPK signaling has been observed to integrate glutamate and dopamine 

receptor transduction through ERK phosphorylation [93]. Thus, given that hMSN-like cells are 

not exposed to dopamine, acetylcholine, nor glutamate during development, all three may be 

required to coordinate significant intracellular changes in response to dopamine. Differences 

between observations in this study and other studies may also be due to species-specific differences 

or due to differences in concentration and timing of dopamine, acetylcholine and glutamate 

[16,20]. Future studies should attempt to test various other concentrations of neurotransmitter 

following different dosing regimens to identify their combined effect on both H9 and H1 hMSN-

like cell responses. 

Finally, we investigated the ability of hMSN-like models to capture complex phenotypes 

associated with chronic drugs of abuse. We observed that some aspects of withdrawal observed in 

other model organisms were also observed in hMSN like cells. Specifically, transcriptional gene 

ontologies for synaptic plasticity were observed for DEG induced by dopamine dosage after a 

period of withdrawal. However, additional optimization is required to gain a greater understanding 

of the extent of withdrawal in an in vitro hMSN-like cell model. For example, it remains unclear 

for what length of time withdrawal phenotypes are observed. Symptoms of withdrawal have been 

observed to last from weeks to years and may ultimately contribute to processes leading to drug 

relapse after extensive periods of time without drug use [36,94]. Additionally, other phenotypes 

associated with withdrawal, such as CNS hyperexcitability [94] or alterations in dendritic spine 

density [37] should also be investigated in hMSN-like cells to gain a better understanding of the 

limits of this model. Overall, the findins highlighted ins this work offers potential future paths of 

optimization of hMSN-like cells to ultimately increase the in vivo relevance of these models. 
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2.5 Materials and Methods 

2.5.1 Cell Cultures 

hMSN-like cells were obtained following previously described protocols [5] and have been 

described in detail in prior work [3]. Briefly, the feeder-independent H9 and H1 hESCs (WA09 

and WA01; WiCell, Madison, WI, USA) were maintained in 6-well tissue culture dishes (Greiner 

Bio-One, Alphen aan den Rijn, NL) coated with 0.5 µg/mL reduced growth factor Matrigel 

solution (Corning, Durham, NC, USA) in E8 medium (Stemcell Technologies, Cambridge, MA, 

USA) and passaged using standard protocols. Cells were grown to ~75–80% confluency prior to 

differentiation. On days in vitro (DIV) 0 of differentiation, E8 medium was removed, cells were 

washed with 1X PBS (Gibco, Waltham, MA, USA), and media switched to DMEM-

F12/Neurobasal media (2:1) (Gibco) supplemented with N2 (Gibco) and B27 minus Vitamin A 

(Gibco) (together referred to as N2B27). From DIV 0 to 4, cultures were supplemented with 

SB431542 (10 µM in 95% EtOH; Selleck Chemicals, Houston, TX, USA), LDN-193189 (100 nM 

in DMSO; BioVision, Waltham, MA, USA), and dorsomorphin (200 nM; BioVision). Media was 

changed every day. From DIV 5 to 8, cultures were supplemented with just LDN-193189 and 

dorsomorphin. Media was changed every day. On DIV 9, cultures were washed with 1X PBS, and 

media switched to N2B27 supplemented with activin A (25 ng/mL in 4 mM HCl; R&D, 

Minneapolis, MN, USA). Cells were then lifted using cell scrapers (Greiner Bio-One) since EDTA 

treatment drastically reduced survivability, pipetted up and down 1 time with a 5 mL serological 

pipette, and replated with 5.21E5 cells/cm2 onto Matrigel-coated 6-well plates. Half-media was 

changed the next day and then every other day afterward. On DIV 18, cultures were passaged using 

0.5 mM EDTA for 2 min at 37 °C, as we no longer observed issues with survivability with EDTA 

treatment, and pipetted up and down 10–15 times using P1000 mechanical pipette then replated 

onto Poly-L-Ornithine (15 µg/mL in water; Sigma, St. Louis, MO, USA) and Laminin (5 µg/mL 

in PBS; Corning) coated 24-well plates (Greiner Bio-One) at 2.11E5 cells/cm2. Half-media was 

changed the next day and then every other day afterward. From DIV 20 to 24, media was switched 

to N2B27 with Vitamin A (Gibco). On day 25 for analysis, BDNF and GDNF (10 ng/mL in 0.1% 

BSA (w/v); Peprotech) were added to aid neuronal maturation and survival (referred to as 

Maturation Medium). Cells were lifted, similar to the DIV18 passage, on DIV 30 to 35 and all 

cells were replated onto Poly-L-Ornithine (2 µg/cm2) and Laminin (1 µg/cm2) coated 24-well 
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plates to maintain neuron attachment. Cells were maintained in a humid incubator at 37 °C with 

5% CO2. 

MGE-like cells were obtained following a striatal interneuron differentiation protocol [49]. 

H9 and H1 hESCs were grown to ~80-90% confluency prior to differentiation. On days in vitro 

(DIV) 0 of differentiation, E8 medium was removed, cells were washed with 1X PBS (Gibco, 

Waltham, MA, USA), and media switched to DMEM-F12/Neurobasal media (2:1) (Gibco) 

supplemented with N2 (Gibco) and B27 (Gibco) (together referred to as N2B27). From DIV 0 to 

9, cultures were supplemented with SB431542 (10 µM in 95% EtOH; Selleck Chemicals, Houston, 

TX, USA), LDN-193189 (100 nM in DMSO; BioVision, Waltham, MA, USA), and XAV939 (2 

µM in DMSO; R&D, Minneapolis, MN, USA). Media was changed every day. On DIV 9, cells 

were lifted using cell scrapers (Greiner Bio-One) since EDTA treatment drastically reduced 

survivability, pipetted up and down 1 time with a 5 mL serological pipette, and replated with 

5.21E5 cells/cm2 onto Matrigel-coated 6-well plates. From DIV 10 to 20, cultures were 

supplemented with SHH (200 ng/mL in 0.1% (w/v) BSA in 1X PBS; R&D, Minneapolis, MN, 

USA) and Purmorphamine (1 µM in DMSO; Sigma, St. Louis, MO, USA). Half-media was 

changed every other day afterward. On DIV 20, cultures were passaged using 0.5 mM EDTA for 

2 min at 37 °C, as we no longer observed issues with survivability with EDTA treatment, and 

pipetted up and down 10–15 times using P1000 mechanical pipette then replated onto Poly-L-

Ornithine (15 µg/mL in water; Sigma, St. Louis, MO, USA) and Laminin (5 µg/mL in PBS; 

Corning) coated 24-well plates (Greiner Bio-One) at 2.11E5 cells/cm2. Half-media was changed 

the next day and then every other day afterward. From DIV 20 to 45, media was supplemented 

with only BDNF (10 ng/mL in 0.1% BSA (w/v); Peprotech) to aid neuronal maturation and 

survival. Cells were maintained in a humid incubator at 37 °C with 5% CO2. 

2.5.2 Dosing Experiments 

To perform tonic neurotransmitter preincubation hMSN-like and MGE-like cells were grown 

to DIV45, half-media was removed, and new media containing either ascorbic acid (100 µM in 

water; Sigma, St. Louis, MO, USA), dopamine hydrochloride (10 nM in 100 µM ascorbic acid; 

Sigma, St. Louis, MO, USA), acetylcholine chloride (750 nM in water; Sigma, St. Louis, MO, 

USA), or L-glutamic acid (2 µM in water; Sigma, St. Louis, MO, USA) was added and left in the 

wells to be incubated at 37 °C until the next day. This process was repeated everyday for 21 days. 



56 
 

On the 21st day, half-media was removed, and new media containing either ascorbic acid (100 µM 

in water; Sigma, St. Louis, MO, USA) or dopamine hydrochloride (1 mM in 100 µM ascorbic 

acid; Sigma, St. Louis, MO, USA) was added, incubated at 37 °C, then RNA extracted for 

sequencing. 

To perform antagonist incubations, hMSN-like cells were grown to DIV45, half-media was 

removed, replaced with media containing both R(+)-SCH23390 hydrochloride (250 µM; Sigma, 

St. Louis, MO, USA), S(-)-Sulpiride (250 µM; Sigma, St. Louis, MO, USA) was added and 

incubated at 37 °C for 60 min. Half media was then removed and media containing either dopamine 

hydrochloride (1 mM in 100 µM ascorbic acid; Sigma, St. Louis, MO, USA), R(+)-SCH23390 

hydrochloride (250 µM; Sigma, St. Louis, MO, USA), S(-)-Sulpiride (250 µM; Sigma, St. Louis, 

MO, USA), or PBS (1X; Gibco), individually or in combination, was added and incubated at 37 

°C for 60 min then extracted RNA for sequencing. Chronic incubation proceeded by removing all 

culture media, replacing with maturation media, and repeating dopamine, SCH23390, and 

Sulpiride incubations for 5 days. Chronic time-course doses were time-matched to extract all 

samples on DIV50. 

To perform acute incubations, hMSN-like cells were grown to DIV45, half-media was 

removed, replaced with dopamine hydrochloride (10 nM–1 mM in 100 µM ascorbic acid; Sigma, 

St. Louis, MO, USA), ), L-glutamic acid (5 µM in water; Sigma, St. Louis, MO, USA), SKF82958 

(1–100 µM; Sigma, St. Louis, MO, USA), quinpirole (1–100 µM; Sigma, St. Louis, MO, USA), 

or CGS21680 (0.1–10 µM; Sigma, St. Louis, MO, USA), and incubated at 37 C for 60 min for 

RNA-seq. 

 Withdrawal incubations were performed by dosing as previously described with chronic 

dopamine for 5 days, then ceasing dopamine dosage for two weeks. A final dopamine dosage was 

performed after 2 weeks of abstinence and RNA extracted for RNA-sequencing. All doses were 

performed at 37 C for 60 min. 

2.5.3 RNA Extraction 

For RNA extraction, total RNA was extracted as previously described [95]. In brief, hMSN-

like cultures were washed 1 time in PBS. Total RNA was isolated using Direct-zol RNA MicroPrep 

Kit (Zymo Research) according to the manufacturer’s protocol. RNA samples were collected in 2 
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mL RNAse-free tubes and chilled on ice throughout the procedure. Total RNA was then used for 

either RNA-seq. 

2.5.4 RNA-Sequencing and Analysis 

Sequencing and preparation of Illumina libraries from total RNA was performed and then 

sequenced using Illumina Hi-seq 2 × 150 bp (Azenta, Research Triangle Park, NC, USA) for 20–

30 million reads per sample. Raw sequencing data will be made publicly available on the Gene 

Expression Omnibus. 

Raw FASTQ formatted sequence reads were imported into CLC Genomics Workbench (v. 

21.0.5 Qiagen, https://digitalinsights.qiagen.com/, accessed on 1 June 2022). Adaptor sequences 

and bases with low quality were trimmed and reads were mapped to the reference genome 

(GRCh38.102) using the RNA-seq analysis tool with the default parameters recommended for 

RNA-seq analysis. Principal component analysis and differential expression analysis were 

performed using ‘PCA for RNA-seq’ and ‘Create Heat Map for RNA-seq’ toolsets. Heatmaps were 

generated using Euclidean distance with complete linkage. All genes were displayed. Ingenuity 

Pathway Analysis (v. 22.0.1, QIAGEN Inc., https://digitalinsights.qiagen.com/IPA, accessed on 1 

June 2022) was used to predict upstream regulators [96]. Functional enrichment analysis was 

performed using gProfiler to extract KEGG pathways, biological process and molecular function 

gene ontologies, and transcription factor binding motifs associated with an inputted list of genes 

[97]. Other plots and analyses were generated using RStudio [98]. Overlaps between gene sets 

were performed using BioVenn [99] and the Venn Diagram tool from the Bioinformatics & 

Evolutionary Genomics Department at Ghent University [100]. Log2(fold change) heatmaps were 

generated using pheatmap (v. 1.0.12). Boxplots and Lineplots were plotted using ggplot2 (v. 

3.3.5)[101]. Significance was defined as p < 0.05. Statistical analyses for RNA-seq were 

performed in CLC Genomics Workbench (v. 22.0.1 Qiagen, https://digitalinsights.qiagen.com/, 

accessed on 1 June 2022). 

2.5.5 Statistical Analysis 

Statistical analyses for RNA-seq were performed in CLC Genomics Workbench (v. 22.0.1 

Qiagen, https://digitalinsights.qiagen.com/, accessed on 1 June 2022). Significance was selected 

as log2(fold change)  ≥ |1| in expression between comparison groups with a threshold false 

discovery rate (FDR), adjusted p-value < 0.05, and max group mean ≥ 1 for acute and chronic 

https://digitalinsights.qiagen.com/
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dopamine datasets. Significance for all other RNA-seq datasets was selected as (FDR) adjusted p-

value < 0.05. All sequencing data passed default quality filters for the CLC Genomic Workbench 

version 22.0.1 RNA-Seq pipeline analysis. Significance for Ingenuity Pathway (v. 22.0.1, 

QIAGEN Inc., https://digitalinsights.qiagen.com/IPA, accessed on 1 June 2022) and gProfiler [97] 

analyses were defined as p-value < 0.05 and g:SCS threshold < 0.05, respectively. 

2.5.6 Immunocytochemistry 

Prior to immunocytochemistry, cultures were grown in 8-well chamber slides (Falcon) to DIV 

45. Cultures were fixed in 4% paraformaldehyde for 15 min at room temperature (RT) followed 

by 3 × 5 min 1X PBS washes. Cultures were then permeabilized and blocked in 0.3% Triton X-

100 in PBS (PBST) and 5% (w/v) normal donkey serum (Jackson Immunoresearch) in PBS for 30 

min at RT. Cultures were incubated with primary antibodies (see Table 2.1) in PBST at RT for 2 

h or at 4 °C in a humidity chamber overnight. Cultures were washed by 3 × 10 min PBST washes 

and incubated with secondary antibodies in PBST for 2 h at RT, and nuclei were stained with DAPI 

(Invitrogen, Waltham, MA, USA). Slides were mounted using ProLong Antifade Diamond 

(Thermo Fisher Scientific, Waltham, MA, USA). Secondary antibodies used were donkey Alexa 

Fluor 488, 546, 594, and 647 conjugates (Invitrogen, 1:250). Images were taken using a Nikon 

A1R confocal microscope (Nikon Instruments) using a 40X oil immersion objective.  

