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SUMMARY

The hypothalamus is a region of the brain that plays an important role in regu-
lating body functions and behaviors. There is a growing interest in human plurip-
otent stem cells (hPSCs) for modeling diseases that affect the hypothalamus.
Here, we established an hPSC-derived hypothalamus organoid differentiation
protocol to model the cellular diversity of this brain region. Using an hPSC line
with a tyrosine hydroxylase (TH)-TdTomato reporter for dopaminergic neurons
(DNs) and other TH-expressing cells, we interrogated DN-specific pathways
and functions in electrophysiologically active hypothalamus organoids. Single-
cell RNA sequencing (scRNA-seq) revealed diverse neuronal and non-neuronal
cell types in mature hypothalamus organoids. We identified several molecularly
distinct hypothalamic DN subtypes that demonstrated different developmental
maturities. Our in vitro 3D hypothalamus differentiation protocol can be used
to study the development of this critical brain structure and can be applied to dis-
ease modeling to generate novel therapeutic approaches for disorders centered
around the hypothalamus.

INTRODUCTION

The hypothalamus is a small yet highly conserved structure in the center of the brain that performs a diverse

set of functions to maintain homeostasis, including regulating body temperature, circadian rhythm,

feeding, and reproduction. This structure works closely with the pituitary gland to regulate hormone secre-

tion and therefore serves as a link between the nervous and endocrine systems.1,2 Due to the multifaceted

role of the hypothalamus, its dysfunction can cause a variety of disorders, including disturbances in sleep

and temperature regulation, as well as developmental abnormalities.3 The hypothalamus-pituitary-adrenal

(HPA) axis regulates the stress response and its dysregulation has been associated with eating and meta-

bolic disorders such as obesity, diabetes mellitus, and diabetes insipidus.2,4,5 The hypothalamus is also

affected in several neurodegenerative disorders such as Alzheimer’s disease and is thought to play an

important role in a subset of symptoms that are associated with dysregulation of metabolic homeostasis.2,6

It is therefore crucial to understand the structural complexity, cellular composition, and molecular charac-

teristics of the hypothalamus to improve disease modeling approaches. The hypothalamus contains

several regions (referred to as nuclei) with a diverse set of neurons and neuroendocrine cells that regulate

distinct functions.1,7 Moreover, the hypothalamus contains a variety of neurons such as GABAergic, gluta-

matergic, and catecholaminergic cell types, including dopaminergic neurons (DNs).8,9 There are several

DN subtypes in the hypothalamus, referred to as A11–A15, with various functions such as regulation of

sensorimotor integration, nociceptive processing, and prolactin secretion.10–12 In the context of the neuro-

degenerative disorder Parkinson’s disease (PD), the hypothalamic DN subtypes are relatively unaffected

compared to the midbrain subtypes A8-A10, although some of the nonmotor symptoms have been attrib-

uted to changes in the hypothalamus.13,14 However, much is still unknown about the physiology of hypo-

thalamic DN subtypes. Therefore, modeling these neurons in vitro can enhance our understanding of

cell type-specific vulnerability and neuroprotection in PD. Human pluripotent stem cells (hPSCs) are a
iScience 26, 107525, September 15, 2023 ª 2023 The Authors.
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useful tool for generating cell types of interest in vitro, and hPSC-derived 3D organoid models faithfully

recapitulate some aspects of physiology due to the similarity of their cytoarchitecture to that of organs

in vivo.15,16

Here, we developed a high-throughput 3D differentiation protocol to derive mature and electrophysiolog-

ically active hypothalamus organoids from hPSCs. We used an established tyrosine hydroxylase (TH)-

TdTomato reporter to track DNs in hypothalamus organoids over time.17,18 We applied single-cell RNA

sequencing (scRNA-seq), a robust method to assay the transcriptome in each cell, to examine hypothala-

mus cellular diversity in long-term cultures, comparing TH-TdTomato-sorted DNs to other cell types. We

identified a diversity of neuronal and non-neuronal cell types, including molecularly distinct hypothalamic

DN subtypes representing different developmental stages. The combination of 3Dmodeling, DN reporter,

and long-term cultures is advantageous over other existing hypothalamus differentiation protocols as it al-

lows for examination of hypothalamic DN subtypes, as well as non-neuronal cell types that emerge later

during embryonic development.19–22 Our model can be used to study the spectrum of disorders in which

hypothalamic DNs and other cell types are differentially affected, opening the path for novel therapeutic

strategies.
RESULTS

Generation and characterization of hPSC-derived hypothalamus organoids

The hypothalamus contains several DN subtypes with various functions.12 To better understand the

molecular diversity among these subtypes, we modeled them in vitro using an hPSC line containing a

TH-TdTomato reporter (WA01 TH #2; See STAR Methods). We developed and optimized a hypothalamus

differentiation protocol with the aim of producing higher percentages of hypothalamic TH+ neurons. We

used 3D spinner flasks for high-throughput generation of hypothalamus organoids. During embryonic

development, the forebrain gives rise to several brain structures, including the hypothalamus.23 Forebrain

patterning in our in vitro protocol began with dual-SMAD inhibition for neural induction, WNT inhibition for

rostral patterning, and SHH activation to induce ventralization (Figure 1A). On day 12 (D12) the media was

changed to a terminal differentiation medium to promote the maturation of neural progenitor cells (NPCs)

into DNs. The organoids increased in size during and after the patterning stage, with an average area of

0.15 mm2 by D30 of differentiation (Figures S1A and S1B).

To validate hypothalamic fate, the organoids were dissociated on D12 and plated as amonolayer for immu-

nofluorescence (IF) staining at the NPC stage. By D15, 97% of the total cell population was positive for the

ventral forebrain marker, NKX2-1, and approximately 5% expressed the hypothalamus marker, OTP

(Figures S1C and S1D). OTP has been shown to have a region-specific expression in the developing hypo-

thalamus.24 The small percentage of OTP+ cells on D15 suggested that these cells began to emerge at the

NPC stage as they obtained hypothalamic identity. We previously demonstrated a near 100% overlap be-

tween the DN marker, TH, and TdTomato (red fluorescent protein or RFP) to validate our TH-TdTomato

reporter lines throughout differentiation.17,18 Almost all cells expressed the neuronal marker, bIII Tubulin,

by D15. Furthermore, 7% of all cells and 6% of bIII Tubulin+ cells expressed RFP, suggesting that the hypo-

thalamic DNs emerged at the NPC stage (Figures 1B and S1D). TH expression in full organoids became

robust by D20 of differentiation as observed by the TH-TdTomato reporter (Figure 1C).

Immunohistochemistry (IHC) staining in D80 organoids further confirmed DN fate and hypothalamic iden-

tity (Figure 1D). A population of hypothalamic DNs was observed using TH and RFP markers. Overlap be-

tween these two markers via co-staining validated the TH-TdTomato reporter at this differentiation stage

(Figure 1D). We also observed a population of OTP+ cells in D80 organoids. Although these cells did not

show region specificity within the organoids, co-staining of TH and OTP revealed a diverse set of cells that

expressed TH only, OTP only, or both (Figure 1D). This observation was consistent with prior in vivo work

that showed OTP expression is restricted to specific nuclei of the hypothalamus and to specific DN

subtypes during development.25,26 NKX2-1 staining confirmed commitment to the forebrain fate by D80

(Figure 1D). Moreover, we detected smaller populations of POMC- and TRH-expressing neurons that

have specific neuroendocrine functions in the hypothalamus (Figure 1D).

To evaluate hypothalamus organoid functionality, we performed extracellular recordings of spontaneous

electrical activity using the multi-electrode array (MEA) approach. Hypothalamus organoids were plated

as one organoid per well on D94. Each well contained 16 low-impedance platinum microelectrodes that
2 iScience 26, 107525, September 15, 2023



Figure 1. Characterization of hypothalamus organoids

(A) Schematic overview of the hypothalamus differentiation protocol from hPSCs to NPCs and mature cells including DNs. hPSCs, human pluripotent stem

cells; NPCs, neural progenitor cells; DNs, dopaminergic neurons.

(B) IF co-staining in D15 monolayer neurons for bIII Tubulin and RFP. Hoechst was used as a nuclear marker. Scale bar: 100 mm. IF, immunofluorescence; D15,

day 15, RFP, red fluorescent protein.

(C) Fluorescent image of D20 organoids showing expression of the TH-TdTomato reporter. Scale bar: 250 mm. TH, tyrosine hydroxylase.

(D) IHC stains for TH and RFP for DNs, hypothalamic and ventral forebrain markers, OTP and NKX2-1, and hypothalamus-specific neuronal markers, POMC

and TRH, in D80 hypothalamus organoids. TH + RFP co-staining was used for validation of the TH-TdTomato reporter in DNs, while TH + OTP co-staining

showed a diversity of cell types. Hematoxylin was used as a nuclear marker in all images. Scale bars: 50 mm. IHC, immunohistochemistry.

See also Figure S1.
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were 50 mm in diameter and spaced 350 mm apart (Figure 2A). Electrical activity of hypothalamus organoids

was recorded one and two weeks after plating on D101 and D108, respectively. Neuronal spikes from in-

dividual electrodes covered by the organoid were isolated by sorting for the standard extracellular action

potential waveform structure with typical refractory periods (Figure 2B), and the electrodes displayed a

robust pattern of activity (Figure 2C; Top). Electrical activity in hypothalamus organoids exhibited periods

of relative quiescence and short bursts of spontaneous network-synchronized spiking (network bursts).

