
Competence of Inhibitory Neuron

Progenitors in the Telencephalon

Yana Kotlyarenko

München 2025





Competence of Inhibitory Neuron

Progenitors in the Telencephalon

Yana Kotlyarenko

Dissertation

an der Fakultät für Biologie

der Ludwig–Maximilians–Universität

München

vorgelegt von

Yana Kotlyarenko

aus Smila, Ukraine

München, den 14.04.2025



Erstgutachter: Prof. Dr. Wolfgang Enard

Zweitgutachter: Prof. Dr. Rüdiger Klein
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Abstract

Inhibitory neurons of the telencephalon are generated from ventral proliferative zones,

called ganglionic eminences. Here, progenitor cells mature and differentiate into specialized

GABAergic interneurons and projection neurons. This study explored the competence of

inhibitory neuron progenitors, how it is influenced by intrinsic and extrinsic factors during

neurogenesis, and how this reflects on the downstream neurons they generate. Multiple

important aspects were addressed to gain a comprehensive understanding of progenitor

behavior at different embryonic developmental stages. First, the developmental patterns

from progenitor cells to neuronal precursors were analyzed, comparing inhibitory and exci-

tatory lineages at different stages utilizing single-cell RNA sequencing (scRNA-seq). This

comparison highlighted the temporal dynamics and regional differences in neuronal devel-

opment, particularly between ventral and dorsal telencephalon lineages. Second, a genetic

barcoding method was employed to track the clonal relationships and fate commitment of

inhibitory progenitors at the single-cell level. Clonal analysis revealed no transcriptomic

signatures in the progenitor pool that could lead the differentiation towards a specific cell

state. Third, an in-depth analysis of isochronic cohorts of cells labeled with a fluorescent

dye and analyzed with scRNA-seq, revealed a link between the changes in gene expression

of the progenitors and a shift in the maturation level of newly born neurons at different

time points, indicating a possible birthmark in the progenitor-to-neuron transition. Finally,

this study explored the intrinsic and extrinsic factors that could affect the competence of



ii Abstract

progenitors, employing chromatin and gene interaction analyses to uncover the intrinsic

mechanisms governing inhibitory lineage progression, and transplantation, to shed light

on the role of the environmental factors. Overall, this research provides a framework for

understanding the patterning of inhibitory progenitor cells, the factors involved in their

competence, and the effect on the differentiation and maturation of their daughter cells.



Zusammenfassung

Hemmende Neuronen des Telencephalons entstehen aus ventralen proliferativen Zonen,

den sogenannten ganglionischen Eminenzen. Dort reifen Vorläuferzellen heran und dif-

ferenzieren zu spezialisierten GABAergen Interneuronen und Projektionsneuronen. Diese

Arbeit untersucht die Kompetenz inhibitorischer Vorläuferzellen, ihre Regulation durch in-

trinsische und extrinsische Faktoren während der Neurogenese sowie deren Einfluss auf die

nachfolgenden Neuronen. Um das Verhalten der Vorläuferzellen in verschiedenen embry-

onalen Entwicklungsphasen umfassend zu charakterisieren, wurden mehrere Ansätze kom-

biniert. Zunächst wurden Entwicklungsverläufe von Vorläuferzellen zu neuronalen Präcur-

soren mittels Single-Cell RNA Sequencing (scRNA-seq) analysiert und inhibitorische mit

exzitatorischen Zelllinien verglichen. Dadurch konnten zeitliche Dynamiken und regionale

Unterschiede der neuronalen Entwicklung, insbesondere zwischen ventralem und dorsalem

Telencephalon, aufgezeigt werden. Mithilfe genetischer Barcodierung wurde anschließend

die klonale Verwandtschaft und Schicksalsfestlegung inhibitorischer Vorläuferzellen auf

Einzelzellniveau verfolgt. Die Analysen zeigten, dass innerhalb des Vorläuferpools keine

eindeutigen transkriptomischen Signaturen existieren, die eine Differenzierung in einen bes-

timmten Zelltyp vorhersagen. Eine detaillierte Untersuchung isochroner, mit Fluoreszenz-

farbstoff markierter Zellkohorten enthüllte zudem eine Verbindung zwischen Veränderun-

gen in der Genexpression der Vorläufer und dem Reifegrad der neu gebildeten Neuronen

zu verschiedenen Zeitpunkten. Dies weist auf eine mögliche
”
Geburtsmarke“ im Übergang
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von der Vorläuferzelle zur reifen Nervenzelle hin. Abschließend wurden intrinsische und

extrinsische Faktoren identifiziert, die die Kompetenz der Vorläuferzellen beeinflussen.

Chromatin- und Geninteraktionsanalysen verdeutlichten die intrinsischen Mechanismen der

inhibitorischen Linienentwicklung, während Transplantationsexperimente die Bedeutung

umweltbedingter Einflüsse hervorhoben. Insgesamt bietet diese Arbeit ein umfassendes

Rahmenkonzept zum Verständnis der Musterbildung inhibitorischer Vorläuferzellen, der

zugrunde liegenden Regulationsmechanismen und deren Auswirkungen auf Differenzierung

und Reifung der entstehenden Neuronen.



1 Introduction

1.1 Neural progenitor cells in the telencephalon

Understanding brain development is essential for advancing our knowledge of evolution,

investigating the origins of various pathologies, and gaining insight into the factors that

define human cognition and behavior. At the heart of this exploration lies the central

nervous system (CNS), the dynamic network that orchestrates everything from our most

basic reflexes to the highest forms of cognition.

The CNS comprises the brain and the spinal cord and is highly conserved across ver-

tebrate species and throughout evolution. During embryonic development, three germinal

layers are formed: endoderm, mesoderm, and ectoderm (Ghimire et al., 2021). The ec-

toderm gives rise to the neural plate, where the CNS originates from. The neural plate

folds to form the neural tube, the internal cavity of which will develop into the ventricular

system of the brain and the spinal cord. At the “three-vesicle stage”, the brain differenti-

ates into the prosencephalon, mesencephalon, and rhombencephalon. At the “five-vesicle

stage”, the prosencephalon subdivides further into the telencephalon and diencephalon

(Fig.1.1A). Finally, the telencephalon gives rise to the neocortex dorsally and the basal

ganglia ventrally, with the cavity becoming the lateral ventricles (Singh (2017); Fig.1.1B).
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Figure 1.1: Schematic of the central nervous system development. A. Represen-
tation of the three- and the five-vesicle stage of brain development. B. Telencephalon
subdivision into neocortex dorsally and basal ganglia ventrally. Adapted from Singh, 2017.

Neural progenitors in the telencephalon are cells that can divide a limited number of

times and generate both neuronal and glial cell types (Malatesta et al., 2000; Haubensak

et al., 2004; Noctor et al., 2004). They were described for the first time in 1885 by Camillo

Golgi and characterized by others between the late 19th and the 20th century (Golgi

(1885); Ramón y Cajal (1911); Rakic (2003); Fig.1.2). Neural progenitor cells are most

commonly known as radial glial cells (RGCs) because of their elongated radial morphology.

They differentiate from neuroepithelial cells (NECs) after the neural tube closure when

unique markers for RGCs are expressed (Aaku-Saraste et al., 1996; Morest and Silver,

2003; Hatakeyama et al., 2004; Kageyama et al., 2008).

Radial glial progenitors are located in two transient proliferative zones in the developing

brain: the ventricular zone (VZ) and the subventricular zone (SVZ). The VZ is the primary

proliferative zone layering the ventricles while the SVZ is the secondary proliferative zone

immediately basal to the VZ that appears during later stages of development in both dorsal

and ventral telencephalon (Jay Angevine, 1970; Anderson et al., 1997). This zone can vary

considerably between gyrencephalic and lissencephalic mammals and is further subdivided
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into an outer SVZ (oSVZ) and an inner SVZ (iSVZ) (Smart et al., 2002). The oSVZ appears

to be present in the developing cortex of most gyrencephalic mammals (Fietz et al., 2010;

Borrell and Reillo, 2012), and only at later stages of neurogenesis in lissencephalic rat cortex

(Mart́ınez-Cerdeño et al., 2012). In the proliferative zones, RGCs undergo a phenomenon

called interkinetic nuclear migration, meaning that the cell nucleus translocates apically

or basally according to the cell cycle phase (Spear and Erickson, 2012). Based on their

placement and mitosis location, RGCs can be categorized into apical progenitors (APs)

and subapical progenitors (SAPs) in the VZ, and basal progenitors (BPs) in the SVZ

(Taverna et al., 2014). In the dorsal VZ, APs initially divide symmetrically, producing

additional RGCs and expanding the proliferative population (Takahashi et al., 1995; Cai

et al., 2002; Noctor et al., 2008). At the onset of neurogenesis, APs begin undergoing

asymmetric divisions (Caviness et al., 2003), which produce self-renewed RGCs, subtypes

of BPs, and/or neuronal daughter cells. All of these progenitors appear to have the ability

to self-renew and/or directly produce neurons (Malatesta et al., 2000; Hartfuss et al.,

2001; Miyata et al., 2001, 2004; Noctor et al., 2001; Taverna et al., 2014). In the ventral

telencephalon, there are fewer APs compared to BPs and SAPs (Pilz et al., 2013). While

the divisions of BPs and SAPs can generate neurons, they also contribute to proliferative

divisions, helping to expand the pool of progenitor cells (Götz and Huttner, 2005; Pilz

et al., 2013). In general, the relative abundance of APs, BPs, and SAPs can vary between

different telencephalic areas, neurogenesis stages, and species (Borrell and Reillo, 2012; Lui

et al., 2011).
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Figure 1.2: Santiago Ramón y Cajal (1888), Estructura de los centros nerviosos
de las aves. Lithograph of the structure of the nervous centers of birds.