Table 2.1 Primary antibodies. 

Antigen Host Supplier Cat. No. RRID Dilution 

pFOS Rabbit Cell Signaling 5348 AB_10557109 1:250 

pERK1/2 Rabbit Cell Signaling 4370 AB_2315112 1:200 

DARPP32 Rabbit Abcam ab40801 AB_731843 1:40 

DARPP32 Goat R&D systems AF6259 AB_10641854 1:15 

MAP2 Mouse Sigma M1406 AB_477171 1:500 

MAP2 Chicken Abcam ab92434 AB_2138147 1:300 

BCL11B Rat Abcam ab18465 AB_2064130 1:500 

NKX2.1 Rabbit Abcam ab76013 AB_1310784 1:250 

SST Rat EMD Millipore MAB354 AB_2255365 1:100 

GAD1/2 Rabbit Sigma G5163 AB_477019 1:500 
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2.5.7 Immunostaining Quantification 

To quantify positive cell percentages, immunostained slides were imaged using a 40X oil 

immersion objective for all four channels simultaneously using the 405, 488, 561, and 640 nm 

lasers. ND2 stacks were imported into FIJI [102], Z-projected for max intensity, converted to 

grayscale, split into individual channels and background subtracted for each channel individually 

using a 50-pixel rolling ball radius. Images were thresholded using the “Moments” algorithm with 

the “Auto” setting and measured for area fraction. Overlap percentages were obtained by 

combining thresholded channels with a base channel representing a marker gene (e.g. MAP2) 

using the Image Calculator function with the “AND” operation, measuring area fraction, and 

dividing the overlap area fraction by the base channel area fraction. For each sample, 2–3 

independent replicates (n = 2–3) in 8-well chamber slides were dosed, fixed, and immunostained. 
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CHAPTER 3 : Analyzing Neuronal Activity in Human Pluripotent Stem Cell-derived 

Medium Spiny Neuron-like (hMSN-like) cells 

Ryan Tam1 and Albert J. Keung1 
1 Department of Chemical and Biomolecular Engineering, North Carolina State University, 

Raleigh, NC 27606 

3.1 Abstract 

While transcriptional and protein measurements help characterize human pluripotent stem 

cell-derived medium spiny neuron-like (hMSN-like) cells and their fidelity to expected identities 

and responses to dopamine, ultimately neuronal activity is the closest property linked to 

physiological behavior. Therefore, we measured functional calcium signals and cyclic AMP 

(cAMP) abundance in hMSN-like cells and potentially observe a primarily D1-like hMSN-like 

cell response. Additionally, in vivo relevant neuronal activity may be captured utilizing cocultures 

of hMSN-like and human pluripotent stem cell-derived midbrain dopaminergic-like (mDA-like) 

cells. Thus, we aimed to analyze neuronal activity of cocultures of hMSN-like and mDA-like cells 

to better understand physiologically relevant responses to perturbations such as cocaine. We also 

discuss the challenges that variability in neuronal activity phenotypes present in hMSN-like cell 

models. Ultimately, the work here highlights the analysis of neuronal activity phenotypes in 

hMSN-like cells that may contribute to bridging the gap between molecular and behavioral 

phenotypes of human MSNs. 

3.2 Introduction 

Transcriptional and protein measurements of responses to dopamine in human pluripotent 

stem cell-derived medium spiny neuron-like (hMSN-like) cells have identified human specific 

processes that may relate to phenomenon such as memory and addiction [1–3]. However, 

measurements of neuronal activity may better inform our understanding of how responses in 

hMSN-like cells relates to behavioral phenotypes [4,5]. For example, neuronal activity 

measurements of rodent MSN subtypes have identified unique electrical properties [6] that 

correlate with the development of different behaviors [7]. Neuronal activity analyses have also 

been performed on hMSN-like cells and have highlighted action potential dynamics characteristic 

of MSNs in vivo [8–10] and calcium transients due to dopamine exposure [11]. However, there is 
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little understanding of neuronal activity in response to more complex dopamine dosing regimens 

(e.g. acute and chronic dosage) in hMSN-like cells. 

Measuring neuronal activity in human MSN brain circuits is also of interest because of the 

complexity in neurotransmission these systems may capture. Cocultures have been widely used as 

a method to model neuronal circuits in vitro [12–16]. In cocultures, neuron-types of interest are 

coaxed to create synaptic connections that model the in vivo transmission of neurotransmitters 

from one neuron to the other. Additionally, cocultures may lead to greater functional maturity of 

in vitro neurons [12,14,15]. Thus, because of the in vivo relevance of utilizing cocultures, we 

sought to evaluate neuronal activity in a model of the mesolimbic pathway. MSNs and 

dopaminergic neurons reside within the mesolimbic pathway [17,18], a neuronal circuit where 

dopaminergic neurons originating from the substantia nigra and ventral tegmental area [19] project 

to MSNs in the striatum. In vitro mesolimbic pathway cocultures have been engineered to 

determine the effect of a genetic form of Parkinson’s disease on neuron signaling [20]. However, 

no studies have been performed assessing neuronal activity in response to stimuli such as drugs of 

abuse. Therefore, here we aimed to investigate neuronal activity in hMSN-like cells after exposure 

to dopamine in monoculture and to drugs of abuse in a coculture with human pluripotent stem cell-

derived midbrain dopaminergic-like (mDA-like) cells. The work presented supplements 

transcriptional and protein expression measurements with neuronal activity assays that bridge the 

gap between molecular and cellular level phenotypes. Future work will aim to enhance complexity 

in hMSN-like cell responses by engineering and analyzing cocultures with mDA-like cells. 

3.3 Results 

3.3.1 Calcium signaling of hMSN-like cells highlights responses potentially characteristic of 

D1-like dopamine receptor binding 

 Nerve cells such, as MSNs, interpret neurotransmitter inputs at the synapse by binding to 

appropriate receptors, increasing intracellular signaling cascades, and ultimately contributing to 

synaptic and action potentials [21]. Different types of neurons interpret signals via differences in 

expression of intracellular signaling components. For example, MSNs robustly express DARPP32, 

a critical intracellular regulator of dopamine receptor binding [22]. DARPP32 has been shown to 

contribute to dopamine induced alterations in membrane excitability and synaptic transmission 

[23,24]. Intracellular calcium also plays a crucial role in phenomena such as neuronal excitability 
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and exhibits signals that have been shown to correlate to neuronal activity [24–27]. Therefore, to 

gain a more thorough understanding of dopamine’s effects on MSN function, we sought to measure 

calcium signals in hMSN-like cells.  

Prior to calcium imaging, hMSN-like cells were grown for 45 days (DIV45) and incubated 

with the calcium indicator Fluo4 [28] on the final day of dosage (Figure 3.1A). Live-cell confocal 

imaging was then performed to observe calcium signals prior to and immediately after the final 

dosage. To determine dose-response in calcium signals, we acutely dosed hMSN-like cells with 

dopamine, the D1-like dopamine receptor agonist SKF82958 [29], D2-like dopamine receptor 

agonist Quinpirole [30], and the ADORA2A receptor agonist CGS21680 [31] but observed no 

significant differences in calcium signals after dosage (Figure 3.1B). However, some slight 

increases in the number of regions of interest (ROI) showing more calcium signals were observed 

and corresponded with increasing concentrations of dopamine and the D1-like dopamine receptor 

agonist SKF82958. This may indicate that D1-like dopamine receptor activation may lead to 

greater neuronal activity in hMSN-like cells as compared to D2-like dopamine and ADORA2A 

receptor activation. These results correspond with increases in calcium signals observed due to 

D1-like and D2-like receptor agonists [25] and cocaine in D1-like and D2-like MSNs [32]. 

Additionally, we dosed hMSN-like cells with acute and chronic dopamine at physiological [33] 

and supraphysiological [1] concentrations and observed significant increases in ROI with 

increased events after a chronic dosage of 1 mM dopamine but not after 1 µM dopamine (Figure 

3.1C). Increases in calcium signals have been reported in D1-like MSNs in rodents after chronic 

cocaine dosage [32]. Thus, differences in calcium signals after a 1 mM chronic dopamine dosage 

may represent a primarily D1-like MSN response in agreement with previously drawn conclusions. 

Analyses of calcium signals were similarly performed for samples preincubated with tonic 

concentrations of dopamine, glutamate, and acetylcholine and exposed to antagonists. However, 

this data has yet to be analyzed. 

  



75 
 

  

Figure 3.1 Calcium signaling of hMSN-like cells highlights responses potentially characteristic of D1-like 
dopamine receptor binding. 
(A) Schematic of calcium signal analysis in hMSN-like cells after listed dosage conditions. Fluo4 chemical 
calcium indicator was used to identify live-cell alterations in intracellular calcium. Fluo4 was introduced into cells 
on the final day of dosage. (B) Number of ROI showing more or less events after dosage normalized to PBS control 
dose after exposure to dopamine, the D1-like dopamine receptor agonist SKF82958, the D2-like dopamine 
receptor agonist Quinpirole, and the ADORA2A receptor agonist CGS21680. (C) Number of ROI showing more 
or less events after dosage with 1 µM and 1 mM acute and chronic dopamine. n = 2-3 independent replicates each 
with 50-100 ROI. * (p < 0.05). Statistical significance determined with a two sample t-test assuming unequal 
variances. 
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3.3.2 Dopamine exposure increases cAMP abundance in hMSN-like cells 

Given the ubiquity of intracellular calcium, we also sought a more direct functional 

measure of dopamine receptor binding [27]. Cyclic AMP (cAMP) is another secondary messenger 

that is directly regulated by dopamine receptor binding where D1-like receptor binding leads to 

increases in cAMP levels [25,34]. Sensors that highlight cAMP abundance in cells have been 

previously used [35,36]. Here, we analyzed alterations in cAMP levels after exposure to dopamine 

and asked whether the distribution of D1-like and D2-like dopamine receptor expressing hMSN-

like cells could be identified. To analyze alterations in cAMP abundance, hMSN-like cells were 

transduced with a genetically encoded cAMP sensor that decreases in fluorescence upon increases 

in cAMP abundance. Three types of responses are expected: Increases in cAMP abundance leading 

to decreases in fluorescence, decreases in cAMP abundance leading to increases in fluorescence, 

or no change in cAMP abundance or fluorescence (Figure 3.2A). Dopamine dosage (1 mM) led 

to the largest percentage of ROI with increased cAMP when compared to alterations due to 

exposure to the D1-like receptor agonist SKF81297, the D2-like receptor agonist quinpirole, and 

a vehicle control (DI Water) (Figure 3.2B). The dopamine receptor agonists Quinpirole and 

SKF81297 led to increased cAMP but in a smaller percentage of ROI. Additionally, Quinpirole 

dosage led to decreased cAMP in ~6% of ROI in contrast to SKF81297 which exhibited no ROI 

with decreased cAMP. This result partially corresponds with the expected cAMP dynamics due to 

D1-like and D2-like dopamine receptor activation [35]. However, in the case of hMSN-like cells, 

Quinpirole seemed both to increase and decrease cAMP in subsets of cells. 
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Figure 3.2 Dopamine exposure increases cAMP abundance in hMSN-like cells. 
(A) Example cyclic AMP (cAMP) traces of three characteristic responses of GFP cADDis Down sensors (Montana 
Molecular). (B) Percentage of ROI showing more cAMP, less cAMP, and no change in cAMP after exposure to 
dopamine (1 mM), Quinpirole (100 µM) and SKF81297 (100 µM). n = 2-3 independent replicates each with 50-
100 ROI. ROI showing more or less cAMP are normalized to the number of ROI showing no change in cAMP. 
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3.3.3 Cocultures of the mesolimbic pathway may capture physiologically relevant neuronal 

activity 

In vivo relevant neuronal activity may be captured utilizing coculture models [12–16].  This 

may be because the mode of neurotransmitter exposure that neurons in cocultures are subjected to 

are more physiologically relevant than exposures via addition of neurotransmitters to growth 

medium [33,37]. Differences in modes of neurotransmitter exposure may lead to different neuronal 

phenotypes due to the effect of exposure timing on regulating neuronal responses [38]. Thus, 

cocultures may better model the timing of neurotransmission observed in vivo. Furthermore, 

neuronal activity to perturbations, such as drugs of abuse, may be better modeled in cocultures. 

Drugs of abuse, such as cocaine, bind to dopamine uptake receptors on midbrain dopamine (mDA) 

neurons and prevent the removal of dopamine characteristic at the mDA-MSN synapse [39]. The 

accumulation of dopamine at the mDA-MSN synapse may contribute to alterations in calcium 

signals observed in the mesolimbic pathway [32]. Thus, more sophisticated coculture models with 

hMSN-like cells are required to better understand neuronal activity responses due to drugs of abuse 

[20]. 

 To create cocultures of the mesolimbic pathway, hMSNs were mixed in a 1:1 ratio with 

human pluripotent stem cell-derived midbrain dopaminergic neuron-like (mDA-like) cells and 

grown in coculture for 21 days prior to analysis [40] (Figure 3.3A). We utilized systems allowing 

simultaneous optogenetic input and calcium imaging to verify the functional connectivity between 

hMSN-like and mDA-like cells [41]. Channelrhodopsin (ChR), the light activated ion channel 

capable of inducing action potentials [42], and GCaMP, a genetically encoded calcium sensor [43], 

were cloned into lentiviral backbones under the control of a human synapsin promoter to 

selectively express constructs in neurons [44]. Lentiviral stocks were then generated and used to 

transduce cells. Specifically, mDA-like cells were transduced with ChR for cell specific light 

control while both hMSN-like and mDA-like cells were transduced with GCaMP for calcium 

signal analysis (Figure 3.3A). However, optimization of transduction still needs to be performed 

before proceeding with analysis in cocultures. We ultimately expect that light stimulation should 

depolarize mDA-like cells and lead to coordinated calcium signaling in both cell types. Similarly, 

alterations in calcium signals will be analyzed in response to drugs of abuse (Figure 3.3B).  
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Figure 3.3 Cocultures of the mesolimbic pathway may capture physiologically relevant neuronal activity. 
(A) Schematic for channelrhodopsin (ChR) and genetically encoded calcium sensor (GCaMP) expression in 
coculture models of the mesolimbic pathway. Upon coculturing for 21 days, functional connectivity can be verified 
by inducing action potentials through light induced ChR activation and monitoring coordinated calcium signaling 
in both hMSN-like and mDA-like cells. (B) Mechanism of cocaine in a coculture model of the mesolimbic pathway 
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3.4 Discussion 

Characterizing neuronal activity in hMSN-like cells is important for bridging the gap 

between molecular and behavioral responses to dopamine [1,6]. Thus, here we characterized 

neuronal activity in response to dopamine using calcium and cAMP imaging analyses. We 

observed the lack of significant alterations in calcium signals due to dopamine and its agonists. 