These network bursts were periodic, occurring roughly every 30 s with the prominent presence of nested

faster oscillatory peaks in the theta-frequency range (4–8 Hz) (Figure 2C; Bottom). On average, over the

course of two weeks the hypothalamus organoids showed no significant change in the mean firing rate

per electrode and the mean intra-burst frequency, or the firing rate during a network burst (Figure 2D;

Top). However, the metrics of network synchronicity, such as the number of spikes in the network burst

and the area under cross-correlation of spike times in different electrodes, demonstrated a significant in-

crease (Figure 2D; Bottom). Together, our data demonstrated that hypothalamus organoids contained a

diverse set of functional neurons with robust electrophysiological properties and maturing network oscil-

latory activity. In conclusion, the hypothalamus organoids showed successful patterning and contained

electrophysiologically active neurons upon maturation.
iScience 26, 107525, September 15, 2023 3



Figure 2. Electrophysiological properties of mature hypothalamus organoids

(A) Transmitted light image of a hypothalamus organoid in a well of a 48-well MEA plate. Scale bar: 300 mm. MEA, multi-electrode array.

(B) Representative example of individual action potentials recorded from a single electrode, marked with a blue arrowhead in C (top), of an MEA plate. An

overlay of 40 peak-aligned spikes is shown in gray with the average spike waveform in black.

(C) Top: Electrical activity from five individual MEA electrodes recorded during an organoid-wide network activity burst. Bottom: A compound spike-time

histogram from all electrodes overlaid with its CWT. Color bar indicates CWT power. CWT, continuous wavelet transform.

(D) Top: Comparison of mean firing rate of hypothalamus organoids (left) and mean intra-burst frequency, or frequency of spiking within the network burst

(right), in s �1 for 1 week (blue = D101) and 2 weeks (black = D108) on the MEA plate. Each data point indicates an individual organoid and the error bars

represent SD. s�1, inverse second or per second; wk., week; SD, standard deviation. Bottom: Comparison of the mean N of spikes in the network burst

(left) and the area under cross-correlation of spike times (right). Statistical significance was derived by unpaired Student’s t test. p values: ** = p < 0.01.

N = number.
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Cellular diversity in hypothalamus organoids is revealed by scRNA-seq analysis

We next sought to identify the cell types present in the hypothalamus organoids by applying scRNA-seq

(Figure 3A). We used D85 organoids to allow for the emergence of glial cells, such as astrocytes, as previ-

ously reported.18,27 First, approximately 60 organoids per replicate were dissociated and cells were sorted

into THhi and THlo populations with fluorescence-activated cell sorting (FACS) using the TH-TdTomato

(RFP) reporter (Figure S2A). The THhi gate contained the cells with the highest TdTomato intensity which

constituted about 3.6% of the population. The THlo gate contained all the remaining cells that either ex-

pressed no TH or had relatively lower expression levels. A negative TdTomato (-TdTomato) control con-

sisted of neurons differentiated from the KOLF2.1J hPSC line without the TH-TdTomato reporter. Although

approximately 54% of the cells were TH+ on D85 compared to the -TdTomato control (Figure S2B), we

selected the highest TH-expressing population by setting a stringent gate for the THhi population. As a

result, we enriched for DNs as they are expected to express the highest TH levels.28 Approximately

75,000 THhi and 100,000 THlo cells were sorted for each replicate, thereby enriching the 3.6% THhi popula-

tion to about 43%. Antibody hashtags were used to delineate triplicates for each sorted population before

pooling even proportions of each sample and capturing single cells with 10x Genomics technology.

We captured 27,966 cells (13,902 THhi and 14,064 THlo cells). We used a suite of validated methods to

detect and remove empty droplets, doublets, droplets without detectable hashtags, and cells with high

mitochondrial percent (See STARMethods). Each replicate demonstrated similar distributions for common

quality metrics before and after filtering for high-quality cells (Figure S2C). After the quality control (QC)

steps a total of 21,001 cells (2,647–4,015 cells per THhi replicate for a total of 10,464 THhi cells and
4 iScience 26, 107525, September 15, 2023



Figure 3. Identification of cell types in D85 hypothalamus organoids by scRNA-seq

(A) Schematic overview of the scRNA-seq approach from sorting to sequencing and analysis. scRNA-seq, single-cell RNA sequencing.

(B) Left: UMAP plot of the broad cell type categories in the dataset derived by supervised clustering and classification. UMAP, Uniform Manifold

Approximation and Projection. Right: Pie chart showing distribution of the different broad cell type populations.

(C) Dot plot showing average gene expression and proportion of cells expressing representative markers for each broad cell type.

(D) Left: UMAP plot of the neuronal subtype categories within the neurons of the broad cell types derived by unsupervised clustering. Right: Pie chart

showing distribution of the different neuronal subtype populations.

(E) Dot plot showing average gene expression and proportion of cells expressing representative markers for each neuronal subtype.

See also Figures S2–S8 and Tables S1 and S2.
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3,262–3,663 cells per THlo replicate for a total of 10,537 THlo cells) were used for analysis. The TdTomato

reporter sequence was localized at the 30 end of the TH gene of one allele in the WA01 TH #2 hPSC line

(heterozygous TH-TdTomato knock-in). Due to the 30 capture of 10x Genomics sequencing, we anticipated

that the reads from the TH-TdTomato allele would map to the TdTomato sequence. As a result, TH+ cells

could express TH only, TdTomato only, or both (Figures S2D and S2E).

We then annotated the cell populations in our dataset using scPred, a supervised method that annotates

cells based on similarity to reference transcriptomes.29 For this purpose, we leveraged three publicly avail-

able hypothalamus datasets; two mouse scRNA-seq datasets that were obtained at several developmental
iScience 26, 107525, September 15, 2023 5



Table 1. The number of cells classified per category in broad cell types

# Name Number of Cells

1 Neurons 18,356

2 Astrocytes 790

3 Radial Glial Cells 360

4 Unassigned 304

5 IPCs 292

6 OPCs 230

7 Oligodendrocytes 224

8 Ependymal Cells 160

9 VLMCs 127

10 Endothelial Cells 55

11 Microglia 53

12 Tanycytes 50

Total 21,001

See also Figures S3–S5.
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timepoints and one human single nucleus RNA-seq (snRNA-seq) dataset, which consisted of samples from

multiple neonatal developmental ages.19,30,31 The three datasets were processed and combined before

annotating 12 cell types (Figures S3A and S3B; See STAR Methods). A group of 304 cells that could not

be annotated were labeled as ‘‘unassigned’’ and were excluded from the analysis (Table 1). The mitochon-

drial percent demonstrated similar distributions across all cell types (Figure S3C). The combined datasets

were used to train a model with high sensitivity and specificity (Figure S3D). Application of the prediction

model identified all 12 broad cell types in the hypothalamus organoids with high prediction probabilities

(Figures 3B, 3C, and S3E). The organoids primarily comprise neurons, and, as expected, this cell type was

especially enriched in the TH+ flow sorted cells (Figures 3B and S4A; Table 1). The organoids contained a

larger proportion of neurons compared to the reference datasets, partially due to the neuronal enrichment

in the TH+ flow sorted cells as well as technical differences among the studies (Figure S4B; Table S1).

In addition to neurons, we found intermediate progenitor cells (IPCs), radial glial cells, and astrocytes, indi-

cating that the hypothalamus organoids contained progenitor cells that could give rise to young neurons or

astrocytes (Figures 3B and 3C). Observation of astrocytes in the hypothalamus organoid cultures was

consistent with previous work in which the emergence of this glial cell type was reported in brain organoids

starting at around D60 of differentiation.18,27 We also observed unexpected and rare populations of seven

other non-neuronal cell types that each constituted less than 1.4% of the entire population. These groups

included oligodendrocyte precursor cells (OPCs), oligodendrocytes, ependymal cells, tanycytes, vascular

and leptomeningeal cells (VLMCs), and microglia (Figures 3B and 3C; Table 1). Due to the small number of

cells and transcriptional similarity of oligodendrocytes (n = 176) and immature oligodendrocytes (n = 48),

we considered them a single cell type (oligodendrocytes; Figure S4C). Cell type-specific markers that

differentiated the populations in the reference datasets demonstrated similar expression patterns in the

hypothalamus organoids (Figure S5A; Table S2). Common markers for the 11 broad cell types further sup-

ported the model annotations (Figures 3C and S5B). These included DCX for neurons, ASCL1 for IPCs,

TOP2A for radial glial cells, GFAP for astrocytes, OLIG2 for OPCs, MOBP for oligodendrocytes,

CCDC153 for ependymal cells, RAX for tanycytes, COL1A1 for endothelial cells, DCN for VLMCs, and

AIF1 for microglia. The percentage of each cell type was different in the hypothalamus organoid and refer-

ence datasets (Figure S4B; Table S1).