1.2 Developmental patterns of telencephalic neurons

External patterning signals organize the telencephalon in distinct domains along the dorso-

ventral and anterior-posterior axes (Rubenstein et al., 1998; Wilson and Houart, 2004). In

the dorsal telencephalon, RGCs give rise to the glutamatergic neurons of the mammalian

cerebral cortex (Puelles et al., 2000) and can be distinguished by the expression of the

nuclear transcription factor Pax6 (Götz et al., 1998) and Nes (Hockfield and McKay, 1985;

Sunabori et al., 2008) in the VZ and Tbr2 in the SVZ (Englund et al., 2005). The prolifer-

ative zone in the ventral telencephalon gives rise to GABAergic neurons and is comprised

of three transient structures, the medial, lateral, and caudal ganglionic eminences (MGE,



1.2 Developmental patterns of telencephalic neurons 5

LGE, and CGE). Here, the RGCs also express Nes in the VZ and ventral-specific genes

such as Gad2 and Ascl1 in the SVZ (Erlander et al., 1991; Castro et al., 2011; Le et al.,

2017). Furthermore, each of the GEs is characterized by a distinct set of transcription

factors. For example, Nkx2-1 is restricted to the MGE (Shimamura et al., 1995), Ebf1 to

the LGE (Lobo et al., 2008), and Nr2f1 and Nr2f2 to the CGE (Hu et al., 2017; Mayer

et al., 2018). The GABAergic cells originating from the GEs constitute a wide variety of

regions in the telencephalon. The MGE produces cortical and striatal interneurons (An-

derson et al., 2001; Wonders and Anderson, 2006; Xu et al., 2004; Flames et al., 2007), the

LGE gives rise to medium spiny neurons that migrate to the striatum and interneurons

that travel to the olfactory bulb (Olsson et al., 1998; Wichterle et al., 2001; Waclaw et al.,

2009; Torigoe et al., 2016; Bandler et al., 2017). Finally, the CGE produces interneurons

that will innervate the striatum, cortex, and amygdala (Nery et al., 2002; Miyoshi et al.,

2010).

The developmental time window of neurogenesis varies widely across species. In mice,

neurons are generated between embryonic days 11 and 17 (Caviness et al., 1995), in humans

from gestation week 10 to 25 (Clancy et al., 2001). Numerous studies have attempted to

model the patterning of different neuron types during development, considering factors like

temporal and spatial coordinates or modes of division of mitotic cells. These efforts have

led to the development of various theories, many of which continue to be widely debated

today (Bandler et al., 2017; Telley and Jabaudon, 2018).

1.2.1 Development of glutamatergic neurons

Neurogenesis in the mammalian cerebral cortex follows a highly ordered developmental

program, in which the six cortical layers (L1-L6) are generated sequentially. Early-born

neurons form the deep layers (DLs), while late-born neurons give rise to the superficial lay-

ers (SLs) in an inside-out pattern (Fig.1.3, Rakic, 1974; Molyneaux et al., 2007; Gaspard
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et al., 2008; Di Bella et al., 2021). DL neurons, located in L6 and L5, can be transcription-

ally categorized into at least 20 distinct subtypes and primarily project to the subcortex.

In contrast, SL neurons, found in L4 and L2/3, are transcriptionally classified into about

5 subtypes and mainly project within the cortex (Florio and Huttner, 2014; Govindan and

Jabaudon, 2017; Tasic et al., 2018). Transplantation studies in ferrets in 1985 demon-

strated that cortical progenitor cells are intrinsically committed to producing only one

specific cortical layer (McConnell, 1985). Subsequent single-cell transcriptomic studies in

mice revealed that the transcriptional states of APs are temporally regulated, resulting

in progressively distinct neural fates (Yuzwa et al., 2017; Vitali et al., 2018; Telley et al.,

2019).

Figure 1.3: Schematic of glutamatergic neurons development. Representation of
the inside-out pattern of cortical development. CThPN: corticothalamic projection neuron;
SCPN: subcerebral projection neuron; CPN: callosal projection neuron; VZ: ventricular
zone; SVZ: subventricular zone; AP: apical progenitor; BP: basal progenitor. Adapted
from Di Bella et al., 2021.
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Early transplantation experiments also showed that progenitors are competent to re-

spond to extrinsic cues, altering the fate of their daughter cells. However, this plasticity

becomes increasingly limited as neurogenesis progresses (McConnell and Kaznowski, 1991).

More detailed studies, combined with single-cell sequencing, revealed that in the dorsal te-

lencephalon, APs remain temporally plastic while BPs undergo progressive fate restriction,

losing the capacity to generate earlier cell types (Shen et al., 2006; Oberst et al., 2019).

1.2.2 Development of GABAergic neurons

In the ventral telencephalon, progenitors located in the GEs generate neurons that will

migrate to multiple telencephalic areas, including the cortex, the basal ganglia, the olfac-

tory bulb and limbic structures such as the amygdala and the nucleus accumbens (Fig.1.4,

Wichterle et al., 2001; Nery et al., 2002; Wonders and Anderson, 2006), generating ap-

proximately 60 distinct transcriptomic neuron types (Tasic et al., 2018). These cell types

are frequently located in distant and distinct brain regions, indicating that long-range

migration and dispersion are common features among nearly all classes of telencephalic

GABAergic neurons (van Velthoven et al., 2024). Among the different subpopulations of

GABAergic neurons, most of somatostatin (Sst)-expressing neurons and all parvalbumin

(Pvalb)-containing cells derive from the MGE whereas the majority of calretinin (Calb2)-

containing cells and half of the neuropeptide y (Npy)-expressing neurons arise from the

CGE (Gelman et al., 2011; Inan et al., 2012; Wonders et al., 2008). The different spiny

projection neurons of the striatum originate in the LGE (Fentress et al., 1981). Several

mechanisms have been shown to guide cell fate decisions in the ventral telencephalon, in-

cluding spatial gradients of signaling factors (Flames et al., 2007; Xu et al., 2010; Brandão

and Romcy-Pereira, 2015), cellular birthdates (Rymar and Sadikot, 2007; Bandler et al.,

2017; Inan et al., 2012; Miyoshi and Fishell, 2011), and the mode of neurogenesis (Petros

et al., 2015). Single-cell transcriptome studies have revealed that the initial gene expression
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signatures of GABAergic neuron subtypes emerge soon after cells exit the cell cycle and

before they migrate to their final locations within the telencephalon (Chen et al., 2017;

Mayer et al., 2018; Mi et al., 2018). Furthermore, a clonal analysis with heritable DNA tags

showed that during peak neurogenesis, individual mitotic progenitor cells in the GE pos-

sess the competence to generate inhibitory neurons with diverse transcriptomic signatures

(Bandler et al., 2022). It remains debated whether different neuron subtypes are produced

by distinct pools of committed progenitors or whether progenitors remain plastic and their

competence is influenced by other factors that change during the course of neurogenesis

(Hippenmeyer, 2023; Huilgol et al., 2023).

Figure 1.4: Schematic of GABAergic neurons development. Representation of the
proliferative zones and neuronal precursors in the ventral telencephalon. MGE, CGE, LGE:
medial, caudal, lateral ganglionic eminence; VZ: ventricular zone; SVZ: subventricular zone.
Adapted from Turrero Garćıa and Harwell (2017).
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1.3 Competence of neural progenitor cells

The developmental strategies of neuronal cell types are shaped by a combination of cell-

intrinsic and cell-extrinsic properties. These properties define the competence of progenitor

cells, which in turn influence the characteristics of their progeny (Vitali et al., 2018; Telley

et al., 2019). Competence refers to a cell’s ability to respond to various internal and external

cues, determining how it will proceed in the differentiation and maturation processes.

Differentiation is the procedure through which cells adopt specific fates, leading to the

formation of distinct neuronal cell types. Maturation refers to the process by which a cell

achieves its full functional potential and adaptability (Alvarez-Dominguez and Melton,

2022). Research showed that the competence of progenitor cells can shift over time; for

example, dorsal neural progenitors gradually lose the ability to produce early-born cell

types (competence restriction) and acquire the ability to produce later-born cells, meaning

that each neural cell type in the cortex has a restricted time-frame for specification (Desai

and McConnell, 2000).

1.3.1 Intrinsic factors

Intrinsic factors are cell-autonomous mechanisms that include genetic programs, transcrip-

tion factors, and epigenetic modifications. They regulate the expression of specific protein

sets that define the unique structure, activity, and response to signals of each neuronal

type.

Specific transcription factors play key roles in determining the identity and competence

of neuronal progenitors by activating or repressing lineage-specific genes. For example,

basic helix-loop-helix (bHLH) factors like Neurog2, Ascl1, and Olig2 are key transcription

factors that control whether progenitors become neurons, astrocytes, or oligodendrocytes

(Bertrand et al., 2002; Ross et al., 2003; Meijer et al., 2012; Namihira and Nakashima, 2013).
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Another finely regulated process in neurogenesis is the self-renewal versus differentiation

of progenitor cells. Here, Hes1 is a bHLH factor that regulates self-renewal by directly

repressing the expression of Neurog2 or Ascl1 (Bertrand et al., 2002; Hatakeyama et al.,

2004; Imayoshi et al., 2008).