However, more calcium signals were observed in response to D1-like when compared to responses 

to D2-like dopamine receptor agonists. This may indicate more functional D1-like dopamine 

receptor responses in hMSN-like cell cultures. Thus, increases in calcium signals observed after 

exposure to chronic 1 mM dopamine may also be due to repeated activation of D1-like hMSN-like 

cells in agreement with other studies [32]. 

These calcium imaging results were supported by conclusions in cAMP abundance studies. 

Dopamine dosage led to the greatest percentage of cells with increased cAMP abundance as 

compared to the other conditions. Dosage with the dopamine receptor agonists, SKF81297 and 

Quinpirole, led to small changes in cAMP abundance that corresponded with expected regulation 

of cAMP by agonists [35]. Interestingly, quinpirole led to both a decrease and an increase in cAMP 

abundance in hMSN-like cells where only a decrease in cAMP was expected. These deviations 

from expected results may be attributed to the variability in measurements observed in both 

calcium imaging and cAMP studies. Variability in measured neuronal activity may be related to 

the diversity of cell types generated by hMSN-like cultures that has been previously discussed [1] 

and has been observed in stem cell differentiated neurons [45]. hMSN-like cultures may contain a 

mixed population of D1-like, D2-like, and D1-D2-heteromer [46] dopamine receptor expressing 

cells that form complex synaptic connections between different dopamine receptor expressing 

hMSN-like cells. The synapsing between neurons within the same sample can enhance [47] or 

ablate [48] neuronal activity. Additionally, the lack of significant neuronal activity after 

perturbation with dopamine and its agonists may be related to the role dopamine plays in 

modulating responses to excitatory inputs such as glutamate [25,49]. Thus, we may not see 

significant alterations in neuronal activity unless investigations into how dopamine preincubation 

alters responses to glutamate are performed. Furthermore, electrophysiology [6,50] or multi-

electrode arrays (MEA) [51] may be required to obtain direct measurements of electrical activity 

in hMSN-like and may highlight more significant alterations in response to dopamine. 
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The lack of strong responses in hMSN-like cells due to dopamine and its agonists may also 

be attributed to the lack of functional maturity when compared to adult rodent neurons [52,53]. 

Cocultures have been shown to lead to greater functional maturity of in vitro neurons [12,14,15]. 

Thus, we may use cocultures of hMSN-like and mDA-like cells to investigate in vivo relevant 

responses to dopamine. This is also because cocultures may better recreate in vivo dopamine 

neurotransmission, characterized by tight spatial coupling between dopamine release sites and 

binding receptors [37]. This is in contrast to the bulk method of exposure that occurs when 

neurotransmitters are added directly to the growth medium [1,33,37], a distinction that may 

ultimately lead to different responses to dopamine than expected. It is also for this reason that we 

can use cocultures to investigate responses to drugs of abuse. The work here highlights the analysis 

of neuronal activity phenotypes in hMSN-like cells that may contribute to bridging the gap 

between molecular and behavioral phenotypes of human MSNs. Future work should aim to utilize 

mesolimbic pathway-like cocultures to analyze the maturation effect of cocultures on the neuronal 

activity of hMSN-like cells and the neuronal activity of hMSN-like cells in response to drugs of 

abuse. These studies may ultimately allow the field to draw conclusions that may be more 

physiologically relevant to the treatment of MSN diseases. 
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3.5 Materials and Methods 

3.5.1 Cell Cultures 

hMSN-like cells were obtained following previously described protocols [54] and have been 

described in detail in prior work [1]. Briefly, the feeder-independent H9 and H1 hESCs (WA09 

and WA01; WiCell, Madison, WI, USA) were maintained in 6-well tissue culture dishes (Greiner 

Bio-One, Alphen aan den Rijn, NL) coated with 0.5 µg/mL reduced growth factor Matrigel 

solution (Corning, Durham, NC, USA) in E8 medium (Stemcell Technologies, Cambridge, MA, 

USA) and passaged using standard protocols. Cells were grown to ~75–80% confluency prior to 

differentiation. On days in vitro (DIV) 0 of differentiation, E8 medium was removed, cells were 

washed with 1X PBS (Gibco, Waltham, MA, USA), and media switched to DMEM-

F12/Neurobasal media (2:1) (Gibco) supplemented with N2 (Gibco) and B27 minus Vitamin A 

(Gibco) (together referred to as N2B27). From DIV 0 to 4, cultures were supplemented with 

SB431542 (10 µM in 95% EtOH; Selleck Chemicals, Houston, TX, USA), LDN-193189 (100 nM 

in DMSO; BioVision, Waltham, MA, USA), and dorsomorphin (200 nM; BioVision). Media was 

changed every day. From DIV 5 to 8, cultures were supplemented with just LDN-193189 and 

dorsomorphin. Media was changed every day. On DIV 9, cultures were washed with 1X PBS, and 

media switched to N2B27 supplemented with activin A (25 ng/mL in 4 mM HCl; R&D, 

Minneapolis, MN, USA). Cells were then lifted using cell scrapers (Greiner Bio-One) since EDTA 

treatment drastically reduced survivability, pipetted up and down 1 time with a 5 mL serological 

pipette, and replated with 5.21E5 cells/cm2 onto Matrigel-coated 6-well plates. Half-media was 

changed the next day and then every other day afterward. On DIV 18, cultures were passaged using 

0.5 mM EDTA for 2 min at 37 °C, as we no longer observed issues with survivability with EDTA 

treatment, and pipetted up and down 10–15 times using P1000 mechanical pipette then replated 

onto Poly-L-Ornithine (15 µg/mL in water; Sigma, St. Louis, MO, USA) and Laminin (5 µg/mL 

in PBS; Corning) coated 24-well plates (Greiner Bio-One) at 2.11E5 cells/cm2. Half-media was 

changed the next day and then every other day afterward. From DIV 20 to 24, media was switched 

to N2B27 with Vitamin A (Gibco). On day 25 for analysis, BDNF and GDNF (10 ng/mL in 0.1% 

BSA (w/v); Peprotech) were added to aid neuronal maturation and survival (referred to as 

Maturation Medium). Cells were lifted, similar to the DIV18 passage, on DIV 30 to 35 and all 

cells were replated onto Poly-L-Ornithine (2 µg/cm2) and Laminin (1 µg/cm2) coated 24-well 
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plates to maintain neuron attachment. Cells were maintained in a humid incubator at 37 °C with 

5% CO2. 

mDA-like cells were obtained following a floor plate, dopamine neuron differentiation 

protocol [55]. H9 hESCs were grown to ~70-80% confluency prior to differentiation. On days in 

vitro (DIV) 0 of differentiation, E8 medium was removed, cultures were passaged using EDTA 

(0.5 mM; Gibco) for 2 min at 37 °C and plated at a density of 1E6 cells/cm2 onto Matrigel-coated 

6-well plates and media switched to DMEM without L-Glutamine (Lonza) supplemented with 

Glutamax (1X; Gibco) and Knockout Serum Replacement (15% (v/v); Gibco), hereafter referred 

to as 15% KOSR, as well as with the small molecules/growth factors Beta-Mercaptoethanol (10 

µM; Sigma), SB431542 (10 µM in 95% EtOH; Selleck Chemicals, Houston, TX, USA), LDN-

193189 (100 nM in DMSO; BioVision, Waltham, MA, USA), and Y-5301/Y-27632, 

Dihydrochloride Salt (50 µM; LC Labs). The medium was changed every day. From DIV1-2, 

medium used for DIV0 was further supplemented with Purmorphamine (2 µM in DMSO; Sigma, 

St. Louis, MO, USA), and FGF8 (100 ng/mL in 0.1% (w/v) BSA in 1X PBS; Peprotech). Y-

5301/Y-27632, Dihydrochloride Salt was removed from medium beginning on DIV1. The medium 

was changed every day. On DIV3-4, medium used for DIV1-2 was further supplemented with 

CHIR99021 (3 µM; Reagents Direct). The medium was changed every day. On DIV5-6, 

SB431542 and Beta-Mercaptoethanol were removed and 15% KOSR base medium was reduced 

to 75% of the total medium volume. The other 25% was replaced with DMEM without L-

Glutamine (Lonza) supplemented with Glutamax (1X; Gibco) and N2 supplement (1X; Gibco), 

hereafter referred to as 1% N2. The medium was changed every day. On DIV7-8, SHH, 

Purmorphamine, and FGF8 were removed and both 15% KOSR and 1% N2 base medium were 

changed to 50% each of the total medium volume. The medium was changed every day. On DIV9-

10, 15% KOSR base medium was changed to 25% of the total medium volume while 1% N2 base 

medium was changed to 75% of the total medium volume. The medium was changed every day. 

On DIV11-13, base medium was changed to Neurobasal medium (Gibco) supplemented with 

Glutamax (1X; Gibco) and B27 supplement (1X; Gibco), hereafter referred to as NB/B27, as well 

as with the small molecules/growth factors BDNF (20 ng/mL; Peprotech), GDNF (20 ng/mL; 

Peprotech), Ascorbic Acid (0.2 mM in water; Sigma), Dibutyryl cAMP (0.5 mM in water; Sigma), 

TGFBeta3 (1 ng/mL in 0.1% (w/v) BSA in 1X PBS; Peprotech), DAPT (10 µM in DMSO; 

Biovision) and CHIR99021 (3 µM; Reagents Direct). The medium was changed every day. On 
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DIV14-19, CHIR99021 was removed. This medium was used for the remainder of the 

differentiation protocol. The medium was changed every day. On DIV 20, cultures were passaged 

using 0.5 mM EDTA for 2 min at 37 °C and pipetted up and down 10–15 times using P1000 

mechanical pipette then replated onto Poly-L-Ornithine (15 µg/mL in water; Sigma, St. Louis, 

MO, USA), Laminin (5 µg/mL in PBS; Corning), and Fibronectin (10 µg/mL in PBS; Advanced 

Biomatrix) coated 24-well plates (Greiner Bio-One) at 2.11E5 cells/cm2. Half-media was changed 

the next day and then every other day afterward. Cells were maintained in a humid incubator at 37 

°C with 5% CO2. 

3.5.2 Dosing Experiments 

To perform acute incubations, hMSN-like cells were grown to DIV45, half-media was 

removed, replaced with dopamine hydrochloride (10 nM–1 mM in 100 µM ascorbic acid; Sigma, 

St. Louis, MO, USA), quinpirole (1–100 µM; Sigma, St. Louis, MO, USA), or CGS21680 (0.1–

10 µM; Sigma, St. Louis, MO, USA), and incubated at 37 °C for 60 min for RNA-seq. Chronic 

incubation proceeded by removing all culture media, replacing with maturation media, and 

repeating dopamine incubations for 5 days. Chronic dopamine time-course doses were time-

matched to extract all samples on DIV50. Comparisons of 1 mM and 1 µM dopamine doses were 

performed on DIV45 for acute dosage and DIV50 for chronic dosage. 

3.5.3 Immunocytochemistry 

Prior to immunocytochemistry, hMSN-like and mDA-like cultures were grown in 24-well 

plates to DIV24 then passaged together into 8-well chamber slides (Falcon) and grown to DIV 45 

for immunostaining. Cultures were fixed in 4% paraformaldehyde for 15 min at room temperature 

(RT) followed by 3 × 5 min 1X PBS washes. Cultures were then permeabilized and blocked in 

0.3% Triton X-100 in PBS (PBST) and 5% (w/v) normal donkey serum (Jackson Immunoresearch) 

in PBS for 30 min at RT. Cultures were incubated with primary antibodies for DARPP32 (Rabbit, 

Abcam ab40801, RRID AB_731843, 1:40) and TH (Mouse, Immunostar 22941, RRID 

AB_572268, 1:1000) in PBST at RT for 2 h or at 4 °C in a humidity chamber overnight. Cultures 

were washed by 3 × 10 min PBST washes and incubated with secondary antibodies in PBST for 2 

h at RT, and nuclei were stained with DAPI (Invitrogen, Waltham, MA, USA). Slides were 

mounted using ProLong Antifade Diamond (Thermo Fisher Scientific, Waltham, MA, USA). 

Secondary antibodies used were donkey Alexa Fluor 488 and 546 conjugates (Invitrogen, 1:250). 
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Images were taken using a Nikon A1R confocal microscope (Nikon Instruments) using a 40X oil 

immersion objective. 

3.5.4 Calcium Signaling and cAMP Abundance Imaging 

For Fluo4 calcium imaging analyses, Fluo-4 calcium imaging kits from Thermofisher 

were used. hMSN-like cells had half medium removed and replaced with growth medium 

containing Fluo-4 AM (2X), Powerload (2X), and Probenecid (2X) and incubated at 37 °C with 

5% CO2 for 15 minutes. Cells were then removed from 37 °C and incubated at room temperature  

for 15 minutes. Half medium was then removed, fresh maturation medium was added, and cells 

incubated at 37 °C with 5% CO2 for 5 minutes. Medium was then fully replaced with maturation 

medium supplemented with Neuro Backdrop Background Suppressor (1X). Live imaging was 

performed using a Nikon AR confocal laser scanning microscope (Nikon) equipped with 

temperature and CO2 control. Images were taken over the course of 15 minutes at a rate of 0.1 

frames per second. Images were taken for 5 minutes to obtain baseline alterations in calcium 

transients before dosage and subsequent imaging for 10 minutes. Data analysis of calcium 

imaging was performed using FIJI. ROIs were manually selected, and mean fluorescence was 

calculated for each time frame. Peaks were identified using PeakCaller [56] using peak 

identification based on absolute % and exponential moving average (2-sided) trend controls. 