Next, we identified neuronal cell subtypes using an unsupervised clustering approach followed by boot-

strapping to identify cells that were misannotated during clustering. Cell labels were updated during boot-

strapping if the cell was predicted to be a different neuronal subtype with high probability (Figure S6A; See

STAR Methods). We identified a diverse set of 17 neuronal subtypes (Figures 3D, 3E, S6B, and S7A). A

group of 3,206 cells did not express any known markers used for clustering and thus was labeled as ‘‘un-

known neuron subtype.’’ An additional 2,577 cells across all clusters had high probabilities for two different

cell types, as identified by bootstrapping, and were therefore considered ‘‘unclassified.’’ Since the cells
6 iScience 26, 107525, September 15, 2023



Table 2. The number of cells annotated per category in neuronal subtypes

# Name Number of Cells

1 Neuroendocrine-like Cells 4,845

2 Unknown Neuron Subtype 3,206

3 Unclassified 2,577

4 DNs 2,190

5 SF1 Neurons 1,508

6 SST Neurons 1,210

7 GABAergic Neurons 923

8 Preoptic Area Neurons 508

9 TH+ GABAergic Neurons 402

10 Glutamatergic Neurons 198

11 TRH Neurons 193

12 MCH Neurons 142

13 OXT Neurons 140

14 HCRT Neurons 96

15 NTS Neurons 72

16 POMC Neurons 57

17 NPW Neurons 35

18 TAC1 Neurons 31

19 Midbrain Neurons 23

Total 18,356

See also Figure S6.
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were enriched for TH via sorting, we examined TH expression across different cell types. Among the broad

cell types, neurons and IPCs had the highest TH expression levels, suggesting that the hypothalamus or-

ganoids contained both immature and mature TH+ neurons (Figure S7B). Within the neuronal subtypes

the highest TH levels were observed in DNs and TH+ GABAergic neurons, as well as POMC, MCH,

HCRT, and TRH neurons (Figure S7C). The largest neuronal subtype was the neuroendocrine-like cells

which comprised 26.4% of all neurons (Figures 3D and 3E; Table 2). This population was annotated based

on the expression of CREB3, which plays a role in neuroendocrine regulation, as well as PCSK1 and RCN3,

which are markers of the anterior pituitary gland.32–34 The different expression patterns of CREB3 and

RCN3 compared to PCSK1 suggest that further investigation of this cell population may reveal distinct sub-

types of neuroendocrine cells (Figures 3D, 3E, and S8A). In addition, SIX3, which is important for both hy-

pothalamic and pituitary development,35 was expressed throughout the neurons in our dataset, including

in the neuroendocrine-like cells (Figures 3D and S8A).

We previously observed high expression of the forebrain marker, NKX2-1, in hypothalamus organoids on

D15 and D80 (Figures 1D, S1C, and S1D). To determine whether our organoids hadmixed regional identity,

we examined markers of non-hypothalamic tissues that are found adjacent to the hypothalamus in vivo in

our D85 organoid scRNA-seq dataset. While the majority of the cells expressed NKX2-1 and the hypothal-

amus marker,OTP, we also observed lower levels of FOXG1 (Figure S8B), which is an important marker for

the development and regulation of the ventral telencephalon.36,37 Since FOXG1 expression has been pre-

viously shown in preoptic area cells in the developing chicken embryo,38 we annotated these cells as pre-

optic area neurons which constituted 2.8% of the neurons (Figures 3D and 3E). However, it may be possible

that these cells represent a mix of preoptic area and ventral telencephalon neurons.

We then investigated a series of thalamus markers. GBX2, NEUROG2, OLIG2, and OLIG3 have been re-

ported to be expressed in the developing mouse thalamus,39 GATA2 and GATA3 are markers of the devel-

oping human thalamus,24 while ESRRG, GBX2, LEF1, POU4F1, PROX1, SIX3, and TCF7L2 have been

described as thalamus markers in the adult mouse and human brain.40 Among these markers, we did

not detect expression of GATA2, GATA3, GBX2, NEUROG2, OLIG2, OLIG3, or POU4F1 in our dataset.
iScience 26, 107525, September 15, 2023 7



Figure 4. Validation of marker expression in hypothalamus organoids

(A) qRT-PCR of hPSCs and D86 organoids for several markers identified by scRNA-seq analysis (n = 3). ACTB was used as a housekeeping gene for

normalization. Error bars represent SD. qRT-PCR, quantitative real-time PCR.

(B) Western blot of hPSCs and D85 organoids for TH, NKX2-1, and OTP. GAPDH was used as loading control.

(C) IHC staining of D80 organoids for the astrocyte markers, GFAP and SOX9, as well as the glutamatergic neuron marker, VGlut2 (encoded by the SLC17A6

gene). Hematoxylin was used as a nuclear marker. Scale bars: 50 mm.

See also Figure S9.
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However, we did observe sporadic expression of ESRRG, LEF1, and PROX1 in the neuronal population (Fig-

ure S8C). These three markers have been previously reported to be expressed in the developing hypothal-

amus.41–43 Therefore, even though these markers are expressed in the adult thalamus, it is likely that they

do not represent thalamic cell types in our dataset since the D85 organoids have a relatively embryonic

gene expression profile. Lastly, we observed strong expression of SIX3 throughout the neuronal population

(Figure S8A), suggesting that the cells have a hypothalamic/pituitary fate.35 Taken together, we conclude

that our organoids do not contain any cells of thalamic identity. We also looked at the midbrain markers,

FOXA2 and LMX1A, which showed a similar expression pattern in a small subset of the neurons (Fig-

ure S8D). We selected FOXA2 as the representative marker for midbrain neurons which constituted 0.1%

of the neuronal population in our dataset (Figures 3D and 3E). In summary, our hypothalamus organoids

demonstrated neuronal subtype diversity. Further characterization of the different cell types in our system

may help in better understanding their physiology in vivo.

Validation of cellular diversity in hypothalamus organoids

Toconfirmour scRNA-seqobservations, weexamined themRNAexpression of several cell type-specificmarkers

for broad categories and neuronal subtypes using validated quantitative reverse transcription polymerase chain

reaction (qRT-PCR) primers in D86 hypothalamus organoids (Figures 4A and S9A). These included the DN

marker, TH, ventral forebrain/hypothalamus markers NKX2-1 and OTP, neuronal markers, GAD2, SLC17A6,

and DLX5, markers for specific neuroendocrine cell types or regions of the hypothalamus, TRH, SST, POMC,

TAC1, HCRT, NR5A1, and FOXG1, as well as glial markers, GFAP, SOX9, and RAX. SOX9 is a broad glial cell
8 iScience 26, 107525, September 15, 2023
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marker that is found co-expressedwithdifferentmarkers in astrocytes, ependymal cells, and tanycytes.44We also

confirmed protein expression of TH, NKX2-1, and OTP by western blot analysis in D85 hypothalamus organoids

(Figure 4B).Moreover, expression of the astrocytemarkers, GFAPandSOX9, aswell as the glutamatergic neuron

marker, VGLUT2 (encoded by the SLC17A6 gene) were confirmed by IHC in D80 hypothalamus organoids (Fig-

ure 4C). Several of themarkers used in this studywere validated inpostmortemadult hypothalamus tissue by IHC

(Figure S9B). TH, POMC, TRH, GFAP, and VGLUT2 showed robust expression. However, NKX2-1, OTP, and

SOX9 had lower expression levels, likely due to the primary roles of these markers in early brain development

and decreased levels or specific localization in the adult brain.25,45,46

Characterization of hypothalamic DN subtypes and developmental stages in hypothalamus

organoids

Several hypothalamic DN subtypes have been identified in vivo,12 but their diversity has not yet been

explored using single cell approaches. We sought to determine the DN subtypes in the hypothalamus or-

ganoids using unsupervised clustering. We identified seven DN subtypes that consisted of four groups of

OTP+ RAX+ DNs, as well as OTP+ RAX�DNs, OTP� RAX�DNs, and KISS1-like neurons (Figures 5A, 5B, and

S10A; Table 3). These subtypes are consistent with our previous observation that OTP is expressed in a sub-

set of TH+ cells (Figure 1D). OTP is known to be a region-specific hypothalamus marker in the arcuate, para-

ventricular, and supraoptic nuclei.24 In addition, RAX is known to play an important role in early develop-

ment of the arcuate and ventromedial nuclei in the hypothalamus.47 KISS1 neurons are hypothalamic

neuroendocrine cells that play a role in reproductive processes and have been shown to express

TH.24,48–50 These DN subtypes were characterized by a collection of markers. Although not highly ex-

pressed, expression of the DN marker, DDC, was highest in the two RAX� DN subtypes (Figures 5B and

S10A). In addition, KISS1-like neurons (38 cells) expressed NR5A2 and TENT5A which are previously re-

portedmarkers of KISS1 neurons (Figures 5B and S10A).24,48 Themature DNmarker, KCNJ6, was expressed

at low levels throughout all DN subtypes, with highest expression in KISS1-like neurons, suggesting that

these neurons were relatively mature in comparison to the other DN subtypes (Figures 5B and S10A).

The four OTP+ RAX+ DNs were distinguished based on the expression of several markers (Figures 5A, 5B, and

S10A; Table 3). Groups 1–3 had the highest levels of SHH expression, groups 1–2 had relatively high PRDM12

expression, while group 1 had highest levels of ASCL1 and NR2F2 compared to the other OTP+ RAX+ DN

groups, with some expression ofASCL1 also in groups 2–3. On the other hand, group 4 had the highest expres-

sion levels of KCNJ3. SHH is important in hypothalamus development and has been reported to becomemore

restricted to the neuroepithelium in later developmental stages.51 The transcription factor PRDM12 has been

studied in the context of nociceptive neurons, as well as POMC neurons, and plays an important role in neuro-

genesis and early neuronal development.52–54 ASCL1 and NR2F2 are neural progenitor cell markers.55,56 More-

over, KCNJ3 is a relatively mature marker for neurons, playing an important role in neuronal excitability.57 These

observations suggest that OTP+ RAX+ DN groups 1-4 may reflect different developmental maturities of these

hypothalamic DN subtypes. Outside theOTP+ RAX+ DNgroups, OTP� RAX�DNs also expressedNR2F2, while

KISS-like neurons had a relatively high expression of both NR2F2 and KCNJ3, suggesting that these DN sub-

types are relatively mature (Figures 5B and S10A).