Epigenetic modifications include alterations in chromatin structure, DNA methylation,

and histone modifications, which introduce an additional layer of regulation to gene ex-

pression. The transition from neuroepithelial cell to progenitor to postmitotic neuron

involves considerable chromatin structure rearrangements, where a more open chromatin

landscape (euchromatin) gradually transitions to cell-type-specific patterns of more closed

chromatin (heterochromatin) (Stergachis et al., 2013). In this scenario, the consolidation

of heterochromatin includes increased interactions on a large scale within topologically

associating domains (TADs) that contain neuronal genes (Bonev et al., 2017). TADs are

genomic regions characterized by a high level of self-interaction, therefore they are con-

sidered functional units of the genome. Multiple enhancers per gene can be found within

each TAD, potentially allowing for more complex regulation of the timing and cell-type

specificity of gene expression (Closser et al., 2022). Transcription factors can promote

chromatin opening or closing and, in some cases, may perform both roles depending on

their site of action. For instance, FOXP2 represses the expression of genes that characterize

progenitor cells in the deeper layers of the cortex, and, in collaboration with NFI cofactors,

it promotes euchromatin for genes related to cell maturation (Hickey et al., 2019).

Histone modifications link epigenetic changes at individual loci to larger-scale changes

in chromatin, facilitating the fine-tuning of spatiotemporal gene expressions during neu-

rogenesis. Distinct, reversible histone modifications, such as methylation and acetylation,

are associated with the repressing or activating of genes at individual loci. For example,

histone methylation can be considered an active mark or a repressive mark of transcrip-

tion, depending on the methylated residue. Methylation of histone H3 on lysine 4 (H3K4),
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lysine 36 (H3K36), lysine 79 (H3K79), or arginine 17 (H3R17) is largely involved in tran-

scriptional activation (Di Nisio et al., 2021). Various histone-modifying enzymes catalyze

the addition or removal of a specific histone modification (Kouzarides, 2007), and their

expression is closely linked to the regulation of key neurogenesis processes. For instance,

during the cerebral cortex development, the loss of EZH2, an H3K27 methyltransferase,

disrupts neurogenesis timing and affects the proportions of different cell types, leading to

premature neuronal differentiation (Pereira et al., 2010).

1.3.2 Extrinsic factors

Extrinsic factors include external signals from the environment—such as growth factors,

signaling molecules, and cell-cell interactions—that influence the competence of neuronal

progenitors. These extrinsic factors act both as fate determinants and as synchronizers of

overall neurogenesis activity (Camacho-Aguilar and Warmflash, 2020). Signaling molecules

or morphogens are released in a gradient from specific regions within the developing tissue.

Progenitor cells respond differently to these signals depending on their proximity to the

source and the duration of exposure (Sugimori et al., 2007). This mechanism enables a

vast diversity of progenitor cell types to arise from a relatively small set of genes. For

instance, during spinal cord development, progenitor pools commit to different fates in

response to morphogen gradients, most notably Sonic hedgehog (Shh)(Briscoe et al., 2000;

Placzek and Briscoe, 2005). Extracellular signaling molecules can also act as regulators

of neuronal production, as in the case of Wnt activity (Chenn and Walsh, 2002; Machon

et al., 2007). At early stages of corticogenesis, downregulation of WNT signaling primarily

decreases precursor proliferation (Woodhead et al., 2006), while at later stages it also

inhibits neuronal production (Munji et al., 2011).
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1.4 Methods for analyzing cell development

To investigate cell development and commitment in complex organisms, numerous tech-

niques have been developed over the years to label cells in vivo and analyze their contri-

butions to embryonic development. Early approaches relied on non-transgenic methods,

such as direct observation in transparent organisms (Sulston et al., 1983), injection of non-

specific markers (Beddington, 1982; Grimm et al., 2017), and cell or tissue transplantation

(Le Douarin, 1993; Pas,ca, 2024). Advances in genetic engineering have introduced more

sophisticated techniques based on retroviral injection (Stuhlmann et al., 1984; Turner and

Cepko, 1987; Yamashita and Emerman, 2006), genetic recombination (Nagy, 2000; Grind-

ley et al., 2006; Jensen and Dymecki, 2014), or plasmid transfection (Figueres-Oñate et al.,

2019). The use of these methods is designed to be temporally and spatially regulated while

minimizing disruption to the organism’s development. In recent years, the integration of

cell development analysis with single-cell technologies (Tang et al., 2009; Trapnell et al.,

2014; Stuart et al., 2019) and CRISPR systems (Dixit et al., 2016; Alemany et al., 2018)

has enabled unprecedented levels of resolution and information. Computational methods

for reconstructing lineage trajectories from cell transcriptomes have also considerably ad-

vanced (Cannoodt et al., 2016; Wagner and Klein, 2020). Various algorithms have been

developed, based on dimensionality reduction, nearest neighbor graph, or hierarchical clus-

tering (Kester and van Oudenaarden, 2018). In this study, a combination of transgenic

and non-transgenic analysis approaches was utilized alongside single-cell methods and di-

mensionality reduction algorithms, to investigate the competence of GABAergic neuron

progenitors in the telencephalon.
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1.4.1 Clonal tracking: TrackerSeq

Clonal tracking techniques mark a progenitor cell and its descendants, allowing the con-

struction of genealogical trees that trace increasingly committed cells as development pro-

gresses. The diversity of cell types found in the progeny is representative of the fate

potential of the original cell and its commitment at the time of the experiment. In this

study, a method known as TrackerSeq (Bandler et al., 2022) was utilized to explore the

clonal relationships between GABAergic progenitors and their daughter cells. TrackerSeq

is a technique where a library of genetic barcodes is utilized to mark cells and track their

relationships as the organism develops. To obtain the barcodes, a high complexity library

of 37–bp synthetic nucleotides is generated. Each barcode is cloned into the 3' untranslated

region of eGFP in a plasmid. Plasmids containing the barcoded eGFP reporter cassette

and a piggyBac transposon are then electroporated into the cells where they integrate into

the genome through the cut-and-paste mechanism of the transposon (Ding et al., 2005).

This method is effective because it can tag mitotic progenitors in the ganglionic eminences

and is highly efficient, leveraging the diverse barcode library (approximately 4.3 million

lineage barcodes), the precision of electroporation (Saito and Nakatsuji, 2001), and the

efficiency of the piggyBac transposon (Kim and Pyykko, 2011).

1.4.2 Birthdating method: FlashTag

Birthdating techniques monitor isochronic cell populations from the moment of their birth

to the time of collection, providing insights into the temporal changes in their progenitors’

competence. The most widely used birthdating methods are BrdU or EdU labeling, which

are thymidine analogs incorporated into cells during DNA synthesis (S phase of the cell

cycle; Miller and Nowakowski (1988); Zeng et al. (2010). Historically this method is used to

trace cohorts of cells born at the same time, however, this definition is imprecise: labeling
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during the S phase prevents tracking the exact moment when the targeted cells exit the

cell cycle, as they might stay in a mitotic state and keep self-renewing. In this study, a

birthdating technique called FlashTag (FT) was utilized, which labels cells that are adja-

cent to the ventricular surface during the M phase of the cell cycle due to the interkinetic

nuclear migration (Govindan et al., 2018). The labeling works by injecting a carboxyflu-

orescein succinimidyl ester (CFSE) dye into the mouse ventricles. Once the CFSE enters

the cell cytoplasm, it undergoes cleavage and emits fluorescence. It gets diluted with each

cell division and is fully retained only in the newly born neurons that exit the cell cycle

shortly after the dye injection. This allows a more precise tracing of isochronic cohorts of

newborn neurons in comparison to other techniques.

1.4.3 Transplantation-based method

Fate mapping of neuronal progenitor cells consists of marking them in the embryo at a

specific time and place and then determining what these cells and all their descendants

become after development is complete. One way of achieving cell fate mapping is by

transplantation of labeled cells into a host. This technique allows the monitoring of con-

tributions of progenitor cells to the embryo and studying the influence of intrinsic versus

extrinsic factors in processes such as cell migration and specification (Cunningham and

McKay, 1994). Moving a cell to a different anatomical area (heterotopic transplantation)

or into a different developmental time (heterochronic transplantation) can reveal the ex-

tent to which extrinsic cues act upon its competence. Transplantation of embryonic LGE

and MGE progenitors to postnatal mouse cortex revealed that the unique migratory po-

tentials of inhibitory cells are intrinsic and linked to the germinal zone they originate from

(Campbell et al., 1995; Wichterle et al., 1999). However, transplantation of striatal precur-

sors into distinct telencephalic regions led to distinct morphologies and axonal projections,

specific to the area of their final location (Fishell, 1995). Pioneering studies that utilize
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heterochronic transplantation of early and late cortical progenitors in ferrets revealed that

their fate potential changes over time, and their competence to generate diverse cell types

becomes gradually restricted (McConnell and Kaznowski, 1991; Frantz and McConnell,

1996). These findings were later confirmed by combining transplantation techniques with

single-cell analysis, which enabled studying differences in competence for each progenitor

subtype (Oberst et al., 2019).





2 Aims of the study

The objective of this study was to offer new insights into the competence of inhibitory

neuron progenitors in the telencephalon, examining how it changes during neurogenesis

and how it affects the downstream neurons they generate. To achieve this, this study is

divided into four parts, each addressing a different question:

1. What is the genetic landscape of the inhibitory lineage in progenitors and precursors

at different stages of neurogenesis, and how does it differ from the excitatory lineage? To

answer this, transcriptome data that includes inhibitory progenitors and precursors at dif-

ferent stages of neurogenesis were explored and compared to their excitatory counterparts.