Resulting numbers of peaks were then compared between pre- and post-dosage images to 

identify the number of ROI that exhibited more, less, or the same number of events after each 

dosage. The number of ROI that exhibited more or less number of events were normalized to 

ROI that exhibited no change in the number of events identified and finally normalized to the 

corresponding vehicle control (PBS) normalized number of events. Statistical significance was 

determined as p < 0.05 and was performed using a t-test with assumed unequal variances. 

Cyclic AMP analyses were performed using the Green Down cADDis cAMP Assay Kit 

(#D0200G, Montana Molecular). hMSN-like cells were transduced with the Gi cAMP sensor 

(2.5X dilution of stock) with sodium butyrate (500 mM) 24 hours prior to analysis. Live imaging 

was performed promptly performed. Images were taken over the course of 20 minutes at a rate of 

0.1 frames per second. Images were taken for 5 minutes to obtain baseline alterations in cAMP 

before dosage and subsequent imaging for 15 minutes. Data analysis of calcium imaging was 

performed using FIJI. ROIs were manually selected, and mean fluorescence was calculated for 
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each time frame. Change in fluorescence was calculated as follows: ΔF/F = (F−F0)/F0, in which 

F0 was the mean fluorescence value recorded at t=0. ΔF/F were then further normalized to an 

ROI corresponding to background changes in fluorescence and not changes in fluorescence in 

cells. The number of ROI that exhibited overall increases, decreases, or no change in 

fluorescence and, ultimately cAMP, were identified. This was defined as normalized ΔF/F values 

> |0.25|. The number of ROI that showed increased or decreased cAMP were determined as a 

percentage of ROI that did not show changes in cAMP. 

3.5.5 Lentivirus Cloning and Production 

 To produce lentivirus encoding optogenetic sensors and transducers, GCaMP (Addgene 

#118975) and ChrimsonR (Addgene #59171) were cloned into a lentiviral transfer plasmid 

backbone (pFTM3GW) [57] utilizing Circular polymerase extension cloning. Constructed 

plasmids were transformed into NEB Stable Competent E. Coli and selected using Ampicillin on 

LB plates. Plasmids were purified for transfection using a miniprep kit (Epoch Life Science). To 

produce lentivirus, HEK293FT cells were seeded at 3.8×106 cells per 10 cm tissue culture plates 

and grown in DMEM (Thermofisher) at 37 °C with 5% CO2 for 24-48 hours prior to transfection 

with lentiviral plasmids. HEK293FT cells were grown to 70-80% confluency in 10 cm plates 

(Greiner Bio-One) and transfected using the TransIT-LT1 Transfection Reagent following 

manufacturer’s instructions (Mirus Bio) with GCaMP or ChrimsonR lentiviral transfer vector 

plasmids to a 1:1 molar ratio with 3rd generation transfer plasmids containing the expression of 

GAG and Pol on one plasmid, Rev on another plasmid and a VSV-G expressing envelope 

plasmid. Supernatant was removed and stored at -80°C after 48, 72 and 96 hours of transfection 

and filtered with a 0.45 μm PES filter (VWR). Transfection efficiency was monitored by 

analyzing the percentage of cells with fluorescence and cell death. After the final extraction, viral 

supernatant was thawed and filtered using Amicon Ultra-4 100 kDa cutoff filters (Sigma). 

Centrifugation was performed at 1000xg at 4°C in a swinging bucket rotor until about 500-600 

μL of concentrated virus is remaining. 3X washes were then performed with 1X PBS. Lentiviral 

stocks were aliquoted and stored at -80C in 1X PBS until use.  
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4.1 Abstract 

 Differentiation protocols for hMSN-like cells have been developed using both 2D and 3D 

culture methods. However, few analyses have attempted to uncover the heterogeneity of cell types 

generated using these differentiation protocols. Additionally, comparisons between hMSN-like 

cells generated from 2D and 3D protocols have not been performed. Thus, here we performed 

single cell RNA-sequencing on hMSN-like cell cultures generated using 2D and 3D differentiation 

protocols. We identify the expression of GABAergic neurons characteristic of D1-like MSNs and 

highlight the enrichment of cell subtypes expressing markers of mature and fate-specified cells  

generated using 2D protocols. Cell-type specific responses to dopamine in monoculture and drugs 

of abuse in coculture models may also be highlighted in future work. The work presented here 

aims to elucidate diversity in the cell types generated following hMSN-like cell differentiation 

protocols and the heterogeneity in the ability of different protocols to generate hMSN-like cells. 

Ultimately, results presented here aim to expand our understanding of hMSN-like cell models and 

their utility. 

4.2 Introduction 

Medium spiny neuron (MSN) cell differentiation protocols have previously shown to lead 

to DARPP32+/CTIP2+ hMSN-like cells [1–7]. However, differentiation protocols are known to 

lead to the generation of a variety of different cell types in addition to the desired cell type [8,9]. 

However, few analyses have been performed to compare the heterogeneity in cells generated by 

hMSN-like cell differentiation protocols. Furthermore, even fewer analyses have contrasted the 

ability of 2D MSN differentiation protocols to generate hMSN-like cells with 3D organoid 

protocol differentiation efficiencies. Thus, using single cell RNA-seq, we sought to highlight the 
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diversity in cell types generated from hMSN-like cell differentiation protocols and the 

heterogeneity between 2D and 3D differentiation protocols. We also aimed to investigate 

responses to dopamine in specific cell types. Many cell types have been shown to express 

dopamine receptors such as interneurons [10,11] and astrocytes [12]. MSN subtypes can also 

exhibit differences in dopamine receptor expression [13,14]. Thus, although prior RNA-seq studies 

showed robust responses to dopamine in hMSN-like cells [1], it is unclear which cell types 

observed responses arise from. Thus, we also aimed to identify cell-type specific responses to 

dopamine in hMSN-like cultures. 

Cocultures have been widely used as a method to model neuronal circuits in vitro [15–19]. 

This may be attributed to the ability of cultures to model better model the in vivo transmission of 

neurotransmitters from one neuron to the other. However, differentiating cell-type specific 

alterations in transcription in cocultures is not possible using bulk analyses without the use of 

complex microfluidic systems [20]. Furthermore, investigating the cell-type specific effect of 

drugs of abuse on cells within a mesolimbic pathway coculture requires single cell approaches. 

Cocaine is known to bind to dopamine transporters on Midbrain Dopaminergic (mDA) Neurons 

[21], lead to the accumulation of dopamine at MSN synapses, and cause persistent 

neuroadaptations in MSNs [22]. Thus, single cell analyses may help uncover changes induced by 

cocaine exposure in hMSN-like cells within a coculture system. Therefore, in this work we 

performed single cell RNA-seq on monocultures of hMSN-like cells and cocultures of hMSN-like 

cells and human pluripotent stem cell-derived midbrain dopaminergic-like (mDA-like) cells. We 

identify the generation of GABAergic neurons characteristic of D1-like MSNs and highlight the 

enrichment of cell subtypes expressing markers of mature and fate-specified cells from 2D 

protocols. We also seek to highlight cell-type specific responses to both dopamine and drugs of 

abuse in monoculture and coculture hMSN-like cell models in future analyses. The work here aims 

to expand the understanding of diversity and heterogeneity in generated cell types within cultures 

generated following hMSN-like cell differentiation protocols. Furthermore, findings here 

ultimately aim to highlight the utility of cocultures to uncover in vivo relevant phenomenon in 

hMSN-like cells.  
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4.3 Results 

4.3.1 Diversity in cell types are observed in cultures generated using hMSN-like cell 

differentiation protocols 

Diversity in hMSN-like cell differentiation protocols have previously been observed [1]. 

Specifically, only ~50% of hMSN-like cells exhibited expression of DARPP32, a characteristic 

marker of MSNs [23]. Thus, other cell types that do not express DARPP32 are present in cultures 

generated using hMSN-like cell differentiation protocols. However, it is unclear whether these 

cells are similar to hMSN-like cells or exhibit characteristics of other cell types such as 

glutamatergic neurons and astrocytes [24]. Thus, to investigate the diversity of cell types generated 

using hMSN-like cell differentiation protocols, we performed single cell RNA-seq (Figure 4.1A) 

on a selection of 2D hMSN-like differentiation protocols [2,4,6,7] and 3D hMSN-like organoid 

differentiation protocols [25,26]. We observed the generation of not only GABAergic neurons but 

also glutamatergic neurons, interneurons and other cell types (Astrocytes, Oligodendrocytes, 

Radial Glia and Progenitor cells) (Figure 4.1B, C.1) that are defined by the expression of specific 

marker genes (Figure 4.1C).  
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Figure 4.1 Diversity in cell types are observed in cultures generated using hMSN-like cell differentiation 
protocols. 
(A) Schematic for single cell RNA-seq on monocultures and cocultures of hMSN-like and mDA-like cells in 
response to dopamine and drugs of abuse. (B) UMAP dimensionalization highlighting the variety of cell types 
generated by hMSN-like differentiation protocols. (C) Marker gene dotplot gene expression characteristic of 
unique cell types within cultures obtained after hMSN-like protocols. n=2-3 independent replicates each with 
1000-2000 cells sequenced to a depth of 50000 reads per cell. 
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To determine whether subtypes of MSNs are generated by hMSN-like differentiation 

protocols, we investigated the GABAergic neuron clusters and saw the characteristic expression 

of GABAergic neuron genes such as GAD1, GAD2, SLC61A (Figure 4.2). Uniquely, GABAergic 

Neuron 4 expressed ARPP21 as a marker gene, one of the primary markers of MSN in the striatum, 

while the other GABAergic neuron clusters did not (Figure 4.2) [27]. Additionally, NPAS2, 

NPAS4 and NR4A1 are expressed exclusively in GABAergic Neuron 4, genes that tend to be 

activity enriched genes in D1 MSN or directly regulate D1-like receptor signaling [28–30]. Thus, 

the cluster of cells identified as GABAergic Neuron 4 may correspond to active D1-like hMSN-

like cells. GABAergic Neuron 1 may also correspond to either D1-like or D2-like hMSN-like cells 

because of its higher expression of the adenylyl cyclases ADCY5 and ADCY1 than other 

GABAergic neuron clusters [31]. However, not all the GABAergic neuron clusters align with 

MSN expression. GABAergic Neuron 5 expresses genes (i.e. LAMP5 and PLD5) characteristic of 

Somatostatin and Neurogliaform GABAergic interneurons to a greater degree than the other 

GABAergic neuron clusters (Figure 4.2) [32]. Additionally, GABAergic Neuron 2 and 3 exhibited 

greater expression of the neurogenic transcription factors SOX4 and SOX11 indicating that these 

clusters better represent immature GABAergic neurons (Figure 4.2) [33]. We also observe the 

generation of glutamatergic neurons using 2D and 3D hMSN-like cell differentiation protocols 

that are characterized by the expression of SLC17A6 and SLC17A7, the canonical markers of 

glutamatergic neurons (Figure 4.2) [34]. Glutamatergic neurons 4 and 5 express additional genes 

that are implicated in excitatory synapse development (i.e. SYNDIG1) [35] and GABA-A receptor 

expression (i.e. GABRG2 and GABRA2) that are not expressed by the other glutamatergic neuron 

clusters. Conversely, Glutamatergic Neurons 1, 2, and 3 express SOX4 and SOX11, markers of 

immature neurons (Figure 4.1C) [33]. Interneurons generated using hMSN-like differentiation 

protocols shared similar expression profiles to Glutamatergic neurons but lacked the expression of 

SLC17A6 and SLC17A7 (Figure 4.2). Furthermore, Interneurons did not express GAD1 or GAD2, 

potentially indicating either an immature developmental stage of these neurons or their identity as 

non-GABAergic interneurons [36]. However, Interneurons expressed genes associated with 

interneurons (i.e. CNTNAP2) [37], fast-spiking interneurons (i.e. ANK2), Chandelier Cells (i.e. 

SLC44A5) [38], and developing cortical interneurons (i.e. RBFOX1) [39] to a greater extent than 

did glutamatergic neurons (Figure 4.2). Additionally, Interneuron 4 exclusively expressed NOS1, 

a marker of a subpopulation of GABAergic interneurons [40]. 
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Figure 4.2 Mature and immature subtypes of cells are generated by hMSN-like differentiation protocols. 
Violin plots of genes that differentiate cell types from one another and, in some cases, differentiate some clusters 
from other clusters. The expression of SOX4 and SOX11 in neurons signified immature cell subtypes. 
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4.3.2 2D hMSN-like cell differentiation protocols generate more cell subtypes that exhibit  

markers of mature and fate-specified cell types than 3D protocols 

We next sought to determine differences in cell types generated using 2D and 3D 

differentiation protocols (Figure 4.3A). Differential enrichment analysis of broadly classified cell 

types showed that the 2D protocol optimized by Arber et al. [41] (hereafter referred to as 2D Arber) 

generates a higher percentage of Astrocytes and Oligodendrocytes than does the 3D organoid 

differentiation protocol optimized by Bagley et al. [25] (hereafter referred to as 3D Bagley) 

(Figure 4.3B). However, when investigating differential enrichment on an individual cluster level, 

we show the enrichment of not only the Astrocyte and Oligodendrocyte clusters but also 

GABAergic Neuron 4 in 2D Arber differentiated cells and GABAergic Neurons 1 and 3, and 

Glutamatergic Neuron 1 in 3D Bagley differentiated cells (Figure 4.3C-D). These results may 

indicate the ability of the 2D Arber differentiation protocol to generate more hMSN-like cells 

subtypes that express markers of mature and fate specified hMSN-like cells than does 3D Bagley. 

We also investigated radial glia and progenitor cell clusters that were differentially enriched 

between protocols (Figure 4.3C-D). Radial Glia 5, a radial glial cluster characterized by the 

expression of midbrain and hindbrain fate specification markers (e.g. RSPO2, WLS, LMX1A) [42–

44], was differentially enriched in 2D Arber differentiated cells (Figure 4.3C-D). This is in 

contrast to the enrichment of Radial Glia 3 and 4, identified by the greater expression of basal 

radial glia markers (e.g. TOX, PDGFD, FGFR2, LHX2) [45–49], that were differentially enriched 

in 3D Bagley differentiated cells (Figure 4.3C-D). Additionally, Progenitor 3, a cluster 

characterized by the expression of midbrain and hindbrain markers (i.e. LMX1A, OTX2, HYDIN, 

WLS) [50,51] was differentially enriched in 2D Arber derived cells as opposed to Progenitor 7, a 

cluster identified by the higher expression of many non-central nervous system genes (e.g. 