To confirm these findings, we performed RNA velocity analysis and determined the pseudotime trajec-

tories of the DN subtypes. We found that the DNs showed a developmental trajectory from the OTP+

RAX+ to OTP+ RAX� and OTP� RAX� groups, with the KISS1-like neurons showing the most mature

subtypes (Figures 5C, 5D, S10B, and S10C). Altogether, these findings suggest that the hypothalamus or-

ganoids contain several molecularly distinct DN subtypes representing different developmental stages or

maturation levels. We then performed Ingenuity Pathway Analysis (IPA) to examine the signaling pathways

that were differentially regulated in DNs (TH+) compared to other neurons (TH�) (Figure 5E; Table S3). We

observed an upregulation of pathways such as glycolysis I, gluconeogenesis I, and oxidative phosphoryla-

tion in DNs, while EIF2 signaling, superpathway of cholesterol biosynthesis, tRNA charging, and superpath-

way of geranylgeranyl diphosphate biosynthesis I (via mevalonate) were downregulated. Taken together,

we observed that the hypothalamic DNs in our organoids demonstratedmolecular diversity and had a tran-

scriptional profile in line with an increase in energy production compared to other neuronal populations.

DISCUSSION

In this study, we introduced a 3D hypothalamus organoid model that contains diverse disease-relevant

cell types and applied it to study TH+ DN populations. The hypothalamus plays an important role in
iScience 26, 107525, September 15, 2023 9



Figure 5. Molecular diversity within the DN subtypes in hypothalamus organoids

(A) UMAP plots illustrating the distribution of annotated DN subtypes.

(B) Dot plot showing the expression of select markers that were used to annotate the DN subtypes.

(C) RNA velocity arrows overlaid on the DN subtype UMAP, showing pseudotime trajectories.

(D) RNA velocity heatmap showing the distribution of the DN subtype markers across the pseudotime trajectories.

(E) IPA results showing the pathways that were upregulated (yellow = increased) or downregulated (blue = decreased) in

DNs compared to non-DN neurons in the organoids based on significance or p value. IPA, Ingenuity Pathway Analysis.

See also Figure S10 and Table S3.
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hormonal maintenance and its dysregulation can result in various disorders.1,2,4,5 In addition, the hypo-

thalamus contains several DN subtypes, A11-A15, with distinct functions. The A12 subtype is the most

well-characterized group and has been shown to inhibit prolactin secretion from the anterior pitui-

tary.10,11 The A11 subtype regulates locomotion, nociception or the detection of pain, and sensory pro-

cesses.12,58 The A13 subtype also plays a role in nociception, but less is known about the functions of the

A14 and A15 subtypes.12,59,60 Unlike the DN subtypes in the midbrain, the hypothalamic DNs are not

impacted by neurodegeneration in PD.14 Investigating the mechanisms of neuroprotection in these neu-

rons can help us gain insight into the underlying causes of cell type-specific vulnerability in PD and other

neurodegenerative disorders. Here, we adapted a previous 2D monolayer culture approach to develop a

3D hypothalamus differentiation protocol in vitro.20 Unlike other existing hypothalamus protocols, our

approach generates organoids with relatively homogeneous structure and size at large-scale using spin-

ner flasks. Moreover, the differentiation strategy enhances DN production and is ideal for studying these

neurons in vitro. Starting on D12 of the differentiation protocol, the organoids can continue to be

cultured in spinner flasks or transferred to low-attachment plates on a shaker for chemical or genetic per-

turbations. Alternatively, they can be dissociated and plated as a 2D monolayer or splatted as full
10 iScience 26, 107525, September 15, 2023



Table 3. The number of cells annotated and list of markers expressed per category in DN subtypes

# Name Number of Cells Markers

1 OTP+ RAX+ DNs (2) 491 OTP, RAX, SHH, PRDM12, ASCL1

2 OTP� RAX� DNs 432 DDC, NR2F2

3 OTP+ RAX+ DNs (1) 342 OTP, RAX, SHH, PRDM12, ASCL1, NR2F2

4 OTP+ RAX+ DNs (4) 339 OTP, RAX, KCNJ3

5 OTP+ RAX� DNs 334 DDC, OTP

6 OTP+ RAX+ DNs (3) 214 OTP, RAX, SHH, ASCL1

7 KISS1-like Neurons 38 NR2F2, KCNJ3, KCNJ6, NR5A2, TENT5A

Total 2,190

See also Figure S10.
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organoids on a coated dish to allow for the outgrowth of axons.18 The different culture formats render

versatility to our protocol based on experimental needs.

Using our previously established TH-TdTomato reporter, we enriched for DNs and observed diversity of

neuronal and non-neuronal cell types in D85 hypothalamus organoids via scRNA-seq analysis (Figure 3).

The TH+ flow sorted population contained �90% neurons, although we also found smaller populations

of IPCs, radial glial cells, and astrocytes that comprised roughly 7% of total cells. In addition, the organoids

contained rare populations of OPCs, oligodendrocytes, ependymal cells, tanycytes, endothelial cells,

VLMCs, and microglia. Each of these 7 groups constituted only up to about 1.4% of the total population.

Due to their low numbers, we could not verify these cell types. However, some of them have been previ-

ously reported in brain organoid cultures. For example, studies using forebrain-patterned retinal organo-

ids and whole-brain organoids showed microglial populations in their transcriptomic profiles, while long-

term cultures of whole-brain organoids resulted in the emergence of OPCs and oligodendrocytes.61–63 We

also observed cell type diversity within the neuronal population in D85 hypothalamus organoids, including

neuroendocrine-like cells. Although several of the cell types in our dataset are considered neuroendocrine

cells due to their roles in hormonal regulation, they were annotated separately from neuroendocrine-like

cells based on the expression of specific neuroendocrine cell type markers, such as POMC, TRH, and

SST. We examined the expression of TH within the neuronal subtypes and observed that in addition to

DNs and TH+ GABAergic neurons, other neuronal subtypes also showed high TH levels, including

POMC,MCH, HCRT, and TRH neurons (Figures 3E and S7C). These neurons have been shown to co-localize

or interact with TH-expressing cells in different regions of the hypothalamus, although it has not been re-

ported whether they co-express TH.64–68 Examining the transcriptomic profiles of these cell types can

reveal their roles in hypothalamus function.

We then examined the expression of markers of adjacent non-hypothalamic tissues to determine whether

our forebrain-pattern organoids hadmixed regional identity. We found small populations of preoptic area/

ventral telencephalon andmidbrain cells (Figures S8B–S8D). Although we observed sporadic expression of

the thalamus markers, ESRRG, LEF1, and PROX1 (Figure S8C), upon further examination of these markers

we concluded it was unlikely that our organoids contained cells of thalamic identity. ESRRG and other es-

trogen receptor genes have been previously reported to be expressed in the POMC neurons of the mouse

hypothalamus.42 Similarly, in our organoid dataset the ESRRG-expressing cells were most highly concen-

trated in the POMC neuron population, and therefore did not represent cells with thalamic identity

(Figures 3D, S6B, and S8C). Moreover, both LEF1 and PROX1 have been shown to be expressed in the

developing hypothalamus in mice.41,43 Since our hypothalamus organoids have a relatively embryonic

gene expression profile, it is likely that these markers of adult thalamus do not represent thalamic cell types

in our dataset.

Several markers have been established for DNs, notably TH, DDC, VMAT2, and KCNJ6.69,70 The DNs in our

dataset expressed TH and other DN markers, including DDC and KCNJ6 (Figures 5B and S10A). However,

they did not express VMAT2. Combinations of the three markers TH, DDC, and VMAT2 have been reported

in different DN subtypes in vivo, including DNs that lack VMAT2 expression.28 Themidbrain DN subtypes in

the substantia nigra and ventral tegmental area express all three of thesemarkers. In contrast, DN subtypes

in other brain regions may express TH and DDC only, while DNs in areas such as specific nuclei of the
iScience 26, 107525, September 15, 2023 11
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hypothalamus express TH only. We found that the DNs in hypothalamus organoids fell into the two latter

categories, as some expressed DDC and some did not. We used two regional markers of early hypothal-

amus development, OTP and RAX, to cluster the DN subtypes into three main categories.24,47 Using addi-

tional markers, we found molecular diversity within the DN population which could be reflective of the DN

subtypes found in vivo. Moreover, RNA velocity analysis demonstrated that the different DN groups fol-

lowed a pseudotime trajectory representing their relative developmental maturity (Figures 5C, 5D, S10B,

and S10C). However, defining the DNs subtypes in vitro is not a straightforward process. Other factors,

such as the structural organization of the neurons within the hypothalamus in vivo and their interactions

with other nearby cells, likely contribute to their subtype specification during development. A more in-

depth characterization of the DNs in the hypothalamus organoids as well as comparison of our dataset

to additional in vivo references with DN-related clusters will aid in this process. Our observations from

IPA suggested that hypothalamic DNs have high energy demands that are met by an increase in glucose

and energy production compared to other neuronal subtypes (Figure 5E). At the same time, these neurons

downregulate their protein translation and biosynthesis of lipids and other compounds to preserve energy.

This view is consistent with previously reported high energy demands of other DN subtypes in the

midbrain,71 hinting at a similarity in the physiology of DN subtypes of different origins.