2. What is the clonal output and fate commitment of inhibitory progenitors? To answer

this, two TrackerSeq datasets from early and late time points were compared, revealing the

clonal relationships and the transcriptomes of inhibitory progenitors. The clonal analysis

and the comparison between stages helped to shed light on the differentiation competence

and fate commitment of inhibitory progenitor cells on a single-cell level.

3. How does progenitor competence evolve during neurogenesis, and how does this

impact their neuronal daughter cells? To address this, isochronic cohorts of neurons were

investigated. Different injection and collection times were employed to focus on the newly

born neurons and the transcriptomic signatures transmitted from their progenitor cells.

This analysis revealed important insights into the maturation competence of GABAergic

progenitors.
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4. What intrinsic and extrinsic factors influence the competence of inhibitory neuron

progenitors? To explore the intrinsic information carried by progenitor cells beyond the

transcriptome level, chromatin, and gene interactions were investigated. Furthermore,

transplantation experiments were conducted to study extrinsic mechanisms that might act

upon progenitor competence.



3 Materials and Methods

3.1 Animals

All experiments were conducted according to institutional guidelines of the Max Planck

Society and the regulations of the Bavarian government ethical committee. Mice were

group housed in isolated ventilated cages (room temperature 22 ± 1◦C, relative humidity

55±5%) under a 12 h dark/light cycle with ad libitum access to food and water. Embryos

were staged in days post-coitus, with embryonic day (E) 0.5 defined as 12:00 of the day a

vaginal plug was detected after overnight mating.

Strain name Common name Reference
C57BL/6NRj - Janvier Labs
Tg(dlx6a-cre)1Mekk Dlx6-Cre JAX:008199 (Monory et al., 2006)
Rosa26LSL-tdTomato Ai9 JAX:007909 (Madisen et al., 2010)

Table 3.1: List of mouse strains utilized in the study.
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3.2 Single cell transcriptome datasets

3.2.1 Experiment design and sample preparation

Single-cell RNA sequencing

Brains from Dlx5/6-Cre::tdTomato mouse embryos were collected at E12.5, E14.5 or E16.5

in ice-cold L-15 medium (Thermo Fisher Scientific, 11415064) containing 5% FBS. Gan-

glionic eminences were manually dissected and dissociated with the Miltenyi BioTech Neu-

ral Tissue Dissociation Kit (P) (#130-092-628) on a gentleMACS Dissociator according

to the manufacturer’s protocol. From the same brains, cortical and striatal regions were

dissected, dissociated, and FACS-enriched for tdTomato-positive cells using a SY3200 Cell

Sorter (software WinList3D version 8.0.2) or BD FACSAria III Cell Sorter (BD FACSDiva

Software, version 8.0.2) with a 100 µm nozzle. Finally, TdTomato-positive neurons from

the cortex and striatum were pooled with neurons from the ganglionic eminences (GEs),

and scRNA-seq was performed (Fig.3.1). Three embryos per replicate were utilized for a

total of 6 embryos for E12.5 and E16.5 and 3 embryos for E14.5 (Table3.2).

Figure 3.1: Sample preparation and collection to generate the scRNA-seq
datasets. Embryonic brain areas are dissected and dissociated into a cell suspension
at E12.5, E14.5, and E16.5. Fluorescence-activated cell sorting (FACS) is utilized to en-
rich cell states of interest. After cell pooling, single-cell RNA sequencing is performed.
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Single-cell RNA sequencing combined with TrackerSeq

Timed pregnant mice were anesthetized with isoflurane (5% induction, 3% during the

surgery) and treated with the analgesic Metamizol (WDT). The TrackerSeq library was

prepared according to the protocol from Bandler et al. (2022). For in utero electroporation

(IUE) at E16.5, embryos were injected unilaterally in the lateral ventricle with 700 nL of

DNA plasmid solution made of 0.5 µg µL−1 pEF1a-pBase (piggyBac-transposase) and the

TrackerSeq library 0.5 µg µL−1, diluted in endo-free TE buffer and 0.002% Fast Green FCF

(Sigma). Embryos were then electroporated with 5 electric pulses (50 V, 50 ms at 1 Hz)

with a square-wave electroporator (BTX, ECM 830). GFP-positive cells were isolated with

FACS 96 hours later, and scRNA-seq was performed (Fig.3.2).

Figure 3.2: Schematic representation of the experimental procedure to generate
the TrackerSeq dataset. A. Vector maps of TrackerSeq. PBase: piggyBac transposase.
B. Experimental workflow to generate scRNA-seq datasets of clonally related cells. IUE:
in-utero electroporation.

Single-cell RNA sequencing combined with FlashTag

Timed pregnant mice were anesthetized with isoflurane and treated with the analgesic

Metamizol as previously described. A CFSE working solution was prepared by adding

8 µL of DMSO and 1 µL of Fast Green to one vial of CellTrace CFSE (CellTraceTM

CFSE, Life Technologies, #C34554) for a final concentration of 10 mM, following the

instructions from Govindan et al. (2018). To generate FTE12.5 + 6h and FTE16.5 + 6h,
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500 nL of CFSE working solution was injected into ventricles of wild-type C57BL/6NRj

embryos at E12.5 and E16.5 respectively. The abdominal wall was then closed, and the

embryos were left to develop until collection. After six hours, GEs were manually dissected

and dissociated on the gentleMACS Dissociator according to the manufacturer’s protocol

(Fig.3.3A,B). FlashTag positive cells with high intensity (> 105) were sorted using FACS

and scRNA-seq was performed (Fig.3.3C). For FTE12.5 + 96h, 500 nL of CFSE working

solution was injected into ventricles of Dlx5/6-Cre::tdTomato embryos at E12.5. After

96 hours, the striatum and cortex were dissected and dissociated on the gentleMACS

Dissociator. FlashTag and tdTomato positive cells were sorted using FACS, and scRNA-

seq was performed (Fig.3.3A,B).
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Figure 3.3: Schematic representation of the experimental procedure to generate
the FlashTag dataset. A. Experimental procedure to create scRNA-seq datasets of
cells labeled with FlashTag at different injection and collection time points. B. Coronal
sections of ganglionic eminences at E12.5 and E16.5 six hours after injection with CFSE.
GE: ganglionic eminence. C. FlashTag intensity cut-off utilized for fluorescence-activated
cell sorting.

3.2.2 Library preparation

Single-cell RNA sequencing

For experiments employing the 10x Genomics platform, Chromium Single Cell 3’ Library

& Gel Bead Kit v3 (PN-1000075), Chromium Single Cell 3’ Chip Kit v3 (PN-1000073),
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Dataset type Stage Replicates Embryos
scRNA-Seq E12.5 2 6
scRNA-Seq E14.5 1 3
scRNA-Seq E16.5 2 6
TrackerSeq E16.5+96h 1 1
FlashTag E12.5+6h 2 6
FlashTag E16.5+6h 2 6
FlashTag E12.5+96h 1 3

Table 3.2: Overview of the datasets, the number replicates and the number of animals
utilized in experiments involving scRNA-seq.

and Chromium i7 Multiplex Kit (PN-120262) were used according to the manufacturer’s

instructions. Additionally, Chromium Single Cell 3’ Library & Gel Bead Kit v3.1 (PN-

1000268), Chromium Single Cell 3’ Chip Kit v3.1 (PN-1000127), and Dual Index Kit TT Set

A (PN-1000215) were used according to the manufacturer’s instructions in the Chromium

Single Cell 3’ Reagents Kits v3.1 User Guide (Dual Index). Libraries were quantified using

a BioAnalyzer (Agilent) and sequenced either on an Illumina NextSeq500 or Novaseq at

the Genomics Core Facility of the Helmholtz Center, at the Next Generation Facility of

the Max Planck Institute of Biochemistry, or at MLL Münchner Leukämielabor GmbH.

TrackerSeq

The lineage barcode library retrieved from RNA was amplified with a standard NEB pro-

tocol for Q5 Hot Start High-Fidelity 2X Master Mix (#M094S) in a 50 µL reaction, using

10 µL of cDNA as a template. 2 PCR Mix:

• 25 µL Q5 High-fidelity 2X Master Mix

• 2.5 µL 10 µmol P7 indexed reverse primer

• 2.5 µL 10 µmol i5 indexed forward primer

• 10 µL molecular-grade H2O



3.2 Single cell transcriptome datasets 25

• 10 µL cDNA

PCR protocol:

1. 98 °C for 30 s

2. 98 °C for 10 s

3. 63 °C for 20 s

4. 72 °C for 10 s

5. repeat steps 2–4 for 11 to 18 times

6. 72 °C for 2 min

7. 4 °C hold

Libraries were purified with a dual-sided SPRI selection using Beckman Coulter Agencourt

RNAClean XP beads (Beckman Coulter, A63987) and quantified with a BioAnalyzer.

3.2.3 Analysis

Sequencing reads were processed using CellRanger v3.0.2 or v6.1.2 (Zheng et al., 2017),

using the mouse reference genome mm10 v2.1.0. Resulting count matrices were analyzed

using the Seurat package v4.3.0 (Hao et al., 2021) in R v4.1.0. For each dataset, high-

quality cells were filtered by the number of genes and mitochondrial read fraction (Fig.3.4).