COL3A1, ARHGAP29) [52,53], that was differentially enriched in 3D Bagley differentiated cells 

(Figure 4.3C-D). Thus, 2D Arber may yield more cell subtypes that express markers for mature 

and terminally specified cells than 3D Bagley. 
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Figure 4.3 2D hMSN-like cell differentiation protocols generate more cell subtypes that exhibit  markers 
of mature and fate-specified cell types than 3D protocols. 
(A) Proportions of cells generated using either different 3D or 2D differentiation protocols. (B) Differential 
enrichment analysis of cell types enriched in the 2D Arber differentiation protocol as compared to the 3D Bagley 
organoid differentiation protocol. (C) UMAP dimensionalization of specific clusters enriched in either 2D Arber 
(red) or 3D Bagley (blue) differentiation protocols. More mature and specific cell clusters are enriched in the 2D 
Arber protocol as compared to the 3D Bagley protocol. (D) Log2(Fold Change) enrichment of specific clusters 
after differential enrichment analysis. 
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In fact, when comparing other 2D differentiation protocols (i.e. protocols develop by 

Fjodorova et al. (2D Fjodorova) [4], Wu et al. (2D Wu) [7], and Nicoleau et al. (2D Nicoleau) [6]) 

to all the 3D differentiation protocols tested in this study (i.e. 3D Bagley, protocols developed by 

Xiang et al. (3D Xiang) [26], and  developed in our lab (data not shown) (3D Forebrain)), many 

more progenitor and radial glia clusters were differentially enriched in the 3D differentiation 

protocols than the 2D differentiation protocols (Figure C.2). Additionally, most of the 2D 

protocols were differentially enriched for GABAergic Neuron 4, the cell cluster most akin to D1-

like MSNs (Figure C.2). 

We also performed trajectory analysis and identified differences in differentiation 

trajectory towards hMSN-like cells specifically for the 2D Arber (Figure 4.4). Setting radial glia 

cells as the starting node for analysis, we observed a trajectory towards progenitors, glutamatergic 

neurons, and interneurons for all the protocols. However, there was no trajectory between radial 

glia cells and GABAergic neuron progenitors in 2D Arber differentiated cells. Instead, GABAergic 

neuron progenitors act as a starting point for the GABAergic neuron trajectory branch and were 

predicted to be the sole precursors to GABAergic neuron differentiation. This may indicate that 

2D Arber differentiates most radial glia cells fated for basal ganglia GABAergic neuron 

specification into fate-specified progenitors by 45 days in vitro [54]. Additionally, the trajectory 

of cells differentiated using 2D Arber traversed all the GABAergic Neuron types while the cells 

differentiated from most of the other 2D and 3D protocols do not. This is particularly true for 

GABAergic Neuron 4, the D1-like hMSN-like cell cluster, where the trajectory of cells 

differentiated using protocols other than 2D Arber did not seem to sufficiently cover the UMAP 

region of GABAergic Neuron 4. Interestingly, differential enrichment of GABAergic Neuron 4 

cells is seen for cells differentiated using 2D Arber when compared to any of the other protocols 

(Figure C.2), corroborating the unique trajectory observed in 2D Arber differentiated cells. 
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Figure 4.4 Radial Glia fated for GABAergic Neuron differentiation are not as abundant in cells obtained 
from 2D Arber. 
Trajectory pseudotime analysis of 2D and 3D differentiation protocols overlaid on UMAP dimensionalization 
plots. Starting point of trajectory analysis was chosen as Radial Glia cell clusters. 
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4.3.3 Investigating cell-type specific responses to dopamine in monoculture and coculture 

hMSN-like cell models. 

We previously demonstrated that 2D Arber generated hMSN-like cells that responded to 

dopamine [1]. However, because of the demonstrated diversity in cell types generated using 

hMSN-like cell differentiation protocols, it is unknown which cell types contribute to previously 

observed responses to dopamine. Furthermore, cocultures have been used to model neuronal 

circuits and in vivo relevant neurotransmission [15–19]. However, cell-type specific transcription 

in response to perturbations such as drugs of abuse is difficult to evaluate in cocultures using bulk 

RNA-seq. Thus, we sought to identify cell type specific responses to dopamine and drugs of abuse 

in monoculture and coculture models of hMSN-like cells. 

Cocultures of the mesolimbic pathway were created as described previously by combining 

hMSN-like with mDA-like cells in a 1:1 ratio and coculturing for 21 days (2D) and 45 days (3D). 

Cocultures were then promptly dosed with dopamine and drugs of abuse and prepped for single 

cell RNA-sequencing (Figure 4.1). Differential expression for both monocultures and cocultures 

have been performed but results are still being analyzed. 

4.4 Discussion 

 Single cell analyses of hMSN-like cell models can elucidate the diversity in cell types 

generated by hMSN-like cell differentiation protocols. Here we compared different hMSN-like 

cell differentiation protocols and highlighted the generation of GABAergic neurons expressing 

markers of D1-like dopamine receptor expressing MSNs but also some GABAergic neurons that 

express immature neuron markers. Similarly, some Glutamatergic neuron and Interneuron clusters 

exhibited markers typical of each cell type and immature neuron markers. However, the lack of 

some characteristic markers such as DRD1/2, DARPP32, and FOXP1 in cells labeled as 

GABAergic neurons may indicate insufficient read depth for the diversity of different samples 

tested [55]. 

We also showed that 2D Arber was differentially enriched for more cell subtypes that 

exhibit markers of mature and fate specified cell types than 3D Bagley. When comparing all 3D 

protocols to all 2D protocols, more progenitor and radial glia cell clusters seemed to be enriched. 

However, the proportions of each cell type did not drastically differ between different protocols. 

Thus, deeper investigations into the differences between protocols may be required to potentially 
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draw stronger conclusions. However, the results demonstrated seem to demonstrate a degree of 

maturity in cell subtypes generated from 2D hMSN-like protocols. This seems to contrast previous 

observations that 3D protocols lead to greater maturation of cells than do 2D differentiation 

protocols [56,57]. However, considering no studies have compared the ability of 2D and 3D 

differentiation protocols to generate hMSN-like cells, the maturation rates observed between 2D 

and 3D protocols may differ depending on the desired cell type. 

Both 2D Arber and 3D Bagley generate cell types that express forebrain markers, as 

expected. Unexpectedly, midbrain and hindbrain marker expressing cells were also observed. 

Specifically, 2D Arber was enriched for radial glia subtypes that expressed markers for midbrain 

and hindbrain rather than forebrain specification. This contrasts with the radial glia subtypes 

enriched in 3D protocols that were more reminiscent of basal radial glia. This result may 

correspond to the nuances in Wnt signaling that differentiate forebrain and midbrain development 

in the human brain [58]. Additionally, in vitro differentiation of hPSC to forebrain or midbrain 

cells showed a sharp transition between brain regions with a concentration difference of only 0.2 

µM of a Wnt signaling activator [59]. Thus, hMSN-like cell differentiation protocols, such as 2D 

Arber, seem to produce not only forebrain-specified radial glia and progenitors but also midbrain-

specified cells. 

Finally, previous studies characterized robust responses to dopamine using bulk RNA-seq 

[1]. However, it was unclear how different cell types in hMSN-like cell cultures contributed to 

these responses. Thus, we sought to perform single cell RNA sequencing on dopamine-dosed 

hMSN-like cells. Furthermore, single cell studies can uncover the cell type specific responses to 

drugs of abuse in a coculture model of the mesolimbic pathway. Future coculture studies may 

highlight whether cocaine leads to neuroadaptations in hMSN-like cells similar to those shown to 

occur in vivo [22]. Additionally, molecular alterations within mDA neurons have been observed 

in cocaine overdose victims [60]. Coculture studies may also identify whether cocaine can exert 

effects on mDA-like neurons in a model of the mesolimbic pathway. Differential expression 

analyses of responses due to both dopamine dosage in monocultures and cocaine dosage in 

cocultures can also test whether dopamine dosage recapitulates aspects of cocaine exposure in 

hMSN-like cells [1,61].  

 The work presented here ultimately expands upon understanding of hMSN-like cell models 

by highlighting diversity in cell types generated by hMSN-like differentiation protocols and the 
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heterogeneity between protocols. Future work will need to evaluate methods of removing the effect 

of cell type diversity in hMSN-like cell cultures and ultimately increase their utility. For example, 

sorting hMSN-like cells for the expression of markers such as DARPP32 and DRD1 will allow 

the investigation of responses to dopamine in hMSN-like cell subtypes without the influence of 

other cell types [62]. Furthermore, discussions here motivate the necessity of single cell studies to 

evaluate responses within more complex coculture models of hMSN-like cells. Future work should 

aim to increasingly use coculture models to observe more physiologically relevant phenotypes. 
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4.5 Materials and Methods 

4.5.1 Cell Cultures 

2D hMSN-like cells were obtained following previously described protocols [2] from H1 

hESCs (WA01; WiCell, Madison, WI, USA). All cells were grown to 45 DIV prior to dosage and 

RNA extraction. Cells were maintained in incubators at 37 °C with 5% CO2. Other 2D hMSN-like 

cell differentiation protocols were also used to generate hMSN-like cells in this study [4,6,7]. In 

house 3D organoid differentiation protocols were also followed to generate hMSN-like cells in 3D 

[25,26]. Another 3D forebrain differentiation protocol developed in house was also used. In brief, 

Accutase was used to obtain a single cell suspension of hESC cells to generate embryoid bodies. 

9000 live cells were added to low-bFGF hESC medium composed of DMEM-F12, KOSR, FBS, 

Glutamax (Gibco), MEM-NEAA, 2-mercaptoethanol (Stem Cell), ROCK inhibitor Y-27632 (LC 

Labs), and 4 ng/mL bFGF in low attachment 96-well U-bottom plates (Corning) on Day 0. Perform 

full media change for embryoid bodies every 48 hours until embryoid bodies begin to brighten (~ 

4 days). Then change to low-bFGF hESC medium without ROCK inhibitor. When embryoid 

bodies are ~500-600 µM in diameter and have smooth edges, transfer to Neural induction medium 

composed of DMEM-F12 with N2 supplement (Gibco), Glutamax (Gibco), MEM-NEAA, 

heparin, SHH, and purmorphamine in low attachment 24 well plates. Perform full media change 

for embryoid bodies every 48 hours until embryoid bodies show translucent edges (~ 4-5 days). 4-

5 days after neural induction, transfer embryoid bodies into dimpled parafilm substrates with 

polymerized Matrigel (Corning) in cerebral organoid differentiation medium composed of 

DMEM-F12 and Neurobasal medium (1:1) supplemented with N2 supplement, Insulin, Glutamax, 

MEM-NEAA, Pennicilin-Streptavidin, 2-mercaptoethanol, B27 without Vitamin A, B27 with 

Vitamin A, SHH, Purmorphamine, CHIR99021, FGF8, BDNF, GDNF, and DKK1 (Peprotech). 

After tissues begin forming expanding neuroepithelium containing fluid filled cavities (~1-3 days), 

change the media to cerebral organoid differentiation medium without Vitamin A. After another 4 

days, return medium to cerebral organoid differentiation medium with vitamin A. On ~day 17, 

supplement medium with Activin A and change medium every 3 days. 

2D mDA-like cells were obtained following previously described protocols as well [63] from 

H1 hESCs (WA01; WiCell, Madison, WI, USA). All cells were grown to 45 DIV prior to dosage 

and RNA extraction. Cells were maintained in incubators at 37 °C with 5% CO2. 3D mDA-like 
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cells were obtained following a 3D organoid differentiation protocol developed in house similar 

to the above forebrain differentiation protocol. 

Cocultures between hMSN-like and mDA-like cells were performed on DIV45 for 2D 

protocols and on DIV 25 for 3D protocols. Analyses were performed 21 days (2D) and 45 days 

(3D) after initial coculturing. 

4.5.2 Dosing Experiments 

hMSN-like cell monocultures and cocultures were grown to DIV45 (2D) and DIV90 (3D) 

prior to dosage. 2D cocultures were exposed on DIV66 after 21 days of coculturing. To perform 

acute incubations, half-media was removed, replaced with vehicle control (5% (w/v) Ascorbic 

Acid in water; Sigma, St. Louis, MO, USA), dopamine hydrochloride (1 µM in 100 µM Ascorbic 

Acid in water; Sigma, St. Louis, MO, USA), Morphine Sulfate Pentahydrate (13 µM in 5% (w/v) 

Ascorbic Acid in water; NIH Drug Supply Program), or (–)-Cocaine hydrochloride (0.3 µM in 5% 

(w/v) Ascorbic Acid in water; NIH Drug Supply Program), and incubated at 37 °C for 60 min prior 

to processing for single cell RNA-seq. 

4.5.3 Single cell dissociation of hMSN-like cells for single cell RNA Sequencing 

hMSN-like cells were dissociated using a previously described protocol [65,66] which is a 

modification of the Worthington Papain Dissociation Kit manufacturer's protocol (Worthington, 

#LK003153). Briefly, reagents were resuspended according to manufacturer’s instructions. 

hMSN-like cells were placed into papain and DNAse mix. 3D organoids were additionally minced 

with a sterile razor. hMSN-like cells were incubated for 30mins at 37°C. Following this minced 

pieces were broken up by pipetting up and down with p1000 pipette and incubated for 10mins at 

37oC. Next, dissociated hMSN-like cell mixes with papain and DNAse were placed into inhibitor 

solution and ran through a 40μm filter, centrifuged at 300g for 7mins and resuspended with 1x ice 

cold PBS and kept on ice. Cells were counted with an automated hemocytometer (Invitrogen) and 

single cell formation was confirmed with an inverted tissue culture microscope (Nikon) before 

proceeding to the fixation. 