Taken together, our hypothalamus differentiation protocol serves as a useful tool for generating forebrain-

patterned DNs and other cell types at large-scale. Long-term culture of these organoids results in their mo-

lecular and functional maturity with robust electrophysiological properties. Our model can be applied to

studying not only hypothalamic DNs, but also other neuronal and non-neuronal cell types that may be

of interest for disease modeling. Future studies using this protocol can help in further understanding

the role of the hypothalamus in a wide range of diseases, including metabolic, neurodegenerative, and

developmental disorders, with the aim of establishing novel therapeutic strategies.
Limitations of the study

In this study, the hPSC line, H1 (WA01), was used to generate hypothalamus organoids. In future studies, it

would be crucial to apply our hypothalamus differentiation protocol to other hPSC lines of both male and

female origins to confirm successful patterning across cell lines with different genetic backgrounds. More-

over, this study was performed on a wild-type cell line to examine the cell types that emerge in hypothal-

amus organoids in the absence of a disease condition. However, future studies using disease models will

be important in validating our differentiation protocol as a useful in vitro tool for studying disorders that

affect the hypothalamus.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse Monoclonal Anti-Beta III Tubulin (Clone

2G10)

Abcam Cat#ab78078; RRID: AB_2256751

Rabbit Polyclonal Anti-GAPDH Abcam Cat#Ab9485; RRID: AB_307275

Mouse Monoclonal Anti-Glial Fibrillary Acidic

Protein (Clone GA5)

Millipore Cat#MAB360; RRID: AB_11212597

Rabbit Polyclonal Anti-OTP Thermo Fisher Scientific Cat#PA5-31513; RRID: AB_2548986

Rabbit Monoclonal Anti-POMC (EPR17571) Abcam Cat#Ab210605; RRID: N/A

Rabbit Polyclonal Anti-RFP Rockland Cat#600-401-379; RRID: AB_2209751

Rabbit Monoclonal Anti-SOX9 (EPR14335-78) Abcam Cat#Ab185966; RRID: AB_2728660

Mouse Monoclonal Anti-TH (Clone LNC1) Millipore Cat#MAB318; RRID: AB_2201528

Rabbit Polyclonal Anti-TRH Thermo Fisher Scientific Cat#PA5-97006; RRID: AB_2808808

Rabbit Monoclonal Anti-TTF1 (NKX2-1) (Clone

EPR5955(2))

Abcam Cat#Ab133737; RRID: AB_2811263

Mouse Monoclonal Anti-VGLUT2 (Clone

CL2921)

Atlas Antibodies Cat#AMAb91081; RRID: AB_2665793

Biological samples

Postmortem Hypothalamus (PCR) Neuropathology Brain Bank and Research

CoRE, Mount Sinai

Cat#NPBB023; RRID: N/A

Postmortem Hypothalamus (IHC) Neuropathology Brain Bank and Research

CoRE, Mount Sinai

Cat#NPBB127; RRID: N/A

Chemicals, peptides, and recombinant proteins

Accutase Cell Detachment Solution Innovative Cell Technologies Cat#AT104; RRID: AB_2869384

B-27� Supplement (50X), Minus Vitamin A Gibco Cat#12587010; RRID: N/A

Blotto, Non-Fat Dry Milk ChemCruz Cat#sc-2324; RRID: N/A

Bovine Albumin Fraction V (7.5% solution) Gibco Cat#15260037; RRID: N/A

DAPT Cayman Chemical Cat#13197; RRID: N/A

DB-cAMP / Dibutyryl-cAMP BioLog Cat#D 009; RRID: N/A

DMEM/F-12, GlutaMAX� Supplement Gibco Cat#10565018; RRID: N/A

DNase Vial (D2) Worthington Biochemical Corporation Cat#LK003170; RRID: N/A

Geltrex� LDEV-Free, hESC-Qualified,

Reduced Growth Factor Basement Membrane

Matrix

Gibco Cat#A1413302; RRID: N/A

HBSS with 10 mM HEPES, Without Phenol Red STEMCELL Technologies Cat#37150; RRID: N/A

Hibernate A BrainBits Cat#HA; RRID: N/A

Hoechst 33342, Trihydrochloride, Trihydrate -

10 mg/mL Solution in Water

Thermo Fisher Scientific Cat#H3570; RRID: N/A

Laminin Mouse Protein, Natural Gibco Cat#23017015; RRID: N/A

L-Ascorbic Acid (White Crystalline Powder) Fisher Scientific Cat#BP351-500; RRID: N/A

LDN 193189 Dihydrochloride Tocris Cat#6053; RRID: N/A

Leibovitz’s L-15 Medium Gibco Cat#11415064; RRID: N/A

N-2 Supplement (100X) Gibco Cat#17502048; RRID: N/A

Normal Goat Serum Thermo Fisher Scientific Cat#31872; RRID: N/A

(Continued on next page)
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PBS, pH 7.4 (-CaCl2, -MgCl2) Gibco Cat#10010023; RRID: N/A

PDS Kit, Papain Vial Worthington Biochemical Corporation Cat#LK003176; RRID: N/A

Penicillin-Streptomycin (10,000 U/mL) Gibco Cat#15140122; RRID: N/A

Pierce� 16% Formaldehyde (w/v),

Methanol-free

Thermo Fisher Scientific Cat#28908; RRID: N/A

Poly-L-Ornithine Hydrobromide Sigma-Aldrich Cat#P3655; RRID: N/A

Ponceau S Solution Sigma-Aldrich Cat#P7170; RRID: N/A

Purmorphamine STEMCELL Technologies Cat#72204; RRID: N/A

Recombinant Human BDNF Protein R&D Systems Cat#248-BD; RRID: N/A

Recombinant Human GDNF Protein R&D Systems Cat#212-GD; RRID: N/A

SAG Cayman Chemical Cat#11914; RRID: N/A

SB431542 Stemgent Cat#04-0010-10; RRID: N/A

StemFlex� Medium Gibco Cat#A3349401; RRID: N/A

Thiazovivin Selleck Chemicals Cat#S1459; RRID: N/A

Triton� X-100 Surfact-Amps�
Detergent Solution

Thermo Fisher Scientific Cat#85111; RRID: N/A

XAV939 Tocris Cat#3748; RRID: N/A

Y-27632 Dihydrochloride Tocris Cat#1254; RRID: N/A

Critical commercial assays

4X Bolt� LDS Sample Buffer Thermo Fisher Scientific Cat#B0007; RRID: N/A

Antibody Dilution Buffer Roche Diagnostics Cat#05280524001; RRID: N/A

cOmplete�, Mini Protease Inhibitor Cocktail MilliporeSigma Cat#11836153001; RRID: N/A

High-Capacity cDNA Reverse Transcription Kit Applied Biosystems Cat#4368814; RRID: N/A

Maestro Multiwell 768 channel MEA system

with USB

Axion Biosystems Cat# AAVMAESTRO768DEA; RRID: N/A

Monarch� Total RNA Miniprep Kit New England BioLabs Cat#T2010S; RRID: N/A

NuPAGE� MOPS SDS Running Buffer (20X) Thermo Fisher Scientific Cat#NP0001; RRID: N/A

Phosphatase Inhibitor Cocktail II Abcam Cat#ab201113; RRID: N/A

Pierce� BCA Protein Assay Kit Thermo Fisher Scientific Cat#23225; RRID: N/A

PowerUp SYBR Green Master Mix Applied Biosystems Cat#A25742; RRID: N/A

Q5� Hot Start High-Fidelity 2X Master Mix New England BioLabs Cat#M0494S; RRID: N/A

RIPA Lysis and Extraction Buffer Thermo Fisher Scientific Cat#89900; RRID: N/A

TBS Buffer, 20X Liquid VWR Cat#10791-796; RRID: N/A

TWEEN� 20 Sigma-Aldrich Cat#P1379; RRID: N/A

ULTRA Cell Conditioning (ULTRA CC1) Roche Diagnostics Cat#950-224; RRID: N/A

Western Lightning Plus, Chemiluminescent

Substrate (130 mL)

PerkinElmer Cat#NEL103001EA; RRID: N/A

Deposited data

scRNA-seq Dataset (GEO) This paper GSE237274

scRNA-seq Dataset - processed (Mendeley

Data)

This paper https://doi.org/10.17632/nxtkn2w28v.1

Customs Codes and Script for scRNA-seq

Dataset (GitHub)

This paper https://github.com/powellgenomicslab/

hypothalamus_organoid_scRNA

Experimental models: Cell lines

Human: H1 (WA01) hESCs WiCell Research Institute Cat#WA01; RRID: CVCL_9771

Human: KOLF2.1J hiPSCs The Jackson Laboratory Cat#KOLF2.1J; RRID: N/A
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Oligonucleotides

Primer: ACTB Forward:

CCTGGCACCCAGCACAAT

Pilegaard et al.72 RRID: N/A

Primer: ACTB Reverse:

GCCGATCCACACGGAGTACT

Pilegaard et al.72 RRID: N/A

Primer: DLX5 Forward:

GTCTTCAGCTACCGATTCTGAC

PrimerBank Cat#84043959c3; RRID: N/A

Primer: DLX5 Reverse:

CTTTGCCATAGGAAGCCGAG

PrimerBank Cat#84043959c3; RRID: N/A

Primer: FOXG1 Forward:

TGGCCCATGTCGCCCTTCCT

Nolbrant et al.73 RRID: N/A

Primer: FOXG1 Reverse:

GCCGACGTGGTGCCGTTGTA

Nolbrant et al.73 RRID: N/A

Primer: GAD2 Forward:

TTTTGGTCTTTCGGGTCGGAA

PrimerBank Cat#197276619c1; RRID: N/A

Primer: GAD2 Reverse:

TTCTCGGCGTCTCCGTAGAG

PrimerBank Cat#197276619c1; RRID: N/A

Primer: GFAP Forward:

CTGCGGCTCGATCAACTCA

PrimerBank Cat#334688843c1; RRID: N/A

Primer: GFAP Reverse:

TCCAGCGACTCAATCTTCCTC

PrimerBank Cat#334688843c1; RRID: N/A

Primer: HCRT Forward:

TTCCACAAAGGTCTCCTGGG

This paper RRID: N/A

Primer: HCRT Reverse:

TAGAGGCGGCAAGAGCAAG

This paper RRID: N/A

Primer: NKX2-1 Forward:

TGAGTCCAAAGCACACGACTCC

This paper RRID: N/A

Primer: NKX2-1 Reverse:

CCTCCATGCCCACTTTCTTGTA

This paper RRID: N/A

Primer: NR5A1 Forward:

GGGTGGCCGGAACAAGTTT

PrimerBank Cat#169881245c2; RRID: N/A

Primer: NR5A1 Reverse:

GCCCGAATCTGTGCCTTCT

PrimerBank Cat#169881245c2; RRID: N/A

Primer: OTP Forward:

CGACATCTTTATGCGTGAGGAG

This paper RRID: N/A

Primer: OTP Reverse:

GTCTTTTTGCGCTTCTTCCACT

This paper RRID: N/A

Primer: POMC Forward:

CTCCCGAGACAGAGCCTCA

Flori et al.74 RRID: N/A

Primer: POMC Reverse:

CACTCCAGCAGGTTGCTTTC

This paper RRID: N/A

Primer: RAX Forward:

AAGCCCCTCGACCCTACTG

PrimerBank Cat#126116580c2; RRID: N/A

Primer: RAX Reverse:

CCGCCGATGCTTTTTCTTGG

PrimerBank Cat#126116580c2; RRID: N/A

Primer: SLC17A6 Forward:

TGGACATGGTCAACAACAGCA

PrimerBank Cat#215820654c2; RRID: N/A

Primer: SLC17A6 Reverse:

GGAACCGTGGATCATCCCC

PrimerBank Cat#215820654c2; RRID: N/A

(Continued on next page)
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Primer: SOX9 Forward:

GTACCCGCACTTGCACAAC

Masuda et al.75 RRID: N/A

Primer: SOX9 Reverse:

TCTCGCTCTCGTTCAGAAGTC

Masuda et al.75 RRID: N/A

Primer: SST Forward:

ACCCAACCAGACGGAGAATGA

PrimerBank Cat#71979669c1; RRID: N/A

Primer: SST Reverse:

GCCGGGTTTGAGTTAGCAGA

PrimerBank Cat#71979669c1; RRID: N/A

Primer: TAC1 Forward:

CAGCGACCAGATCAAGGAGG

This paper RRID: N/A

Primer: TAC1 Reverse:

GGGCGATTCTCTGCAGAAGA

This paper RRID: N/A

Primer: TH Forward:

GGAAGGCCGTGCTAAACCT

PrimerBank Cat#88900504c1; RRID: N/A

Primer: TH Reverse:

GGATTTTGGCTTCAAACGTCTC

PrimerBank Cat#88900504c1; RRID: N/A

Primer: TRH Forward:

TCCTCCGGGAAAACATCCAG

PrimerBank Cat#306518589c1; RRID: N/A

Primer: TRH Reverse:

GGAGAGCCAGTCAGATTGAAAGA

PrimerBank Cat#306518589c1; RRID: N/A

Software and algorithms

Aperio ImageScope https://www.leicabiosystems.com/digital-

pathology/manage/aperio-imagescope/

RRID: SCR_020993

AxIS https://www.axionbiosystems.com/products/

axis-software

RRID: SCR_016308

CellProfiler Image Analysis Software https://cellprofiler.org/ RRID: SCR_007358

Cell Ranger https://support.10xgenomics.com/single-cell-

gene-expression/software/pipelines/latest/

what-is-cell-ranger

RRID: SCR_017344

Cyclone Scialdone et al.76 RRID: N/A

Demuxafy Neavin et al.77 RRID: N/A

DropletQC Muskovic and Powell78 RRID: N/A

FSC Express 7 https://denovosoftware.com/ RRID: N/A

Geneious Prime http://www.geneious.com/ RRID: SCR_010519

GraphPad Prism http://www.graphpad.com/ RRID: SCR_002798

MAST Finak et al.79 RRID: SCR_016340

Microsoft Excel https://www.microsoft.com/en-gb/ RRID: SCR_016137

R https://www.r-project.org/ RRID: SCR_001905

scDblFinder Germain et al.80 RRID: SCR_022700

scds (Single Cell Doublet Scoring) Bais and Kostka81 RRID: SCR_021541

scPred Alquicira-Hernandez et al.29 RRID: N/A

scVelo https://github.com/theislab/scvelo RRID: SCR_018168

Seurat https://satijalab.org/seurat/ RRID: SCR_007322

Velocyto http://velocyto.org/ RRID: SCR_018167

Other

Aperio VERSA Brightfield, Fluorescence &

FISH Digital Pathology Scanner

Leica Biosystems RRID: N/A

(Continued on next page)

ll
OPEN ACCESS

20 iScience 26, 107525, September 15, 2023

iScience
Article

https://www.leicabiosystems.com/digital-pathology/manage/aperio-imagescope/
https://www.leicabiosystems.com/digital-pathology/manage/aperio-imagescope/
https://www.axionbiosystems.com/products/axis-software
https://www.axionbiosystems.com/products/axis-software
https://cellprofiler.org/
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger
https://denovosoftware.com/
http://www.geneious.com/
http://www.graphpad.com/
https://www.microsoft.com/en-gb/
https://www.r-project.org/
https://github.com/theislab/scvelo
https://satijalab.org/seurat/
http://velocyto.org/


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BD FACSAria II Cell Sorter BD Biosciences RRID: SCR_018934

Benchmark Special Stains Stainer Module Roche Diagnostics Cat#06468373001; RRID: N/A

CellInsight CX7 HCS Platform Thermo Fisher Scientific RRID: N/A

Corning� 125 mL Disposable Spinner Flask

with 70 mm Top Cap and 2 Angled Sidearms,

Sterile

Corning Cat#3152; RRID: N/A

CytoView MEA Plate 48 Axion Biosystems Cat#M768-tMEA-48B; RRID: N/A

Eclipse Ts2R-fl Nikon RRID: N/A

Falcon� Round-Bottom Tubes with Cell

Strainer Cap, 5 mL

STEMCELL Technologies Cat#100-0087; RRID: N/A

Fisherbrand� Sterile Cell Strainers (70 mm) Fisher Scientific Cat#22-363-548; RRID: N/A

iBlot� 2 Gel Transfer Device Thermo Fisher Scientific Cat#IB21001; RRID: N/A

iBlot� Transfer Stack, PVDF, mini Thermo Fisher Scientific Cat#IB401002; RRID: N/A

NuPAGE� 4 to 12%, Bis-Tris, 1.0–1.5 mm, Mini

Protein Gels

Thermo Fisher Scientific Cat#NP0321BOX; RRID: N/A

NuPAGE� 4 to 12%, Bis-Tris, 1.0–1.5 mm, Mini

Protein Gels

Thermo Fisher Scientific Cat#NP0323BOX; RRID: N/A

pluriStrainer� 300 mm, 25 pcs. – Sterile (Cell

Strainer)

pluriSelect Cat#43-50300-03; RRID: N/A

QuantSudio 7 Flex Real-Time PCR System Applied Biosystems Cat#4485701; RRID: N/A

Stirrers, Magnetic, Nine-position, Dura-Mag Chemglass Life Sciences Cat#CLS-4100-09; RRID: N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Joel Blanchard (joel.blanchard@mssm.edu).
Materials availability

This study did not generate new unique reagents.

Data and code availability

d All scRNA-seq data have been deposited at GEO andMendeley Data and are publicly available as of the

date of publication. The accession number and DOI are listed in the key resources table.

d All the custom codes and script for the dataset analyzed in this study have been deposited at GitHub and

are publicly available as of the date of publication. The DOI is listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The human cell lines used in this study are detailed in the key resources table. The two cell lines, H1 (WA01)

and KOLF2.1J, were cultured in StemFlex medium and maintained in incubators set to 37�C and 5% CO2.

Both cell lines are male in origin.
METHOD DETAILS

hPSC culture

Two hPSC lines were used in this study, the human embryonic stem cell (hESC) line, H1 (WA01), and the

human induced pluripotent stem cell (hiPSC) line, KOLF2.1J. TheWA01 TH #2 line was previously gene edi-

ted using CRISPR/Cas9 to contain a TH-TdTomato knock-in reporter.18 hPSCs were maintained in tissue
iScience 26, 107525, September 15, 2023 21
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culture incubators set to 37�C and 5% CO2. Cells were cultured on Geltrex-coated (Gibco # A1413302)

10-cm dishes in 8 ml StemFlex medium (Gibco #A3349401) with media changes every other day. When

the hPSCs reached a confluency of 70-80%, they were passaged at a split ratio of 1:10 using Accutase

(Innovative Cell Technologies #AT104). The media was removed, the cells were washed with 8 ml PBS

(Gibco #10010023), and incubated with 3 ml Accutase for 5 minutes (min) at room temperature (RT) with

occasional manual shaking. Cells were then gently pipetted 3-5 times, transferred to a 15-ml tube contain-

ing PBS supplemented with 2% BSA solution (Gibco #15260037; ‘‘Bovine Albumin Fraction V (7.5% solu-

tion)’’ is referred to as ‘‘BSA solution’’ here) and 2 mM Thiazovivin Rho-associated, coiled-coil containing

protein kinase (ROCK) inhibitor (Thia; Selleck Chemicals #S1459), and centrifuged at 500 g at RT for

3 min. The supernatant was aspirated and the pellet was resuspended in StemFlex supplemented with

2 mM Thia. The cells were plated in new Geltrex-coated dishes in StemFlex supplemented with 2 mM

Thia and the media was changed to fresh StemFlex on the following day to remove Thia.

Hypothalamus organoid differentiation

The spinner flask approach for generation of organoids was adapted from a previous publication.82 hPSCs

were collected from four 10-cm dishes and seeded into a 125-ml disposable spinner flask (Corning #3152) in

Stemflex supplemented with 10 mM Y-27632 ROCK inhibitor (Tocris #1254) and Penicillin-Streptomycin

(Pen/Strep; Gibco #15140122) in a total volume of 120 ml. The flask was placed on a nine-position stir plate

(Chemglass Life Sciences #CLS-4100-09) at 65 rpm in the incubator. On day 2 after seeding, half of the cul-

ture medium (60 ml) was replaced with fresh Stemflex supplemented with 10 mM Y-27632 and Pen/Strep.