Subsequently, counts were normalized and corrected for sequencing depth using Seurat’s

NormalizeData function. Cell-cycle assignments for each cell were calculated using the

cell-cycle gene list from (Tirosh et al., 2016).
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Figure 3.4: Summary of data quality metrics.Violin plot illustrating the number of
genes, counts, and mitochondrial gene fraction per cell for each replicate.

After identification of highly variable features as described in (Butler et al., 2018),

scaled gene-expression values were calculated by applying z-normalisation to the 2000

most variable genes, whilst simultaneously regressing out unwanted sources of variation:

sequencing-depth, feature-depth, mitochondrial read fraction, and estimated difference be-

tween cell-cycle phases with the ScaleData function (Fig.3.4). The FindClusters function

was used to identify cell clusters. The FindAllMarkers function was used to identify cluster

marker genes. Clusters with marker genes of excitatory neurons (e.g. Neurod1, Neurod6,

Tbr2) or non-neuronal cells (e.g. Apoe, Olig1, Flt1, Pdgfra) were filtered out and ex-

cluded from the following steps. Raw counts of samples from scRNASeq, TrackerSeq,

and FlashTag datasets were merged using the Seurat package and aligned using Monocle3

v1.0.0 (Trapnell et al., 2014; Qiu et al., 2017; Cao et al., 2019; Fig.3.5A). For this purpose,

the scaled matrix from the Seurat object was converted into a Monocle3 object of the

cell data set class and preprocessed without the default normalisation, as the dataset was

already normalised. Batch-correction was performed using Batchelor v1.8.1 (Haghverdi

et al., 2018) followed by Leiden-clustering (using fine resolution) and dimensional reduc-

tion using UMAP (McInnes et al., 2020). A developmental trajectory was fitted as a
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principal graph through fine clusters based on the UMAP-embedding. The root of the

trajectory was defined as the cells with the highest Nestin gene expression, identified in

the “Fabp7” cluster. A pseudotime score was assigned to each cell based on its projected

position on the trajectoryFig (3.5B). Leiden clustering (using coarser resolution in Mon-

ocle3) identified distinct clusters of cell states. Marker genes specific to each cluster were

identified by running differential expression analysis (in Seurat) using the FindAllMarkers

function. Clusters were manually annotated based on marker gene expression. The transi-

tion between mitotic and postmitotic cells was defined by selecting the highest pseudotime

score of mitotic clusters as the threshold (3.5C).

Figure 3.5: Summary of datasets collected with different methods to investigate
the competence of progenitors located in the ganglionic eminences. UMAP plot
depicting single cells derived from scRNAseq, TrackerSeq, and FlashTag datasets aligned
in Monocle3. Cells are coloured by A. Dataset type, B. Pseudotime score, C. Cell cycle
phase.

Merging the transcriptome data to publicly available datasets

For this analysis, publicly available datasets were utilized: raw counts of e13.5 and e15.5

datasets from (Bandler et al., 2022) (GSE IDs: GSM5684874, GSM5684875, GSM5684876,

GSM5684877, GSM5684878, and GSM5684879) and raw counts from the developing mouse

somatosensory cortex (Di Bella et al., 2021) at stages E12.5 to E16.5 (GSE IDs: GSM4635073,

GSM4635074, GSM4635075, GSM4635076, and GSM4635077). The count matrices were

merged with the scRNASeq datasets to create a combined Seurat object (Fig.3.6A). Cells
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were filtered based on the mitochondrial read fraction (≤ 10%). Normalization, scaling,

batch correction, dimensionality reduction, and clustering were performed as previously

described (Fig.3.6B,C). Clusters were manually annotated based on top marker gene ex-

pression. For cells originating from Di Bella et al., we utilized the annotations available

from the original paper (Di Bella et al., 2021).

Figure 3.6: Summary of merged scRNA-seq datasets of inhibitory and excitatory
cells. UMAP plot depicting single cells derived from datasets of this study, from Bandler
et al. (2022) and from Di Bella et al. (2021). The datasets are aligned in Monocle3 and
coloured by A. Dataset origin, B. Pseudotime score, C. Cell cycle phase.

To screen for variable genes along the pseudotime trajectory in inhibitory and excita-

tory lineages, the following steps were performed:

(1) For each lineage, cells were binned from each stage into ten sections based on their

inferred pseudotime.

(2) Enriched genes were selected based on two criteria: high expression and high gene abun-

dance. High expression was inferred by calculating the fold change between the expression

in all cells inside the bin compared to all cells outside the bin. High gene abundance was

calculated by comparing the fraction of cells that express a gene inside versus outside the

bin (a gene was considered to be expressed in a cell if its scaled expression value was higher

than 0.5).

(3) A normal distribution was fitted to the changes in expression and abundance. Signifi-

cantly enriched genes were selected when the difference in expression and abundance was
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higher than the corresponding average difference plus two times the standard deviation of

the corresponding fitted distribution.

(4) Steps two and three were repeated for each bin.

(5) The trajectory of inhibitory neurons branches out as cells leave the cell cycle, therefore

this algorithm was run for each branch independently and only genes that appeared in at

least two out of five branches were selected.

TrackerSeq analysis

TrackerSeq barcode reads were pre-processed as described in (Bandler et al., 2022). To

assess the clonal coupling between cell states, z-scores between clusters were calculated

(Wagner et al., 2018). The z-score is defined as the number of shared barcodes relative to

randomized data, with values ranging from positive (coupled clusters) to negative (anti-

coupled clusters). These random permutations were used to calculate empirical P -values.

For coupled pairs of clusters, the null hypothesis is that the observed coupling is not higher

than random coupling. Conversely, for anticoupled pairs, the null hypothesis is that the

observed coupling is not lower than random couplings. A random coupling is in contra-

diction to the null hypothesis when a permutation for one pair of clusters scores above

the observed coupling (for positively coupled pairs), or below the observed coupling (for

negatively coupled pairs). The relative fraction is reflected in the empirical P -value, which

was consequently corrected for multiple comparisons using the Benjamini-Hochberg (FDR)

method (Benjamini and Hochberg, 1995).

Clones were identified as “dispersing” or “non-dispersing” depending on whether their

cells were distributed in multiple or just one branch tip, respectively. To test whether

the transcriptome of mitotic progenitors in “non-dispersing” clones was predictive of their

postmitotic state, “non-dispersing” clones were grouped by their postmitotic cell state in
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both TrackerSeqE12.5 + 96h and TrackerSeqE16.5 + 96h combined. Separate data frames were

created for mitotic and postmitotic subsets of each group. Pearson correlation coefficients

were calculated between pairs of gene expression within different subsets, generating all

the possible combinations of pairs within the columns of the data frames. The subsets of

postmitotic clones, mitotic clones, and randomly selected mitotic cells were all correlated

to the postmitotic reference group.

3.3 Chromatin accessibility datasets

3.3.1 Sample and library preparation

Sample preparation was performed following the same procedure as for FTE12.5 + 6h and

FTE16.5 + 6h in the previous section. Single-cell ATAC-seq was performed according to the

Chromium Single Cell ATAC Reagent Kits v1 user guide (10x Genomics). FACS sorted

cells were centrifuged at 500 rcf for 5 min at 4 ◦C and resuspended in 100 µL chilled

diluted lysis buffer and incubated for 5 min at 4 ◦C. 1 ml of chilled wash buffer was added

to the lysed cells and mixed five times with a pipette, followed by centrifugation at 500 rcf

for 5 min at 4◦C. The isolated nuclei were counted (using a c-chip hemocytometer) and

resuspended in an appropriate volume of chilled diluted nuclei buffer to reach the desired

final nuclei concentration. The nuclei were immediately used to generate single-cell ATAC

libraries, followed by paired-end sequencing on the Illumina NextSeq 500 platform (Fig.3.7.
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Figure 3.7: Schematic of the experimental steps to obtain the FlashTag-labelled
scATAC-seq datasets.

3.3.2 Analysis

The analysis of scATAC-seq data in this study was carried out in collaboration with Dr.

Ann Rose Bright

The raw sequencing data (BCL file) were converted to the fastq format using cellranger-

atac mkfastq function from Cell Ranger ATAC v1.2.0 (Satpathy et al., 2019). The reads

were aligned to the mm10 (GRCm38) mouse reference genome and fragment files were

generated using the cellranger-atac count function. Both time points included 2 replicates,

and the aligned fragment files were converted to arrow files and analyzed further using

the ArchR package v1.0.1 (Granja et al., 2021). Dimensionality reduction was performed

using latent semantic indexing (LSI), followed by batch correction using Harmony v0.1.1

(Korsunsky et al., 2019). To extract the trajectories of interest and integrate them into

an ArchRProject, the getTrajectory and addTrajectory functions were run. Pseudotime

heatmaps were generated to visualize enriched motifs.

Temporal dynamics and coverage plots

Peak calling was performed using addReproduciblePeakSet function, which runs MACS2

(Zhang et al., 2008) to identify marker peaks for FTE12.5 + 6h and FTE16.5 + 6h datasets. To
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categorize peak sets into unique and overlapping peaks, the findoverlap function was used.

For both scATAC-seq and H3K4me3 ChIP-seq datasets, coverage for each peak category

was calculated using the ScoreMatrixList function.