4.5.4 Single cell RNA sequencing library preparation, sequencing and analysis 

Fixation, cell barcoding and library preparation was done using previously described 

splitpool approach [67] with a comprehensive kit from Parse Biosciences. Briefly, 3500000 cells 
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were fixed per sample using the manufacturer’s instructions. Approximately 13500 cells/well were 

seeded in first barcoding plate and cDNA was generated with an in-cell reverse transcription 

reaction using well-specific barcodes. Cells were then pooled and split again twice more for the 

ligation of two more barcodes. After the second ligation, cells were pooled for a third time and 

split into eight sub-libraries with 12500 cells/sub-library. Cell counting at this step was done with 

a manual hemocytometer for accuracy. Fourth barcode was added to each sub-library as the last 

step of barcoding protocol. Next, the cells were lysed, and barcoded cDNA was amplified, cleaned 

up and fragmented. Illumina adapters were added to each sub-library as indexes. Fragment 

analyzer was used to confirm the correct size distribution in the libraries after cDNA amplification 

and fragmentation steps. ~42000 cells were barcoded for the whole experiment corresponding to 

roughly 1000-2000 cells per condition (2000cells/biological replicate in each condition, n=2-4) 

were sequenced at 50000 reads/cell on Novaseq 6000 instrument (5B reads, 150 PE) (Genomic 

Sciences Laboratory, NC State University). The single cell data was analyzed using publicly 

available splitp alevin fry pipeline (splitp v1.0.0, alevin-fry v0.5.0, salmon v1.7.0), Seurat R 

package v4.1.1, and monocle3 v1.2.9. Enrichment for particular clusters was performed using 

DESeq2 v1.34.0. 
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CHAPTER 5 : Engineering the epigenome of hMSN-like cells 

Ryan W. Tam1 and Albert J. Keung1 
1 Department of Chemical and Biomolecular Engineering, North Carolina State University, 

Raleigh, NC 27606 

5.1 Abstract 

 Dopamine remodels the epigenome in medium spiny neurons and may contribute to the 

development of addictive behaviors after drugs of abuse exposure. However, the dopamine 

perturbed epigenome is not well understood in response to perturbations in human systems. Here 

we analyze the dopamine perturbed epigenome for histone modifications implicated in the long-

term effects of cocaine abuse. Furthermore, we sought to alter the epigenome to gain a better 

understanding of the role of specific histone markers in the development of chronic dopamine 

induced phenotypes in hMSN-like cells. We propose to mark the epigenome at the FOSB promoter 

with H3K9me2 to ablate chronic dopamine induced gene desensitization. This proof-of concept 

experiment will demonstrate the utility of hMSN-like cell models for epigenomic modulation of 

hMSN-like cell responses. The work here ultimately aims to apply our understanding of 

transcriptional, protein, and neuronal activity responses to dopamine towards the epigenomic 

modulation of responses to dopamine. 

5.2 Introduction 

Drugs of abuse exposure drastically alters the epigenome of medium spiny neurons 

(MSNs) [1–4]. The development of addictive behaviors is hypothesized to be partly due to long 

term alterations in the epigenome that alter molecular and cellular phenotypes such as ∆FOSB 

protein elevation [5] in response to chronic drugs of abuse exposure. Dopamine signaling has been 

shown to play an important role in the enrichment of histone markers such as H3K4me3 [6] and 

H3 phosphorylation [7]. Furthermore, gene desensitization, a prominent phenotype observed in 

chronic-dopamine perturbed hMSN-like cells [8], is hypothesized to occur in part due to epigenetic 

mechanisms involving histone acetylation and methylation [2,9–11]. However, it remains to be 

seen whether these epigenomic phenomenon are observed in hMSN-like cells in response to 

dopamine perturbation. 
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Furthermore, it has been demonstrated that the development of addictive behaviors can be 

reduced by loci-specific epigenome engineering [12–14]. For example, deactivated CRISPR Cas9 

nucleases fused to G9a, a histone methyltransferase responsible for deposition of H3K9me2, were 

targeted to the FOSB locus and ablated behavioral sensitization to chronic cocaine [12]. However, 

it is unclear whether modulate of the epigenome of hMSN-like cells will lead to alterations in 

responses to dopamine. Thus, here we measure the dopamine-induced epigenome for alterations 

of select histone modifications in hMSN-like cells. We also discuss the impact of future work 

aiming to engineer the epigenome of hMSN-like cells exposed to chronic dopamine. Ultimately, 

the work here aims to expand understanding of epigenetic alterations as responses to dopamine as 

well as potential future targets for loci-specific epigenome engineering in hMSN-like cells. 

5.3 Results 

5.3.1 Alterations in histone modifications due to dopamine exposure are analyzed via CUT 

& Tag 

 Dopamine is expected to alter the epigenome of hMSN-like cells [6,7]. However, analyses 

of the hMSN-like cell epigenome have not been performed. To identify histone modifications of 

interest, we draw inferences from cocaine studies. We identified H3K9me2 to be important for 

regulating addictive behaviors through actions at the FOSB locus [12]. H3ac and H4ac are shown 

to be elevated on transcripts implicated in cocaine action [15]. Similarly, after chronic drugs of 

abuse, H3K36me3 is enriched on Srsf11, the serine and arginine-rich splicing factor 11, and leads 

to alternative splicing of Srsf11 that enhances cocaine reward behavior [14]. H3R2me2 is shown 

to restrain cocaine action in the Nucleus Accumbens and is thus reduced in response to chronic 

drugs of abuse [16]. Other markers are seen to be important in midbrain dopaminergic neurons of 

the ventral tegmental area such as H3Q5Dop [17,18]. H3Q5Dop arises from modification of 

histone H3 by the epigenetic writer TGM2 and dopamine [18,19]. However, it remains to be seen 

whether alterations in H3Q5Dop can be observed in hMSN-like cells. Particularly we asked 

whether the application of extrinsic dopamine could lead to differences in H3Q5Dop enrichment. 

Thus, we investigated H3K9me2, H3ac, H4ac, H3K36me3, H3R2me2a, H3Q5Dop, and 

H3K4me3Q5Dop, another observed marker of dopaminylation [18], after exposure to dopamine 

in hMSN-like cells. 
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hMSNs were initially grown for 45 days then perturbed with acute and chronic doses of 

dopamine (Figure 5.1A). hMSN-like cell nuclei were extracted both prior to and 1 hour after the 

final dopamine dosage. Measuring histone modifications at these chronic timepoints may highlight 

both baseline and dopamine-induced dynamic alterations to the epigenome [8]. Extracted nuclei 

were then processed through the CUT & Tag experimental and bioinformatic workflows [20]. 

Unfortunately, many samples did not exhibit typical histone profile shapes [20] (Figure 5.1B). 

However, the H3K4me3Q5Dop and H3K27me3 samples that remained showed expected histone 

profile shapes. The quality of these histone profiles roughly corresponded to a fraction of reads in 

peaks (FRiP) greater than 20% (Figure D.1), a useful quality control metric for ChIP-seq and 

CUT&Tag-seq data [21]. Low FRiP values may be potentially due to low numbers of usable reads 

within the sample caused by insufficient sequencing depth [21] (Figure 5.1B, D.1). Interestingly, 

the histone profiles for H3K4me3Q5Dop samples show that Dopaminylation is maintained even 

in vehicle control (1X PBS) dosed hMSN-like cells. This may indicate that dopamine may already 

be present in hMSN-like cultures considering dopamine itself is used for dopaminylation 

modification [17,18]. hMSN-like cell populations were previously shown to generate radial glia 

fate-specified for midbrain and hindbrain fates (Chapter 4). Thus, it is possible that some radial 

glia and progenitors release dopamine in hMSN-like cultures. Further analyses will be performed 

to determine whether dopamine exposure alters the distribution of H3K4me3Q5Dop and 

H3K27me3. 
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Figure 5.1 Alterations in histone modifications due to dopamine exposure are analyzed via CUT & Tag. 
(A) Schematic of CUT & Tag analyses with listed dopamine doses and histone modifications of interest. 
H3K27me3 is used as a positive control modification for the CUT & Tag. (B) Sample Integrative Genomics 
Viewer traces of normalized bedgraphs for “bad” (H3R2me2a) and “good” samples (H3K4me3Q5Dop) at the 
FOSB locus. 
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5.3.2 The dCas9 Suntag CRISPR epigenome modifying system robustly enhances 

transcription 

 Studying epigenome modifications in response to dopamine and drugs of abuse may yield 

important insights into the connection between chromatin and neurobiological addiction 

phenotypes [12,14]. However, a greater understanding of how histone mark dynamics directly 

contribute to chronic dopamine phenotypes has not been explored. Epigenome editing directly 

addresses this question by allowing use to induce the loci-specific deposition of epigenome 

markers of interest and investigate resulting phenotypic changes [22–24]. Thus, we sought to study 

the effect of loci-specific epigenome modifications on dopamine-induced phenotypes. However, 

given the wide range of targeted epigenome editing systems that have been designed [25–28], we 

decided to first test the efficacy of different epigenome modifying systems. In particular, we 

utilized CRISPR-based epigenome modifying systems for their ease of guide RNA design [29]. 

These CRISPR proteins are first mutated to remove nuclease activity while maintaining their 

ability to target DNA and then linked to epigenome modifying proteins to enact desired protein 

catalytic function at a specified site [30]. Utilizing a robust and facile cell type (i.e. HEK293FT) 

for transfection, we transfected a reporter plasmid expressing GFP and plasmids coding for the 

various CRISPR epigenome modifying systems linked to VP64, a the strong transcriptional 

activator [31] (Figure 5.2A). After allowing 72 hours for maximal expression of the constructs, 

HEK293FT cells were quantified for GFP via flow cytometry. We observed the robust ability of 

the dCas9 Suntag system to increase transcription as compared to the other systems (Figure 5.2B). 

We believe this to be attributed to the recruitment of multiple VP64 effectors characteristic of the 

Suntag system [27]. Therefore, we aimed to use the VP64 system for further loci specific 

epigenome editing experiments. 
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Figure 5.2 The dCas9 Suntag CRISPR epigenome modifying system most robustly enhances transcription. 
(A) Diagrams of differences between each of the CRISPR epigenome modifying systems. (B) Normalized medium 
fluorescence of HEK293FT transfected with GFP reporter plasmids, plasmids expressing CRISPR epigenome 
modifying systems and reporter plasmid targeting guide RNA analyzed via flow cytometry normalized to Reporter 
only median fluorescence. 
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5.3.2 Ablating dopamine-induced gene desensitization in hMSN-like cells through loci 

specific epigenome engineering 

Future work aims to reverse phenotypes of chronic dopamine via deposition of H3K9me2 

at the FOSB promoter [12] (Figure 5.3). To do so, hPSCs will be transduced and selected for cells 

that express the guide RNA and dCas9 Suntag system under control of a Tet-On promoter [32]. 

Transduced hPSC will then be differentiated into hMSN-like cells following a 45 day Activin A 

induction protocol and coerced to express the dCas9 Suntag through addition of doxycycline. 

Doxycycline exposed dCas9-hMSN-like cells will then be subjected to a chronic dopamine dosing 

regimen and subsequent analysis of transcriptional, protein, and functional phenotypes [8]. CUT 

& Tag analyses of the FOSB promoter will also be performed to determine the enriched deposition 

of H3K9me2 in doxycycline exposed cells. These experiments will test whether ablation of chronic 

dopamine phenotypes is possible using a loci-specific modification implicated in addictive 

behaviors [2,33].  

  

Figure 5.3 Ablating dopamine-induced gene desensitization in hMSN-like cells through loci specific 
epigenome engineering. 
Schematic of proposed loci-specific epigenome editing in hMSN-like cells. hPSC are transduced and selected for 
cells that coexpress U6 gRNA and Tet-ON Suntag. Transduced hPSC are differentiated into hMSN-like cells for 
45 days using an Activin A induction protocol and coaxed to produce Suntag upon addition of doxycycline. dCas9-
expressing hMSN-like cells are dosed with dopamine and compared to hMSN-like cells not expressing dCas9 to 
identify whether ablation of chronic dopamine phenotypes (i.e. gene desensitization, calcium signal excitability, 
and FOSB protein abundance) occurs upon deposition of H3K9me2. 
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5.4 Discussion 

 Understanding what epigenomic changes are observed in response to dopamine and how 

we can modulate responses to dopamine in hMSN-like cells will further demonstrate the utility of 

hMSN-like models. Towards this goal, we analyzed the epigenome of dopamine-perturbed hMSN-

like cells. Future analyses will identify epigenomic alterations significantly altered in response to 

dopamine that may correlate with epigenomic phenotypes observed after drugs of abuse exposure. 

For example, we sought to identify depleted H3K9me2 at the FOSB promoter following exposure 

to chronic dopamine [12]. H3K36me3 may also be enriched on a subset of splicing related genes 

after chronic dopamine dosage [14]. However, most studies analyzing epigenomic alterations due 

to chronic drugs of abuse in MSNs are performed in rodents [2,3,33,34]. Thus, differences between 

observed epigenomic alterations in hMSN-like cells and reported epigenomic alterations may not 

be in alignment due to species specific differences. For example, differences between the 

epigenome of human and rodent embryos have been observed [35–37]. Additionally, cell culture 

conditions may alter the epigenome of cell cultures. Global alterations in histone and DNA 

methylation are observed in mammalian cells adapted to cell culture [38] and further differ if 

grown as 2D or 3D cultures [39]. Ultimately, we aim to use observed epigenome phenotypes due 

to dopamine exposure as targets for loci-specific epigenome engineering. Demonstrating the loci-

specific epigenomic modulation of chronic dopamine induced phenotypes will highlight the utility 

of hMSN-like cell models. Future work should aim to evaluate the effect of a variety of different 

epigenome modifying proteins targeted to loci involved in the regulation of responses to dopamine 

[40]. This would further enhance understanding of the role of the epigenome in responses to 

dopamine. Conclusions drawn from this work may ultimately contribute to the development of 

personalized epigenetic therapeutics [41] for diseases such as drug addiction. 
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5.5 Materials and Methods 

5.5.1 Cell Cultures 

hMSN-like cells were obtained following previously described protocols [42]. Feeder-

independent cell lines were H9 and H1 hESCs (WA09 and WA01; WiCell, Madison, WI, USA). 