On day 4 after seeding, the spheres were collected and filtered through a 300 mm strainer (pluriSelect

#43-50300-03) into a 50 ml tube to remove large organoids and clumps of cells. The spheres were settled

by gravity and the media was aspirated carefully. The spheres were then transferred back to the flask in

120 ml D0-1 medium to begin hypothalamus patterning. The base medium throughout the differentiation

consisted of DMEM/F12+Glutamax (Gibco #10565018) supplemented with 1x B27 Supplement, minus

vitamin A (Gibco #12587010) and 1x N-2 Supplement (Gibco #17502048). Half the media (60 ml) was

changed daily throughout the patterning stage unless otherwise noted. The D0-1 medium consisted of

the BMP inhibitor, LDN193189 (100 nM; Tocris #6053), the TGF-b inhibitor, SB431542 (10 mM; Stemgent

#04-0010-10), and XAV939 (2 mM; Tocris #3748) to induce floor plate formation via dual-SMAD inhibition

and promote forebrain patterning. The D2-7 medium also contained Purmorphamine (1 mM; STEMCELL

Technologies #72202) and SAG (1 mM; Cayman Chemical #11914) for SHH activation and ventralization

of the developing NPCs. Purmorphamine and SAG were removed in the D8-11 medium and replaced

with DAPT (10 mM; Cayman Chemical #13197). On D8, 80 ml media was changed to reduce the final con-

centrations of SHH agonists in the remaining media. On D12, 80 ml media was changed as well to switch

to the terminal differentiation medium consisting of BDNF (20 ng/ml; R&D Systems #248-BD), GDNF

(20 ng/ml; R&D Systems #212-GD), Ascorbic Acid (0.2 mM; Fisher Scientific #BP351-500), DAPT (10 mM),

and dcAMP (0.1 mM; BioLog #D 009) to promote DN fate commitment and maturation. Starting on D12

the media was changed every other day. On D22, the concentrations of both BDNF and GDNF were

reduced to half (10 ng/ml), as these growth factors have been shown to mask DN-related phenotypes

in vitro.83 Beginning on D36, DAPT and dcAMP were excluded from the medium, as DAPT has been re-

ported to inhibit astrocyte proliferation in long-term cultures and both compounds may affect DN-associ-

ated phenotypes.84–86

Organoid culture options

Starting on D12, hypothalamus organoids could be continued to be cultured in flasks. Alternatively, they

could be transferred to low-attachment 6-well plates on a shaker in the incubator for pharmacological or

genetic perturbations, and to reduce media usage. Due to the small size of the hypothalamus organoids,

it is recommended to culture up to approximately 60 organoids per well of a 6-well plate, although this

number may vary depending on the organoid size in different hPSC lines. The organoids could also be

cultured in a 2D monolayer format upon dissociation for live imaging and IF staining, or in a 2.5D format

(splatting) to examine axon outgrowths and morphology.18 The coating procedure for the culture plates

consisted of incubating the wells with 1 mg/ml Poly-L-Ornithine (PLO; Sigma-Aldrich #3655) in borate

buffer at 37�C overnight (O/N). On the following day, the PLO solution was collected for re-use and the

wells were washed with ddH2O three times for 10 min each. The wells were then coated with 10 mg/ml lam-

inin (Gibco #23017015) in L15 media (Gibco #11415064) supplemented with 2.5% sodium bicarbonate so-

lution (stock concentration: 7.5 g/L) and incubated at 37�CO/N. On the following day, the laminin solution

was aspirated, and the cells were plated in culture media.
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For organoid dissociation, up to 60 D12 hypothalamus organoids were placed in a well of a 6-well plate and

washed with 5 ml PBS. The organoids were then incubated in 5 ml papain (Worthington Biochemical

Corporation #LK003178) in HBSS-H (STEMCELL Technologies #37150) supplemented with DNase

(Worthington Biochemical Corporation #LK003170) and 10 mM Y-27632 ROCK inhibitor for 20-40 min

(depending on organoid size) on a shaker in the incubator. The organoids were gently triturated using

fire-polished glass pipets of decreasing tip sizes. The cell suspension was filtered using a 70 mm strainer

(Fisher Scientific #22-363-548) into a 50-ml tube containing 10 ml Hibernate-A medium (BrainBits #HA) sup-

plemented with 1x B27 (minus vitamin A), 1% BSA solution, DNase, and 10 mMY-27632 ROCK inhibitor. The

cells were centrifuged at 800 g for 5 min and the pellet was resuspended in media. The suspension was

filtered through a 35 mm strainer (STEMCELL Technologies #100-0087) and 40,000 cells were plated per

well of a PLO/laminin-coated 96-well plate for imaging or IF staining. Addition of Y-27632 ROCK inhibitor

to the media upon plating greatly enhanced cell survival. The media was changed after two days to remove

Y-27632 ROCK inhibitor and regular half media changes were performed every 2-3 days depending on

changes in the media color.

qRT-PCR

RNA was extracted from full organoids using the Monarch Total RNA Miniprep Kit (New England BioLabs

#T2010S). cDNA synthesis was performed on 1-2 mg RNA using the High-Capacity cDNA Reverse Transcrip-

tion Kit (Applied Biosystems #4368814). The 20 ml reaction was then diluted at 1:10 and 4 ml cDNA was used

per 10 ml qRT-PCR reaction with the PowerUp SYBR Green Master Mix (Applied Biosystems #A25742). The

samples were run on a QuantSudio 7 Flex Real-Time PCR System (Applied Biosystems #4485701). The

delta-delta Ct (2–DDCt) method was used to analyze the results.87 The key resources table lists the qRT-

PCR primers used in this study.

PCR validation of qRT-PCR primers

The qRT-PCR primers were confirmed by PCR and Sanger sequencing (Figure S9A). PCR reactions were set

up for each primer set using postmortem hypothalamus cDNA and theQ5 Hot Start High-Fidelity 2xMaster

Mix (New England BioLabs #M0494S) in a total volume of 40 ml. For each reaction mix, 4 ml was run on a 2%

agarose gel to screen for an expected band size of between 100 and 200 base pairs. The remaining reaction

mix of samples that had one clear band was analyzed by Sanger sequencing with either the forward or

reverse primer. The Geneious Prime software was used to align the sequencing results to the cDNA of

the genes of interest.

Western Blot

Protein was extracted from organoids using RIPA Lysis and Extraction Buffer (Thermo Fisher Scientific

#89900) supplemented with protease and phosphatase inhibitors (MilliporeSigma #11836153001 and

Abcam #ab201113, respectively). Protein quantification was performed using the Pierce BCA Protein Assay

Kit (Thermo Fisher Scientific #23225). Sample mixes were prepared in 1x Bolt LDS Sample Buffer (Thermo

Fisher Scientific #B0007) and boiled at 100�C for 5 min. 40 mg protein was loaded per well of a NuPAGE

4-12% Bis-Tris Gel (Thermo Fisher Scientific #NP0321BOX or #NP0323BOX) and the gel was run in 1x

NuPAGE MOPS SDS Running Buffer (Thermo Fisher Scientific #NP0001). The samples were transferred

to an iBlot PVDF Transfer Stack membrane (Thermo Fisher Scientific #IB401002) using an iBlot 2 Gel Trans-

fer Device (Thermo Fisher Scientific #IB21001). Ponceau S (Sigma-Aldrich #P7170) staining was used to

confirm proper protein transfer. The membrane was blocked in 5% milk (ChemCruz #sc-2324) in 1x TBST

at RT for 1 hour, followed by incubation with the primary antibody diluted in TBST at 4�C O/N. The 1x

TBST solution was prepared using 20x TBS Buffer (VWR #10791-796), ddH2O, and 0.1% TWEEN� 20 (Sigma

#P1379). On the following day, the membrane was washed three times with TBST and then incubated in

secondary antibody diluted in TBST at RT for 45 min. The membrane was washed again three times with

TBST and then imaged using ECL (PerkinElmer #NEL103001EA). Table S4 (top) and the key resources table

list the antibodies and dilutions used for Western blot in this study.

IF staining

Monolayer cultures of neurons in a 96-well plate were washed with PBS and fixed in fresh 4% PFA (Thermo

Fisher Scientific #28908) diluted in PBS at RT for 3 min. They were then rinsed quickly in PBS followed by two

5 min washes. The cells were blocked in 0.1% Triton-X (Thermo Fisher Scientific #85111) in PBS containing

5% goat serum (Thermo Fisher Scientific #31872) at RT for 1 hour and incubated in primary antibody diluted
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in blocking buffer at 4�C O/N. On the following day the samples were washed 3 times with PBS and incu-

bated in secondary antibody diluted in blocking buffer at RT for 45 min. The samples were washed 5 times

with PBS and in the third wash Hoechst (Thermo Fisher Scientific #H3570) was added at 1:5,000 for nuclear

staining. Table S4 (middle) and the key resources table list the antibodies and dilutions used for IF staining.

IHC staining

Organoids were washed with PBS, fixed in fresh 4% PFA at RT for 30-60 min (depending on organoid size)

on a shaker and stored in PBS at 4�C until embedding. The samples were embedded in paraffin and 5 mm

sections were prepared and mounted on positively charged slides. The sections were baked O/N at 70�C.
IHC staining was performed on a Ventana Benchmark XT automatic staining platform (Roche Diagnostics

#06468373001) according to the manufacturer’s guidelines. Antigen retrieval was performed using the CC1

buffer (Tris/Borate/EDTA buffer, pH 8.0 - 8.5; Roche Diagnostics #950-224) for 1 hour. The samples were

incubated in primary antibodies diluted in antibody dilution buffer (ABD24; Roche Diagnostics

#05280524001) and the incubation time was optimized for each antibody. The slides were then incubated

in either 3,3’-diaminobenzidine (DAB) or alkaline phosphatase for visualization, and both reagents were

used for slides that were double-stained. Hematoxylin was used for nuclear counterstaining, and the slides

were coverslippped. Table S4 (bottom) and the key resources table list the antibodies and dilutions used

for IHC staining in this study.