Transcription factor footprint analysis

Footprint analysis was carried out on FTE12.5 + 6h and FTE16.5 + 6h datasets using tran-

scription factor occupancy prediction tool: TOBIAS v0.14.0 (Bentsen et al., 2020). We

employed the Jaspar non-redundant motif database (Castro-Mondragon et al., 2022) as

the primary reference source for motif data. Bias correction was performed to generate

corrected bigwig files using the ATACorrect function with default parameters. Footprint

scores were calculated on corrected bigwig files using the FootprintScores function, and

differential binding TFs were detected using BINDetect function. Predicted TFs were cat-

egorised as significant based on two criteria: their differential binding score (greater than

0.2 for E12.5 and less than –0.4 for E16.5:referred to as change) and the –log10 of the p-

value from the statistical test against a background model. The footprints were visualized

using the PlotAggregate and PlotHeatmap functions.

Co-binding analysis

To detect co-occurring TF binding sites, we utilized TF-COMB v1.1 (Bentsen et al., 2022).

A distinct CombObj was created by loading unique peak sets (E12.5 and E16.5) identified

previously. Transcription factor binding sites were identified within the peak regions fol-

lowed by market basket analysis. TFs co-occurring with NFIB were then subsetted and

further assessed for their co-binding (cosine score) and binding events via dot plot.
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3.3.3 Gene regulatory network prediction

The analysis of eGRN data in this study was carried out in collaboration with Florian

Neuhaus

We used Scenic+ (v0.1) (Gonzalez-Blas et al., 2023) to predict enhancer-driven gene reg-

ulatory networks (eGRNs) for CFSE-labelled cells at E12.5 and E16.5. As scRNA-seq

and scATAC-seq data were unpaired we created a common annotation, by defining broad

cell states (AP, BP, and precursor) in the transcriptomic data, merging clusters based

on marker gene expression. Annotations in the scATAC-seq data were created by apply-

ing label transfer, based on gene-scores predicted by ArchR. These broad cell states were

split by stage, resulting in 6 stage-specific cell states (Fig. S??a). Scenicplus performs co-

accessibility analysis of regions and links regions to upstream TFs by searching for enriched

TF motifs in regions. To make this analysis more coherent with prior results, we used the

previously calculated peak set from ArchR as input for Scenicplus, instead of recalculating

a new peak set using pycisTopic (Bravo González-Blas et al., 2019). Following the Scenic-

plus workflow, we created topics of co-accessible regions and performed binarization and

motif enrichment of regions in the 20 most important topics. Networks were created by

aggregating 10 cells from both modalities of corresponding cell states into pseudocells and

then inferring TFs and regions that are predictive of a gene, based on co-accessibility and

motif enrichment. The regions considered for a gene have to lie within a genomic interval of

150 kb up- and downstream of the gene. The results are so-called ”eRegulons”, i.e. regula-

tory triplets of one TF, bound regions, and corresponding target genes. For each eRegulon

the activity in each cell was calculated using AUC-scores (Aibar et al., 2017). Each eReg-

ulon was filtered using standard filtering (apply std filtering to eRegulons function) and

high-quality eRegulons were selected by filtering for eRegulons where TF-expression and
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AUC scores correlated more than 0.5 or less than -0.5.

We reconstructed cell-state specific subnetworks by running AUC-binarization (bina-

rize AUC -function). Here, we filtered for (1) eRegulons that are active in at least 50% of

cells within a corresponding cell state and for (2) corresponding target genes that have a

higher normalized expression than 0.5 (normalized expression is log1p transformed after

correcting for sequencing depth). Cell state-specific networks (APs, BPs, and precursors)

were created by merging the corresponding E12.5- and E16.5-subnetwork using the igraph

library v1.5.0 (Csardi and Nepusz, 2006). Stage-specific networks (E12.5 and E16.5) are

similarly created by merging subnetworks of APs, BPs, and precursors of the same stage.

In both approaches, the merged networks consisted of the union of vertices and edges. GO-

enrichment analysis of target genes was performed using DAVID with default parameters

(Dennis et al., 2003).

3.4 Transplantation datasets

3.4.1 Sample and library preparation

To generate the APE12.5 → E12.5, APE12.5 → E16.5, APE16.5 → E16.5, and APE16.5 → e13.5 datasets,

timed pregnant mice were anesthetized with isoflurane and treated with the analgesic

Metamizol as previously described. To target APs, injection of CFSE working solution

was performed into wild-type C57BL/6NRj embryos at E12.5 and E16.5. One hour later,

APs were FT+ and three to six embryonic brains were collected. After manual dissections

of the ganglionic eminences in ice-cold L-15 medium containing 5% FBS, the tissue was

dissociated on a gentleMACS dissociator according to the manufacturer’s protocol. Cells

were resuspended in ice-cold HBSS containing 10mmol EGTA and 0.1% Fast Green to a

final concentration of 40000 cells/µL to 80000 cells/µL. The cell suspension was split into
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two separate pools, and 1 µL was injected homo- or hetero-chronically into the ventricles

of embryonic brains at E12.5 or E16.5. Forty-eight hours later, ganglionic eminences were

dissected and dissociated as described above. CFSE-labelled cells were isolated with flow

cytometry and centrifuged 500 rpm, 5min, 4◦C. Total RNA-seq libraries were prepared

using the SMART-Seq® Stranded Kit (634442, Takara), according to standard manufac-

turer’s protocol (Low-input Workflow, PCR 1: 5 cycles and PCR 2: 12–15 cycles; Fig.3.8).

The library quality was assessed by using a Qubit™ Flex Fluorometer (Q33327, Thermo

Fisher Scientific) and a 4200 TapeStation (G2991BA, Agilent). A total of 10 samples were

multiplexed and sequenced in a lane of a NovaSeq 6000 SP flow cell with the 100 cycles

kit for paired-end sequencing (2× 60 bp) to reduce sequencing batch effects (100 pM final

loading, 42 M reads per sample on average). BCL raw data were converted to FASTQ

data and demultiplexed by the bcl2fastq Conversion Software (Illumina).
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Figure 3.8: Overview schematics of the transplantation experiment. A. Schematic
of the different transplantation conditions and the experiment steps. B. Coronal sections
of ganglionic eminences 48 hours after transplantation. GE: ganglionic eminence.

3.4.2 Analysis

The Galaxy web platform on the public server at usegalaxy.eu was employed to analyze

the data (Afgan et al., 2018). Paired end reads were trimmed with the Trimmomatic

tool and quality control was performed with FastQC. Reads were mapped to the mouse

reference genome using the HISAT2 algorithm (Kim et al., 2019) and the number of reads

per annotated genes was counted using featureCounts (Liao et al., 2014). After Fragments

Per Kilobase of transcript per Million mapped reads (FPKM) normalization of the count

matrices, the proportion of single cell states within each replicate was inferred with Bisque

v1.0.5 (Jew et al., 2020) by using the annotated combined single-cell clusters as reference.
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A weighted pseudotime score was assigned to each replicate by calculating the median of

the pseudotime score per cluster from the combined single-cell datasets. For differential

gene expression analysis, the count matrices were subset by variable genes of inhibitory

neuron datasets, and DESeq2 v1.42.0 was utilized (Love et al., 2014).





4 Results

4.1 Patterning of neurogenesis in dorsal and ventral

lineages

4.1.1 Classification of GABAergic precursor states

In this study, various datasets were used, including transcriptome data (scRNA-seq), along

with clonal tracking (TrackerSeq) and birthdating (FlashTag) information for individual

cells. These datasets were pre-processed and integrated into a single combined dataset

(Materials and Methods; Fig.4.1A,B). A trajectory of gene expression changes between

cell states was inferred using Monocle3 on the combined dataset and a pseudotime score

was assigned to each cell (Fig.4.1C). Cells with high Nestin (Nes) expression, a marker for

radial glial progenitors, were used to initiate the trajectory (Fig.4.1D,E).

To obtain consistency throughout the study, clusters were identified in the combined

dataset (Fig.4.2A,B) and, similar to previous publications , they represented a continuum

of cell state transitions during cellular maturation and differentiation Mayer et al. (2018);

Bandler et al. (2022); Lee et al. (2022); Rhodes et al. (2022); Lim et al. (2018). Fol-

lowing the mitotic apical and basal progenitors (APs and BPs), the trajectory branched

into distinct precursor states, giving rise to GABAergic projection neurons (PNs) and

interneurons (INs; Fig.4.2A,B). The clusters representing the different cell states along
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Figure 4.1: Integration and processing of the transcriptome datasets. A. Summary
of the methods utilized to investigate the competence of GABAergic progenitors located in
the ganglionic eminences (GEs). B. UMAP plot showing single cells derived from scRNA-
seq, TrackerSeq, and FlashTag datasets aligned in Monocle3 in a combined dataset. C.
UMAP plot of the combined dataset with the inferred Monocle3 trajectory. Cells are
colored by the assigned pseudotime score. D. Expression of marker genes in the combined
dataset. Nes and Fabp7 label APs, Ascl1 and Ccnd2 are markers for BPs. Postmitotic
inhibitory neurons express Gad2 and Dlx6os1. Meis2 labels PNs and Tcf4 labels INs. E.
UMAP plot of combined dataset annotated by cell cycle phase.

the trajectory were manually annotated based on the expression of the top five marker

genes. The identified groups were: apical progenitors (APs; Fabp7), basal progenitors

(BPs; Fabp7/Ccnd1, Top2a, and Ube2c), GABAergic projection neuron precursors (PNs:

Abracl, Tshz1, Six3/Gucy1a3, Gucy1a3, and Ebf1/Isl1), and GABAergic interneuron pre-

cursors (INs: Nkx2-1, Npy, Maf/Sst, and Snhg11; Fig.4.2C).
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Figure 4.2: Clustering and cell state identification in the transcriptome datasets.
A. UMAP plot of combined dataset annotated by broad cluster identity (APs: apical pro-
genitors, BPs: basal progenitors). B. UMAP plot of combined dataset clustered and
annotated based on top marker genes and broad cluster identity (MT: mitotic, PN: projec-
tion neuron, IN: interneuron). C. Heatmap of differentially expressed genes in GABAergic
cell clusters.