Cells were maintained in 6-well tissue culture dishes (Greiner Bio-One, Alphen aan den Rijn, NL) 

coated with 0.5 µg/mL reduced growth factor Matrigel solution (Corning, Durham, NC, USA) in 

E8 medium (Stemcell Technologies, Cambridge, MA, USA) and passaged using standard 

protocols. Cells were grown to ~75–80% confluency prior to differentiation. On days in vitro 

(DIV) 0 of differentiation, E8 medium was removed, cells were washed with 1X PBS (Gibco, 

Waltham, MA, USA), and media switched to DMEM-F12/Neurobasal media (2:1) (Gibco) 

supplemented with N2 (Gibco) and B27 minus Vitamin A (Gibco) (together referred to as N2B27). 

From DIV 0 to 4, cultures were supplemented with SB431542 (10 µM in 95% EtOH; Selleck 

Chemicals, Houston, TX, USA), LDN-193189 (100 nM in DMSO; BioVision, Waltham, MA, 

USA), and dorsomorphin (200 nM; BioVision). Media was changed every day. From DIV 5 to 8, 

cultures were supplemented with just LDN-193189 and dorsomorphin. Media was changed every 

day. On DIV 9, cultures were washed with 1X PBS, and media switched to N2B27 supplemented 

with activin A (25 ng/mL in 4 mM HCl; R&D, Minneapolis, MN, USA). Cells were then lifted 

using cell scrapers (Greiner Bio-One) since EDTA treatment drastically reduced survivability, 

pipetted up and down 1 time with a 5 mL serological pipette, and replated with 5.21E5 cells/cm2 

onto Matrigel-coated 6-well plates. Half-media was changed the next day and then every other day 

afterward. On DIV 18, cultures were passaged using 0.5 mM EDTA for 2 min at 37 °C, as we no 

longer observed issues with survivability with EDTA treatment, and pipetted up and down 10–15 

times using P1000 mechanical pipette then replated onto Poly-L-Ornithine (15 µg/mL in water; 

Sigma) and Laminin (5 µg/mL in PBS; Corning) coated 24-well plates (Greiner Bio-One) at 

2.11E5 cells/cm2. Half-media was changed the next day and then every other day afterward. From 

DIV 20 to 24, media was switched to N2B27 with Vitamin A (Gibco). On day 25 for analysis, 

BDNF and GDNF (10 ng/mL in 0.1% BSA (w/v); Peprotech) were added to aid neuronal 

maturation and survival (referred to as Maturation Medium). Cells were lifted, similar to the 

DIV18 passage, on DIV 30 to 35 and all cells were replated onto Poly-L-Ornithine (2 µg/cm2) and 
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Laminin (1 µg/cm2) coated 24-well plates to maintain neuron attachment. Cells were maintained 

in a humid incubator at 37 °C with 5% CO2. 

5.5.2 Dosing Experiments 

To perform acute incubations, hMSN-like cells were grown to DIV45, half-media was 

removed, replaced with dopamine hydrochloride (1 mM in 100 µM ascorbic acid; Sigma, St. 

Louis, MO, USA) or PBS (1X; Gibco) and incubated at 37 °C for 60 min prior to nuclei extraction. 

Chronic incubation proceeded by removing all culture media, replacing with maturation media, 

and repeating dopamine incubations for 5 days. Nuclei were extracted both prior to and 1 hour 

after the final chronic dopamine dosage. 

5.5.3 CUT & Tag-seq and Bioinformatic analyses 

CUT & Tag was performed according to published work [20,43]. Briefly, cells were 

harvested, counted and centrifuged for 3 min at 600×g at room temperature. Aliquots of cells 

(100,000 cells), were washed once in PBS (1X; Gibco) then resuspended in NE1 buffer (20 mM 

HEPES pH 7.9; 10 mM KCl, 0.1% Triton X, 20% glycerol; 0.5 mM Spermidine; 1× Protease 

inhibitor cocktail) and incubated at 4C for 10 min. Extracted nuclei were  centrifuged for 4 min at 

1300 x g and liquid poured off. Nuclei were resuspended in 4C PBS (1X; Gibco), centrifuged for 

4 min at 1300 x g and liquid poured off. Nuclei were then resuspended in wash buffer (20 mM 

HEPES pH 7.5; 150 mM NaCl; 0.5 mM Spermidine; 1× Protease inhibitor cocktail) to a 

concentration of ~1 million cells per mL. Nuclei were then frozen at -80C using a Mr. Frosty and 

stored until further processing. 

Nuclei were thawed out on ice and combined with 3 µL of activated Concanavalin A coated 

magnetic beads (Bangs Laboratories) (according to manufacturer’s instructions) per sample and 

incubated at RT for 10 min. Liquid was removed with the help of a magnet stand and nuclei were 

resuspended in 50 µL of antibody buffer (Wash buffer with 2 mM EDTA, 0.1% BSA) mixed with 

primary antibodies diluted to 1:50 (Table 5.1) for 1-2 hours at RT or overnight at 4C on a rotating 

platform. Liquid is removed and nuclei are resuspended in wash buffer with the secondary 

antibody Guinea Pig anti-Rabbit IgG (Host = Guinea Pig, Antibodies Online ABIN101961, 1:100) 

at RT for 30 min or overnight at 4 °C on a rotating platform. Liquid is then removed and replaced 

with 50 µL of a 1:200 dilution of pA-Tn5 adapter complex (~0.04 µM) (Epicypher) in wash buffer 

supplemented with 300 mM NaCl (300 wash buffer). pA-Tn5 incubation proceeded at RT for 1 h. 
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Cells were washed 2–3× for 5 min in 0.2–1 mL 300-wash buffer and resuspended in 50 µL 

Tagmentation buffer (10 mM MgCl2 in 300-wash buffer) and incubated at 37 °C for 1 h. Liquid is 

then removed and replaced with 10 mM TAPS buffer mixed and removed. Nuclei are then 

resuspended using 5 µL of 0.1% SDS release buffer (0.1% SDS, 10 mM TAPS pH 8.5) and 

incubated at 58C for 1 hour. Finally, 15 uL of 0.67% Triton X is added and samples are mixed by 

vortexing at full speed for 1-3 sec. 

To amplify libraries, 20 µL DNA was mixed with 2 µL of a universal i5 and a uniquely 

barcoded i7 primer, using a different barcode for each sample. A volume of 25 µL NEBNext HiFi 

2× PCR Master mix was added and mixed. The sample was placed in a Thermocycler with a heated 

lid using the following cycling conditions: 58 °C for 5 min, 72 °C for 5 min (gap filling); 98 °C for 

45 s; 14 cycles of 98 °C for 15 s and 63 °C for 10 s; final extension at 72 °C for 1 min and hold at 

8 °C. Post-PCR clean-up was performed by adding 1.1× volume of Ampure XP beads (Beckman 

Counter), and libraries were incubated with beads for 15 min at RT, washed twice gently in 80% 

ethanol, and eluted in 20 µL 10 mM Tris pH 8.0. Sample size distributions and concentrations were 

determined using fragment analyzer. Equimolar amounts of each sample were pooled together for 

sequencing and cleanup using Ampure XP beads was performed again. Sequencing was performed 

using Illumina Hi-seq 2 × 150 bp (Azenta, Research Triangle Park, NC, USA) for 3-5 million reads 

per sample. CUT & Tag analyses were performed using the tools Bowtie2 v2.3.5.1, Samtools 

v1.15.1, Picard v2.27.4, Bedtools v2.29.1, SEACR v1.3, DESeq2 v v1.34.0, ChIPseqSpikeInFree 

v1.2.4, Sambamba v0.8.2, and MACS2 v 2.2.7.1. 

Table 5.1 Primary antibodies. 

Antigen Host Supplier Cat. No. RRID Dilution 

H3K27me3 Rabbit Cell Signaling 9733T AB_2616029 1:50 

H3K36me3 Rabbit Abcam ab9050 AB_306966 1:50 

H3R2me3 Rabbit Millipore 04-808 AB_1587125 1:50 

H3K4me3Q5Dop Rabbit Millipore ABE2590 -- 1:50 

H3Q5Dop Rabbit Millipore ABE2588 -- 1:50 

H4ac Rabbit Active Motif 39244 AB_2793201 1:50 

H3ac Rabbit Millipore 06-599 AB_2115283 1:50 

H3K9me2 Rabbit Active Motif 39240 AB_2793199 1:50 
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5.5.4 Cloning and Epigenome editing 

To produce dCas9 epigenome modifier constructs, plasmids that express dCas9 direct 

fusion (Addgene #4386), dCas9 Suntag (Addgene #82559), and dAsCpf1 direct fusion were 

modified utilizing Circular polymerase extension cloning to either include VP64 or remove 

effectors that may have been present in the plasmids. Additionally, guide RNA plasmids (Addgene 

#47108) were cloned with guide RNA sequences targeting the promoter sequence of a green 

fluorescent reporter plasmid.  These cloned plasmids, as well as the dCas9 MS2 system (Addgene 

#62330) were transformed into NEB Stable Competent E. Coli and selected using Ampicillin or 

Kanamycin on LB plates. Plasmids were purified for transfection using a miniprep kit (Epoch Life 

Science). To evaluate differences in activation between epigenome modifying systems, 

HEK293FT cells were grown to 70-80% and transfected with plasmids coding for the epigenome 

modifying systems, guide RNA, and the reporter plasmid using Lipofectamine (following 

manufacturer’s instructions). Plasmid expression was allowed to reach a maximum at 48-72 hours 

post transfection and GFP positive cells were quantified using flow cytometry. Results were 

analyzed using FlowJo. 
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CHAPTER 6 : Summary 

6.1 Overview 

 Human cellular models of neurons of the brain have been utilized for a wide variety of 

studies such as the characterization of neurological diseases [1,2]. However, these are complex 

diseases characterized not just by gross morphological, transcriptomic, or electrophysiological 

properties, but by changes in how they dynamically and longitudinally over time respond to signals 

such as neurotransmitters in their microenvironment. Dynamic responses include transcriptional, 

protein, functional and epigenetic alterations in human neurons in response to perturbations 

relevant to the neuron type being investigated. Here we focus on human medium spiny-neuron-

like (hMSN-like) cells given their broad relevance across neurological disorders including 

substance abuse disorder, Parkinsons Disease, and Schizophrenia. 

 We believe that this dissertation demonstrates the utility of human cellular models of MSNs 

because of their ability to model responses relevant to in vivo function. Specifically, work here 

seeks to demonstrate how we can use, optimize, and engineer human cellular models of MSNs to 

better understand human MSN biology. 

6.2 Human medium spiny neuron-like (hMSN-like) models recapitulate characteristics of 

MSNs and their responses to dopamine 

 In Chapter 1, we highlight unique responses to dopamine not previously characterized in 

hMSN-like cells. Acute doses of dopamine lead to robust transcriptional responses within the 

ERK/MAPK signaling pathway in a dose-dependent manner. Chronic doses of dopamine result in 

gene desensitization, a prominent phenotype of chronic drugs of abuse exposure [3,4]. These 

expected transcriptional responses are also mirrored by complex receptor crosstalk observed in 

hMSN-like cells. The ADORA2A agonist, CGS21680, expectedly increases transcription through 

G-protein coupled receptor signaling. We also highlight that Quinpirole, the D2-like dopamine 

receptor agonist, can be exposed to hMSN-like cells prior to CGS21680 dosage and ablate 

transcriptional responses to the ADORA2A agonist. We also observe that FOSB protein levels 

increase in hMSN-like cells after exposure to chronic dopamine, a result that may relate to the 

increase in ∆FOSB observed after exposure to chronic drugs of abuse [5]. 
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 In Chapter 2, we sought to investigate potential MSN subtype responses to dopamine 

utilizing different stem cell line derived hMSN-like cells. Dosage of H1 hMSN-like cells induced 

DEG associated with gene ontologies related to D2-like MSNs while responses to dopamine in H9 

hMSN-like cells were more reminiscent of D1-like MSNs. These responses were further uniquely 

contrasted with responses to Glutamate, suggesting observed responses to be unique to dopamine 

dosage in hMSN-like cells. Antagonist studies corroborate these conclusions by highlighting 

unique desensitized to sensitized gene ratios for H9 and H1 hMSN-like cells dosed with dopamine. 

These phenotypes were ablated upon coincubation of antagonists highlighting the previously 

observed ability of dopamine receptor antagonists to modulate behavioral phenotypes of diseases 

such as schizophrenia and addiction [6,7]. Specificity was also confirmed by contrasting responses 

in hMSN-like cells to responses in medial ganglionic eminence-derived interneuron-like (MGE-

like) cells, a GABAergic neuron that should not express DARPP32 [8–10]. Further work 

highlighted how protein level changes within the ERK/MAPK signaling pathway, p-ERK1/2 and 

p-FOS, were in alignment with MSN subtypes responses to acute and chronic drugs of abuse 

[11,12].  

 Chapter 3 attempts to bridge the gap between molecular level phenotypes and behavioral 

phenotypes with analyses of neuronal activity. Calcium signaling was shown not to yield any 

significant differences between responses to dopamine and its agonists. However, slight increases 

in responses to the D1-like agonist SKF82958 may indicate proper functioning of D1-like MSN 

signaling in hMSN-like cells. Cyclic AMP abundance studies showed large increases of cAMP 

due to dopamine but only slight alterations due to exposure to D1-like and D2-like dopamine 

receptor agonists. We discuss the challenge of cell-type diversity in hMSN-like cells that may have 

prevented strong conclusions from being drawn from analyses of neuronal activity. Purifying the 

mixture of cell types in hMSN-like cultures should be pursued to enhance the utility of hMSN-like 

cell models. 

 In Chapter 4, we perform single cell RNA-sequencing analyses of hMSN-like cells and 

confirm diversity in the cell types generated by hMSN-like differentiation protocols as well as 

heterogeneity between difference protocols. GABAergic neurons characteristic of D1-like MSNs 

were generated by hMSN-like protocols. However, Glutamatergic neurons, Interneurons, and 

Radial Glia were also generated. When comparing the cell types enriched in either 2D and 3D 
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differentiation protocols, we highlight the ability of 2D protocols to generate more cell subtypes 

that express markers for mature and fate-specified cell types than 3D differentiation protocols. 