MEA recording and analysis

A 48-well MEA plate (Axion Biosystems #M768-tMEA-48B) was coated with 100 mg/ml PLO and 10 mg/ml

laminin. Hypothalamus organoids were plated at one per well on the MEA plate on D94 with 16 wells con-

taining organoids. The cultures were fed twice a week and measurements were collected 24 hours after the

medium was changed for two weeks after plating (on D101 and D108). Recordings were performed using a

Maestro MEA system (Axion Biosystems #AAVMAESTRO768DEA) and AxIS software Spontaneous Neural

Configuration. Spikes were detected with AxIS software using an adaptive threshold crossing set to 5.5

times the standard deviation (SD) of the estimated noise for each electrode (channel). For theMEA analysis,

the electrodes that detected at least 5 spikes/min were classified as active electrodes. Network bursts were

defined as events with minimum number of 5 spikes and inter-spike interval <100 ms occurring in at least

25% of active electrodes. The synchrony index was calculated using a cross-correlogram synchrony window

of 20 ms. Brightfield images were captured to assess cell density and electrode coverage. CustomMATLAB

routine was used for plotting continuous wavelet transform (CWT) scalogram with the absolute value of the

CWT plotted as a function of time and frequency of the compound activity signal during the network burst.

Imaging

Brightfield and fluorescent images of live organoids were captured at 4x or 10x magnification using a Nikon

Eclipse Ts2R-fl microscope with a DS-Qi2 digital camera head (Nikon). IF staining images were obtained at

20x magnification using the CellInsight CX7 HCS Platform (Thermo Fisher Scientific). IHC images were

taken at 20x or 40x magnification using an Aperio VERSA 8 Digital Slide Scanner (Leica Biosystems) and

fields of interest were selected using the Aperio ImageScope software.

Image analysis

For IF staining experiments the CellProfiler software was used to calculate the percentage of positive cells.

Images of hPSC stains were used as negative controls for each antibody. The threshold for positivity was

established based on the hPSC mean intensity distribution. In CellProfiler, the region outside the nucleus

was used to calculate mean fluorescence intensity.

FACS

Hypothalamus organoids were dissociated and pelleted as previously described. The cell pellet was resus-

pended in ‘‘FACS buffer’’ consisting of Hibernate-A medium supplemented with 1x B27 (minus vitamin A),

1% BSA solution, DNase, and 10 mMY-27632 ROCK inhibitor and was filtered through a 35 mmstrainer into a

5-ml Falcon round-bottom tube. The BD FACSAria II Cell Sorter (BD Biosciences) was used to enrich for the

TH-TdTomato+ cells for the scRNA-seq experiment. The FACS gates consisted of the P1 gate to exclude

cell debris, singlets to exclude doublets, and % live to exclude dead cells (Figure S2A). The TH-TdTomato

gate was set based on a negative control using organoids differentiated form the KOLF2.1J hiPSC line (Fig-

ure S2B). The FSC Express 7 software was used to analyze the results.
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scRNA-seq

Approximately 100,000 cells were sorted for each group (THhi and THlo) in triplicates. Cells were pelleted at a

speed of 800 g at 4�C for 5 min, and the pellets were resuspended in PBS supplemented with 0.04% BSA.

Viability of single cells was assessed using Trypan Blue staining and debris-free suspensions of >80% viability

were deemed suitable for sequencing. scRNA-seqwas performedusing the Chromiumplatform (10xGenomics)

with the 3’ Gene Expression (3’ GEX) with Feature Barcoding V3 kit, using an input of �10,000 cells. First, cells

were labeledwithbarcodedantibodies todifferentiate among individual samples. Then, labeled cells were com-

bined and loaded, and Gel Bead-in-Emulsions (GEMs) were generated on the sample chip in the Chromium

controller. Barcoded cDNAwas extracted from the GEMs by Post-GEM RT-cleanup and amplified for 12 cycles.

Amplified cDNA was fragmented and subjected to end-repair, poly A-tailing, adapter ligation, and 10x-specific

sample indexing following themanufacturer’s protocol. Librarieswerequantified usingBioanalyzer (Agilent) and

QuBit (Thermo Fisher Scientific) analysis and were sequenced in paired end mode on a NovaSeq instrument

(Illumina) targeting a depth of 50,000 - 100,000 reads per cell. Sequencing data was aligned and quantified using

theCell Ranger Single-Cell software Suite against the providedGRCh38 human referencegenome that included

TdTomato with default settings (See cellranger.sh code provided on Github). This resulted in 13,949 and 14,093

droplets captured for the TdTomato high and low pools, respectively.

scRNA-seq analysis

We anticipate about 1,568 doublets (droplets that contained two or more cells) since 14,000 droplets

captured in a single pool using the 10x platform results in �11.2% doublets.77,88 We therefore employed

both hashtag and transcriptome-based doublet removal methods. Hashtag demultiplexing was carried

out with the Seurat package from the R software using ‘‘RC’’ (Relative Counts) with the MULTIseqDemux

function (See Hash_Demultiplexing.R script provided on Github). Droplet-level QC was carried out with

DropletQC to detect empty droplets and damaged cells and with scds to detect doublets (See

DropletQC_scds.R script provided on Github).78,81 Droplets that were either classified as a doublet, did

not have detectable hashtag antibodies fromMULTIseqDemux and scds, or were identified as empty drop-

lets by DropletQC, were removed from downstream analysis. Likewise, cells with more than 12.5% mito-

chondrial genes were also removed. After removal of droplets that did not pass the QC thresholds,

21,001 total cells remained consisting of 10,537 cells from the THhi and 10,464 from the THlo pools. The

cell cycle state of each cell was estimated using Cyclone76).

Cell type classification
Broad cell types. We leveraged three publicly available datasets as references for cell type classifica-

tion in the hypothalamus organoids. Two of those references were mouse scRNA-seq datasets with sam-

ples collected at multiple developmental timepoints.30,31 The final reference was a human neonatal

snRNA-seq dataset with samples spanning several neonatal developmental ages.19 The three reference

datasets were first processed separately. The human neonatal snRNA-seq dataset was filtered for 5%mito-

chondrial reads, consistent with the original manuscript, and cell types were annotated based on cluster

gene expression according to the manuscript.19 Both mouse hypothalamus scRNA-seq datasets were

pre-processed and filtered for cells with less than 10% mitochondrial reads (See Mouse_hypothalamu-

s_preprocessing_nature.R and Mouse_hypothalamus_preprocessing_CSC.R scripts provided on Gi-

thub).30,31 The three datasets were integrated together for Uniform Manifold Approximation and Projec-

tion (UMAP) visualization implemented in Seurat v4 (See Integrate.R script provided on Github).89 We

used multiple rounds of clustering to annotate broad cell type groups: neurons, IPCs, radial glial cells, as-

trocytes, OPCs, immature oligodendrocytes, oligodendrocytes, ependymal cells, tanycytes, endothelial

cells, VLMCs, andmicroglia (See Annotate_integrated_ref.R script provided on Github). We then identified

and removed doublets using scds and scDblFinder implemented through Demuxafy (v0.0.3; See Doublet

Detecting.R script on provided Github).77,80,81 We then applied this reference to predict cell types in the

hypothalamus organoids using scPred and a combination of MDA and svmRadial to best train the model

(Figure S3D).29 Cells that had high probability assignments for two different cell types (<0.15 difference)

were considered low-confidence predictions and were thus labeled as unassigned and excluded from

downstream analysis.

Neuronal subtypes. We used clustering to annotate the neurons present in the hypothalamus orga-

noid dataset. Table S5 lists the markers that were used for this step. Following the original cluster annota-

tion, we used bootstrapping to identify cells that were misclassified during clustering. Cells were reclassi-

fied to another cell type if their original neuron type annotation probability was less than 0.5 and if they had
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a probability greater than 0.5 of being another cell type while the other probabilities were at least 0.15 less

than the highest probability. Any cells with a second highest neuron cell type probability within 0.15 of the

highest neuron cell type probability were removed from downstream analysis since we could not be confi-

dent of the correct cell type.

DN subtypes. Cells identified as DNs were separated from the other cells, normalized, and clustered

at multiple resolutions to identify a resolution that appropriately resulted in biologically relevant groups. A

resolution of 0.7 was found to provide the best separation of different DNs and was used to annotate the

subtypes (Figure 5A).

RNA velocity analysis. DNs were processed with velocyto to quantify the spliced and unspliced reads

for each gene per cell (See velocyto.sh and velocyto_submit.sh scripts provided on Github). scVelo was

used to estimate RNA velocities across DNs (See DN_RNA_velocity.py script provided on Github).

Differential expression and pathway analysis for DNs. We tested for genes that were differentially

expressed between the DN population and non-DN neurons. We compared THhi DNs (isolated by FACS

and annotated as DNs) that expressed TH or TdTomato mRNA (or both) to non-DN neurons that were

THlo (isolated by FACS) and had no expression of either TH or TdTomato mRNA using theMAST algorithm

and corrected for ribosomal percentage, the number of unique molecular identifiers (UMIs) per cell, and

replicate (See DN_vs_neurons_DE.R script provided on Github).79
QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed in triplicates. The organoid size and IF staining quantifications were rep-

resented as mean G standard error of the mean (SEM). qRT-PCR and MEA results were shown as mean G

SD.When applicable, the statistical details and information on significance were included in figure legends.

The bar charts were generated in Microsoft Excel or GraphPad Prism. Single cell analysis and figures were

carried out in R.
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