4.1.2 Developmental pattern of GABAergic neurons

To study the patterning in the development of GABAergic neurons, the analysis focused

initially on the scRNA-seq datasets (Fig.4.3A). The transcriptome-only datasets contained

the cell states previously identified in the combined dataset analysis (Fig.4.2B, Fig.4.3B).
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Figure 4.3: Characterization of genetic patterns in the development of GABAer-
gic neurons. A. UMAP plot of the combined dataset. The scRNA-seq datasets coloured
by collection stage are highlighted. B. Distribution of cell states at different developmen-
tal stages in scRNA-seq datasets. C. Scaled and smoothed expression of dynamic TFs in
GABAergic cells. TFs are ordered by their maximum expression along the pseudotime
trajectory.

The cell state ratio varied from E12.5 to E14.5 and E16.5 developmental stages (Fig.4.3B).

To assess the gene expression changes that are key for inhibitory neuron maturation and

differentiation, transcription factors (TFs) with a dynamic expression along the Monocle3
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trajectory were identified (Fig.4.3C). Interestingly, the dynamic TFs were consistently

expressed across all the time points (E12.5, E14.5, and E16.5). This finding suggests

a genetic program of inhibitory neurons that is conserved across developmental stages.

This developmental pattern differs from previous observations in dorsal lineages, where

temporally patterned genes unfold sequentially during neurogenesis (Di Bella et al., 2021;

Telley et al., 2019).

Figure 4.4: Differential gene expression in GABAergic progenitors. A. Average
gene expression heatmap of differentially expressed genes in mitotic progenitors at E12.5,
E14.5, and E16.5 in the scRNA-seq datasets. B. Functional annotation of differentially
expressed genes in E12.5 APs. Top five GO terms ranked by Benjamini-Hochberg corrected
P -values (DAVID).

Differential gene expression analysis between the different stages in the mitotic subset of

cells was performed in the scRNA-seq datasets. Only a few genes were upregulated at later

time points, while genes that were downregulated were primarily related to self-renewal

(Fig.4.4A,B). This finding aligns with a change in the balance between cell proliferation

and differentiation during neurogenesis (Götz and Huttner, 2005).
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4.1.3 Comparison between dorsal and ventral lineages

To compare directly the developmental patterns between ventral and dorsal lineages,

datasets of GABAergic and glutamatergic neurons from equivalent time points were pro-

jected into the same subspace. Specifically, the datasets from this study that underwent

only scRNA-seq were enriched by merging them and aligning them with published data of

GABAergic neurons from e13.5 and e15.5 (Bandler et al., 2022). Glutamatergic neurons

from E12.5 to E16.5 (Di Bella et al., 2021) were merged and aligned as well to the ventral

datasets (Fig. 4.5A). On the UMAP plot, dorsal and ventral lineages were in proximity

at the level of APs and dispersed into different directions at more mature cell states, i.e.

BPs and postmitotic precursors, similarly to previously described patterns (Moreau et al.,

2021; Fig. 4.5B,C). When comparing successive developmental stages, cells of the dorsal

lineage showed a sequential shift in the UMAP positioning, consistent with findings from

previous studies (Telley et al., 2016; Di Bella et al., 2021). In contrast, cells of the ventral

lineage largely overlapped across developmental stages (Fig. 4.5D).

To quantify the temporal progression of dorsal and ventral progenitors, the mitotic cells

were subset from the common pool of dorsal and ventral lineages and Pearson correlation

coefficients were calculated between the different stages. Ventral progenitors showed higher

correlation coefficients between successive stages of neurogenesis than dorsal progenitors,

indicating generally less change in their gene expression profiles (Fig. 4.6A).

Next, postmitotic cells were annotated: marker gene expression was utilized for the

ventral lineage and published annotations (based also on marker genes expression) were

utilized for dorsal lineage (Di Bella et al., 2021). The following groups were part of the

published annotations: SCPN for subcerebral projection neurons, CThPN for corticotha-

lamic projection neurons, DL CPN for deep layer callosal projection neurons, and UL CPN

for upper layer callosal projection neurons (Fig. 4.6B).
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Figure 4.5: Integration and processing of ventral and lineage datasets. A. UMAP
plot of ventral and dorsal lineage datasets from different publications. b-d, UMAP plot of
ventral and dorsal lineage datasets, with cells coloured by broad cell state (B), cell cycle
phase (C) and collection stage (D).

The proportion of cells in postmitotic precursor states across different developmen-

tal stages was quantified (Fig. 4.6C). While the relative distribution of precursor states

was similar across stages in ventral cells, it sequentially shifted in dorsal cells (SCPN →

CThPN → DL CPN → UP CPN). The observations suggest that the differentiation com-

petence of GABAergic progenitors is stable throughout neurogenesis, and the generation

of GABAergic precursor states does not adhere to a stage-specific sequence. This contrasts

the sequential generation of precursor states in dorsal lineages.
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Figure 4.6: Developmental patterning of ventral and dorsal lineages. A. Pearson’s
correlation plot between dorsal and ventral progenitors at different developmental stages;
∗P < 0.05, ∗ ∗ P < 0.01. B. UMAP plot of ventral and dorsal lineage datasets, with cells
coloured by marker gene annotation (ventral) or published annotation (dorsal). C. Line
plot showing relative cell number of dorsal (left) and ventral (right) postmitotic neuronal
states across stages.

4.2 Clonal relationships in GABAergic neurons across

neurogenesis

4.2.1 Clonal distribution in the ventral lineage

To assess the competence of GABAergic progenitors to generate different cell states at

different points of neurogenesis, a barcode lineage tracing method called TrackerSeq was

utilized. TrackerSeq uses heritable DNA barcodes to label individual progenitors and their
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progeny and can be combined with different methods such as scRNA-seq (Bandler et al.,

2022). Progenitors in the GE were targeted at E16.5 with TrackerSeq plasmids via in utero

electroporation (IUE), electroporated cells were FACS-enriched 96 hours later, and scRNA-

seq was performed (TrackerSeqE16.5 + 96h). For a comparison between multiple stages of

neurogenesis, a TrackerSeq dataset published by Bandler et al. (2022) was also included in

the analysis. Specifically, the published dataset contained progenitors electroporated with

TrackerSeq plasmids at E12.5 and collected 96 hours later (TrackerSeqE12.5 + 96h; Fig.4.7A).

Figure 4.7: Quality control analysis of the TrackerSeq datasets. A. UMAP plot
of TrackerSeq barcoded cells colored by IUE stage; IUE at E12.5 and E16.5, scRNA-
seq after 96 hours. B. Clonal groups quantification in TrackerSeqE12.5 + 96h (left) and
TrackerSeqE16.5 + 96h (right).

In the following steps, only multicellular clones with cells in the branch tips of the Mon-

ocle3 trajectory were selected to ensure a robust and comparable analysis to previous pub-

lications (Fig.4.7B, Fig.4.8A; Bandler et al., 2022). Clones were distributed throughout all

the different neuronal states at both stages (TrackerSeqE12.5 + 96h and TrackerSeqE16.5 + 96h),

indicating that progenitors in the GEs can give rise to a similar set of precursor states

throughout neurogenesis (Fig.4.8B). The clonal groups were categorized into two types,

based on the distribution of their cells in one (“non-dispersing” clones) or several (“dis-

persing” clones) branch tips. Consistent with Bandler et al., TrackerSeqE12.5 + 96h clones

dispersed into multiple branch tips. Notably, a comparable fraction of “dispersing” clones
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was found in TrackerSeqE16.5 + 96h (Fig.4.8C). The true proportion of “dispersing” clones is

likely higher than observed, as TrackerSeq only partially recovers clones due to substantial

cell loss during sample preparation (Bandler et al., 2022).

Figure 4.8: Clonal distribution analysis TrackerSeq datasets. A. UMAP plot of
cell states at the branch tips utilized to group clones. B. Upset plot displaying clonal
intersections in E12.5 + 96h (left) and in TrackerSeqE16.5 + 96h (right). C. Barplot display-
ing the frequency of dispersing and non-dispersing clones in TrackerSeqE12.5 + 96h and
TrackerSeqE16.5 + 96h.

4.2.2 Competence of mitotic progenitors to generate different

neuronal fates

Clonal resolution enables linking individual mitotic progenitor cells to the fate of their

postmitotic progeny. To test whether the transcriptome of mitotic cells correlates to the

transcriptome of their postmitotic sister cells within the same clone, correlation analysis

between single cells of “non-dispersing” clones was utilized. Cells from each fate, repre-

sented by the branch tip, were correlated to randomly chosen mitotic cells, fate-specific
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Figure 4.9: Correlation score distribution between random and TrackerSeq-
labelled cells. A-D. Permutation of correlation analysis of TrackerSeq-labelled clones
in branch tip clusters. A. Ebf1 cluster. B. Snhg11 cluster. C. Gucy1a3 cluster. D. Nr2f2
cluster.

mitotic cells, fate-specific postmitotic cells, and the cells from the branch tip itself. The

goal was to assess the similarity of randomly selected mitotic cells, mitotic clones, and

postmitotic clones to the genetic program of differentiated cells in the branch tip.