 Finally in Chapter 5, we seek to analyze the epigenome of dopamine perturbed 

hMSN-like cells. Many histone modifications have been associated with phenotypes of chronic 

drugs of abuse. Thus, we aimed to test whether epigenomic profiles reminiscent of drugs of abuse 

could be recapitulated with chronic dopamine dosage in hMSN-like cells. However, observing 

responses to dopamine in hMSN-like cells and comparing them to responses in other model 

systems demonstrates only one aspect of the utility of hMSN-like models. We further sought to 

increasingly push the envelope towards increasing complexity in regulating responses to 

dopamine. 

6.3 Modulation of dopamine responses enhances the in vivo relevance of hMSN-like cell 

models 

 In Chapter 2, we highlight the ability to modulate responses to dopamine in hMSN-like 

cells. This was accomplished through the use of dopamine receptor antagonists and tonic 

concentrations of dopamine, glutamate and acetylcholine [13–15]. We show that tonic 

concentrations of the combination of dopamine, glutamate and acetylcholine lead to enhanced 

responses to phasic dopamine that are associated with circadian rhythm signaling ontologies. 

Complex interactions between intracellular signaling pathways of dopamine, glutamate, 

acetylcholine are shown to be uniquely regulated by prior exposure to these same neurotransmitters 

[14,16]. Thus, the addition of tonic dopamine, glutamate and acetylcholine may be required to 

better recapitulate in vivo signaling interactions in future hMSN-like studies. We additionally show 

proof of concept experiments demonstrating withdrawal-like phenotypes in dopamine-dosed 

hMSN-like cells. We highlighted a unique desensitized to sensitized gene ratio that may indicate 

a withdrawal phenotype and gene ontologies associated with synaptic plasticity [17–21]. 

 In Chapter 3 and 4, we build upon ideas of complexity in hMSN-like cell models by 

analyzing cocultures of hMSN-like cells with human stem cell derived midbrain dopaminergic 

neuron-like (mDA-like) cells. Cocultures have been shown to lead to greater functional maturity 

of in vitro neurons [22–24] and better model in vivo relevant neurotransmission. Therefore, future 
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work aims to characterize neuronal activity and transcriptomic responses in physiologically 

relevant coculture systems. 

 Finally in Chapter 5, we design a method to modulate responses to dopamine using targeted 

epigenome editing. Specifically, targeted epigenome editing has been shown to prevent the 

formation of addictive behaviors in rodent models [25,26]. Similarly, future work aims to ablate 

robust gene desensitization phenotypes through loci-specific deposition of histone modifications 

such as H3K9me2 at the FOSB promoter. 

The findings presented here highlights the ability of hMSN-like cells to not only display 

phenotypes relevant to MSNs observed in vivo but also to be engineered to further increase the 

physiological relevance of responses to dopamine. These results ultimately lay the foundation for 

the refinement of hMSN-like cell models for future studies and the discovery of insights that may 

lead to improved therapeutics for diseases such as Substance Abuse and Depression. 
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 APPENDIX A : Supporting Information for Chapter 1 

  

Figure A.1 QRT-PCR of Target Genes as Compared to GUSB. 
QRT-PCR of RNA isolated from H1 (blue) and H9 (orange) hPSCs and hPSCs differentiated into hMSN-like 
cells at DIV 16 (D16) and DIV 45 (D45), for genes of interest. Values were normalized to GUSB mRNA levels 
in the same samples and expressed as normalized Log10 fold change values in hMSN-like versus hPSC cells. 
Gene categories are labeled in red. n = 3-4 independent replicates & 2 technical replicates. Error bars = Standard 
error. 
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Figure A.2 FOSB Immunostaining highlights differential responses to acute and chronic dopamine. 
(A) Representative immunostaining images of FOSB+ cells after control 100 μM Ascorbic Acid, 1 mM Acute 
and 1 mM Chronic dopamine doses on DIV45 for H1 (top) and H9 (bottom) hMSN-like cells. (B) Quantification 
of immunostained samples. Error bars are standard deviation. n = 2-3 independent 
replicates. Scale bar = 50 μm. 
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Figure A.3 Heatmaps and Principal Component Analysis of Acute and Chronic Dopamine-dosed hMSN-
like cells. 
(A) 1 μM acute (DIV45)/chronic (DIV50) dopamine dosing regimen and a (B) 1 mM acute/chronic dopamine 
dosing regimen. (Left) Heatmap visualization of normalized gene counts after hiererachical clustering across 
conditions. Each column is one replicate of the labeled condition. n = 3 independent replicates. (Right) Principal 
Component Analysis (PCA). Analysis performed in CLC Workbench. 
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Figure A.4 Heatmaps and Principal Component Analysis of Chronic Dopamine time course-dosed (DIV50) 
hMSN-like cells.  
(A) Heatmap visualization of normalized gene counts after hiererachical clustering across conditions. Each column 
is one replicate of the labeled condition. n = 2-3 independent replicates. (B) Principal Component Analysis (PCA). 
Analysis performed in CLC Workbench. 
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Figure A.5 Heatmaps and Principal Component Analysis of DIV45 Agonist-dosed hMSN-like cells. 
(A) Heatmap visualization of normalized gene counts after hiererachical clustering across conditions. Each 
column is one replicate of the labeled condition. n = 3 independent replicates. (B) Principal Component Analysis 
(PCA). Analysis performed in CLC Workbench. 
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APPENDIX B : Supporting Information for Chapter 2 

  

Figure B.1 Principal Component Analysis of Acute and Chronic Dopamine and Glutamate-dosed hMSN-
like cells. 
H1 hMSN-like cells exposed with (Top) acute and chronic dopamine (1h and 24h), and glutamate (1h) and 
(Bottom) dopamine agonists SKF82959 and Quinpirole and had their RNA extracted for sequencing. PCA analysis 
performed in CLC Workbench 22.0.1 using the “PCA for RNA-seq Analysis” tool. n=3 independent replicates for 
each condition. 
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Figure B.2 Immunocytochemical analysis of H9 and H1 hMSN-like cells and MGE-like cells for p-FOS and 
p-ERK protein expression after acute and chronic dopamine dosage. 
H9 and H1 hMSN-like cells and H9 MGE-like cells were exposed to acute and chronic dopamine (1 mM) and 
fixed for immunohistochemistry. (A) Cells were stained for characteristic markers of MSNs (left) and MGE 
interneurons (right). (B) Cells were stained for phospho-FOS and its overlap was determined with MAP2 using 
Fiji for vehicle (1X PBS), acute and chronic dopamine dosed hMSN-like cells. (C) Log2-FoldChange of the FOS 
gene when comparing chronic to acute dosed conditions using DESeq. (D) Cells were stained for phospho-ERK 
and its overlap was determined with MAP2 using Fiji for vehicle (1X PBS), acute and chronic dopamine dosed 
hMSN-like cells. n=3 independent replicates for each condition. 
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Figure B.3 Responses to dopamine and its agonists in H9 MGE-like cells. 
H9 MGE-like cells were dosed with dopamine and its agonists, SFK82958 and Quinpirole. (A) Total number of 
DEGs from RNA-seq of H9 MGE-like cells dosed with 1 mM acute and chronic dopamine and its agonists. (B) 
Venn diagram showing shared and unique numbers of DEGs for DIV45 H9 MGE-like cells dosed with acute 
dopamine and DIV45 H9 MGE-like cells dosed with chronic dopamine. (C) Functional enrichment analysis of 
RNA-seq data for gene ontology: biological process, gene ontology: cellular component, and KEGG pathways of 
DEGs for 1 mM acute and chronic dopamine dosed H9 MGE-like cells. (D) Venn diagram showing shared and 
unique numbers of DEGs for DIV45 H9 MGE-like cells dosed with acute dopamine and its agonists. Dotted red 
line indicates p-value of 0.05. DEGs were identified by max group mean ≥ 0.75, FDR p-value < 0.05, and 
Log2(Fold Change) > 1 for sensitized genes and Log2(Fold Change) < -1 for desensitized genes. Differential 
expression was performed by comparing dopamine and agonist dosed cells with vehicle control (1X PBS) dosed 
cells using the Wald test. n = 3 independent replicates. 
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Figure B.4 Responses due to glutamate contrasts with responses due to dopamine. 
(A) Venn diagram demonstrating lack of significant overlap of DIV 45 H1 hMSN-like cells were dosed with 1 
mM acute dopamine and 5 µM acute glutamate. Unique and shared genes highlighted by black lines pointing to 
its respective condition. (B) Functional enrichment analysis of RNA-seq data for gene ontology: biological process 
and KEGG pathways of DEGs for acute dopamine and glutamate dosed H1 hMSN-like cells. Dotted red line 
indicates p-value of 0.05. DEGs were identified by max group mean ≥ 0.75, FDR p-value < 0.05, and Log2(Fold 
Change) > 1 for sensitized genes and Log2(Fold Change) < -1 for desensitized genes. Differential expression was 
performed by comparing dopamine and agonist dosed cells with vehicle control (1X PBS) dosed cells using the 
Wald test. n = 3 independent replicates. 
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Figure B.5 Principal Component Analysis of acute and chronic dopamine, its agonists, its antagonists, and 
withdrawal-dosed H1 hMSN-like cells. 
(Top) H1 and (Bottom) H9 hMSN-like cells exposed with acute and chronic dopamine, its agonists and antagonists 
had their RNA extracted for sequencing. PCA analysis performed in CLC Workbench 22.0.1 using the “PCA for 
RNA-seq Analysis” tool. n=3 independent replicates for each condition. 
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Figure B.6 Principal Component Analysis of tonic preincubation exposed H9 and H1 hMSN-like cells. 
(Top) H9 and (Bottom) H1 hMSN-like cells exposed with tonic and phasic dopamine, acetylcholine and glutamate 
individually and in combination had their RNA extracted for sequencing. PCA analysis performed in CLC 
Workbench 22.0.1 using the “PCA for RNA-seq Analysis” tool. n=3 independent replicates for each condition. 
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Figure B.7 Responses to dopamine are not affected by preincubation of tonic levels of neurotransmitter in 
H1 hMSN-like cells. 
(A) Total number of DEGs from RNA-seq of H1 hMSN-like cells dosed with tonic dopamine, acetylcholine, and 
glutamate individually and in combination with RNA extracted after a final phasic dosage of 1 mM dopamine on 
DIV66. Differential expression was performed against vehicle control (100 µM Ascorbic Acid) for each 
corresponding preincubation condition. (B) Total number of DEGs (left) from RNA-seq of H9 hMSN-like cells 
dosed tonic neurotransmitters and dosed with vehicle control (100 µM Ascorbic Acid) on DIV66. Differential 
expression for all samples was performed against vehicle control. Venn diagram (right) demonstrating overlap 
between dosage conditions and annotation with Development related genes. (C) Total number of DEGs (left) from 
RNA-seq of H1 hMSN-like cells dosed tonic neurotransmitters and dosed with vehicle control (100 µM Ascorbic 
Acid) on DIV66. Differential expression for all samples was performed against vehicle control. Venn diagram 
(right) demonstrating overlap between dosage condition and annotation with cell cycle genes. Differential 
expression was performed using the Wald test. n = 3 independent replicates. 
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APPENDIX C: Supporting Information for Chapter 4 

Cluster General Cell Type Unique Names 

1 Astrocyte Astrocyte 

0 GABAergic Neuron GABAergic Neuron_1 

6 GABAergic Neuron GABAergic Neuron_2 

15 GABAergic Neuron GABAergic Neuron_3 

23 GABAergic Neuron GABAergic Neuron_4 

29 GABAergic Neuron GABAergic Neuron_5 

14 GABAergic/Glutamatergic Neuron Glutamatergic Neuron_4 

28 GABAergic/Glutamatergic Neuron Glutamatergic Neuron_5 

16 Glutamatergic Neuron Glutamatergic Neuron_1 

17 Glutamatergic Neuron Glutamatergic Neuron_2 

18 Glutamatergic Neuron Glutamatergic Neuron_3 

2 Interneuron Interneuron_1 

9 Interneuron Interneuron_2 

13 Interneuron Interneuron_3 

27 Interneuron Interneuron_4 

33 Interneuron Interneuron_5 

3 Mesenchymal Mesenchymal 

26 Oligodendrocyte Oligodendrocyte 

4 Progenitor Progenitor_1 

10 Progenitor Progenitor_2 

11 Progenitor Progenitor_3 

19 Progenitor Progenitor_4 

21 Progenitor Progenitor_5 

22 Progenitor Progenitor_6 

24 Progenitor Progenitor_7 

25 Progenitor Progenitor_8 

30 Progenitor Progenitor_9 

31 Progenitor Progenitor_10 

32 Progenitor Progenitor_11 

5 Radial Glia Radial Glia_1 

7 Radial Glia Radial Glia_2 

8 Radial Glia Radial Glia_3 

12 Radial Glia Radial Glia_4 

20 Radial Glia Radial Glia_5 

Figure C.1 Table of Cluster numbers and their associated names and unique cluster names. 
Obtained through unsupervised single cell cluster annotations based on marker genes in from FindMarkerGene 
function in Seurat using delta pct as a measure of highly unique genes to a particular cluster. 
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Figure C.2 Log2(Fold Change) enrichment of specific clusters after differential enrichment analysis. 
Enrichment of specific clusters when 3D Bagley (A), 3D Forebrain (B), and 3D Xiang (C) protocols are 
compared to other 2D differentiation protocols. 
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APPENDIX D: Supporting Information for Chapter 5 

 

 

 

 

Figure D.1 Fraction of reads in peaks (FRiP) cutoffs correlate with the observation of stereotypical histone 
modification peak profiles. 
Samples processed through CUT & Tag-seq are analyzed to determine regions of histone modification enrichment 
via peak calling. Peak calling was performed using the Sparse Enrichment Analysis for CUT&RUN (SEACR) 
package in R. Fraction of reads in peaks (FRiP) were then calculated from called peaks as a method of quality 
control to select for samples exhibiting stereotypical histone peak profiles from the rest of the samples. FRiP 
values > 20% corresponded with Fraction of reads in peaks (FRiP). n=3 independent replicates each with 100000 
cells. Samples were sequenced to a depth of 3-5 million reads per sample. 
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