Interestingly, mitotic progenitor cells that were part of “non-dispersing” clones did not

correlate more strongly with their clonal output than did randomly selected progenitor

cells (Fig.4.9A-D). Overall, the clonal analysis indicates that progenitor cells maintained

a stable level of differentiation competence throughout neurogenesis.
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4.3 Maturation dynamics in early and late-born neu-

rons

Single-cell sequencing and clonal analysis revealed stability in the differentiation compe-

tence of GABAergic neuron progenitor cells. Mitotic cells in the GEs have the potential to

generate multiple neuronal cell states until the latest point of neurogenesis (E16.5). How-

ever, these methods have limitations in answering what type of influence progenitor cells

have on the properties of their daughter cells at different time points. To answer this ques-

tion a birthading technique called FlashTag (FT) was utilized. FT labels isochronic cohorts

of cells with the fluorescent dye carboxyfluorescein succinimidyl ester (CFSE) (Govindan

et al., 2018). In this method, mitotic cells layering the ventricle are labeled during the M

phase of the cell cycle and maintain high fluorescence when leaving the cell cycle. Three

datasets that differed in injection or collection time points were generated with the FT

technique. CFSE was injected into the ventricles of E12.5 and E16.5 wild-type embryos,

GEs were anatomically dissected six hours later and FT labeled (FT+) cells FACS enriched

to perform scRNA-seq (FTE12.5 + 6h and FTE16.5 + 6h respectively). CFSE was injected into

the ventricles of E12.5 Dlx5/6-Cre::tdTomato mouse embryos, where Dlx5 and Dlx6 serve

as markers for inhibitory neurons (Monory et al., 2006). Inhibitory neurons were then

collected after migration from anatomically dissected cortex and striatum at 96 hours

post-injection. TdTomato+ and FT+ cells were enriched by FACS, and scRNA-seq was

performed (FTE12.5 + 96h; Materials & Methods).

FTE12.5 + 6h and FTE16.5 + 6h contained mitotic progenitors as well as early postmi-

totic neuronal precursors. FTE12.5 + 96h cohorts contained exclusively postmitotic cells

(Fig.4.10A,B), consistent with the notion that FT marks isochronic cohorts of cells that exit

the cell cycle shortly after CFSE application (Telley et al., 2016; Mayer et al., 2018). No-
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Figure 4.10: Cell-state and pseudotime score in FlashTag-labelled cohorts of
cells. A. UMAP plot of FlashTag (FT) datasets coloured by injection and collection stage;
injection at E12.5 and E16.5, scRNA-seq after 6 hours or 96 hours. B. Barplot depicting
relative fractions of mitotic and postmitotic cell states in FTE12.5 + 6h, FTE16.5 + 6h, and
FTE12.5 + 96h. C. Barplot depicting the relative number of cells in postmitotic neuronal
states of FTE12.5 + 6h, FTE16.5 + 6h, and FTE12.5 + 96h. D. Violin plots representing the
distribution of FT+ cells along the combined pseudotime trajectory, displayed for each
condition; Wilcoxon rank sum test (∗ ∗ ∗ ∗ adjustedP < 0.001).

tably, the postmitotic fraction of all three conditions (FTE12.5 + 6h, FTE12.5 + 96h, FTE16.5 + 6h)

differentiated into all precursor states, albeit in different proportions (Fig.4.10C). Mono-

cle3 pseudotime (PT) scores were quantified as a proxy for the degree of maturation ac-

quired by the different FT+ cohorts. As expected, given its later collection, FTE12.5 + 96h

showed higher PT scores than FTE12.5 + 6h. Strikingly, the PT score of FTE16.5 + 6h was

markedly higher than that of FTE12.5 + 6h, even though both were collected after six hours

(Fig.4.10D).

To examine the different properties of the FT+ daughter cells, a differential gene ex-

pression (DGE) analysis was performed between postmitotic cells of the cohorts collected

after 6 hours (FTE12.5 + 6h vs. FTE16.5 + 6h; Fig.4.11A). Genes upregulated in FTE16.5 + 6h

overlapped with the gene expression found in FTE12.5 + 96h (Fig.4.11B). This suggests that

late-born neurons reach a similar gene expression profile within six hours as early born

neurons within 96 hours. Many of the genes upregulated in FTE16.5 + 6h were associated

with the promotion of neuronal proliferation and migration (4.1). Some of these genes were
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Figure 4.11: Differential gene expression analysis in postmitotic neuronal states.
A. Volcano plot showing differentially expressed genes between the postmitotic cell states of
FTE12.5 + 6h and FTE16.5 + 6h. B. Heatmap showing average scaled expression of differential
genes in FTE12.5 + 6h and FTE16.5 + 6h postmitotic cells; the expression of the identified
genes is visualized in FTE12.5 + 96h.

specifically linked to neuronal signaling pathways. Overall, the results using FT birthdat-

ing suggest that although newborn neurons at different stages differentiate similarly into

precursor states, they differ in their maturation dynamics.
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Gene
symbol

log2FC Function during neurogenesis
Reference
(PMID)

Tubb2a 2,06
Microtubule protein involved in neuronal migration and proliferation; mutation
linked to brain malformation and epilepsy.

24702957

Rtn1 1,33
Reticulon protein localized in ER and neuronal dendrites, regulates ER activity
and cytosolic calcium dynamics.

23454728,
23559015

Nfix 2,10
Transcription factor essential for normal brain development, regulates progenitor
cell differentiation in the hippocampus.

23042739,
18477394

Mapt 2,08
Microtubule-associated protein with role in brain development and neurogenesis
as well as detrimental role in neurodegeneration at later age.

29202785

Nfib 2,79
Transcription factor involved in neuronal radial glia differentiation and cortical
development regulation.

23749646,
32166136

Thra 1,40
Nuclear hormone receptor required for normal neural progenitor cell proliferation
in human cerebral cortical development.

31628250

Ly6h 1,42
Endogenous neurotoxin-like protein, inhibits alpha7 nicotinic acetylcholine re-
ceptor currents at the plasma membrane.

25716842,
32686737

Zfp704 1,51 C2H2 zinc finger protein expressed in several NC-derived lineages. 17693064

Myt1l 1,23 CCHC zinc finger TF involved in neuronal identity and maturation.
21617644,
34614421

Ncam1 1,48
Neural cell adhesion molecule important for neuronal migration, neurite devel-
opent, synaptogenesis and neural stem cells regulation.

19788570,
20038681,
17682066

Stmn2 1,14
Microtubule regulator, necessary for normal axonal outgrowth , regeneration and
protection.

30643292

Nrxn3 1,01
Presynaptic transmembrane protein with role in synapse development and func-
tion.

34879268,
2847265

PISD 1,01
Mitocondrial-localized enzyme, associated with impaired mitochondrial protein
homeostasis.

30858161

Smarca2 1,08
Subunit of chromatin remodelling complexes, involved in neural progenitor dif-
ferentiation.

31375262

Ina 1,16
Neuronal intermediate filament protein that influence morphology and physiology
of axonx.

11739575

Fxyd6 1,00 Transmembrane protein involved in Na/K pump function modulation. 33231612

Zbtb20 1,11 Transcription factor with role in neurogenesis and astrocytogenesis modulation.
27282384,
27000654

Gria2 1,15 Subunit of AMPA receptor, LOF leads to neurodevelopmental disorders. 31300657

Socs2 1,19
Intracellular protein that regulates neuron embryonic development and the neu-
rotrophin signaling.

12368809,
24860421

Chl1 1,24
Neural recognition molecule that begatively regulates neuronal proliferation and
differentiation.

20933598

Pde4dip 1,03
Protein anchoring components of the cAMP-dependent pathway in the ER to
Golgi trafficking.

35346821

Gria1 1,18 Subunit of AMPA receptor, LOF leads to neurodevelopmental disorders. 35675825

Mef2c 1,95
Transcripton factor involved in interneurons fate and maturation and is linked
to various neuropsychiatric and neurodevelopmental disorders.

27779093,
18579729,
32452758

Gucy1a3 1,41
Subunit of guanylate cyclase enzyme regulating MGE neurons migration and
marker of indirect striatal medium spiny neurons.

24155296,
36081908

Erbb4 1,00
Receptor tyrosine kinase required for interneuron migration and inhibitory
synapse formation.

15473965,
34226493

Flrt2 1,02
cell adhesion molecules with role in Tangential Migratory Streams of Cortical
Interneurons.

34301831

Shtn1 1,02 Protein coding gene involved in neuronal polarization and axonogenesis.
17030985,
30733148

Lmo4 1,36
Transcriptional regulator essential for normal patterns of proliferation ans sur-
vival of neuroepithelial cells.

15691703

Epha5 1,91
Ephrin receptor protein, involved in axon guidance and synaptogenesis during
development.

19326470,
20824214

Tcf4 1,32 Transcription factor regulating cortical interneuron neurogenesis. 35965434

Maf 1,34 Transcription factor regulating cortical interneuorn fate and maturation.
30699346,
32452758

Table 4.1: Functional summary of e16.5 enriched genes differentially expressed between
FTe12.5 + 6h and FTe16.5 + 6h.
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4.4 Chromatin accessibility and network underlying

maturation competence

The analysis of scATAC-seq and eGRN data in this study was carried out in collaboration

with Dr. Ann Rose Bright and Florian Neuhaus

To explore whether the different maturation dynamics at embryonic stages are associ-

ated with changes at the chromatin level, single-cell chromatin accessibility using the as-

say for transposase-accessible chromatin using sequencing (scATAC–seq; Buenrostro et al.,

2015) was profiled on samples derived from FT+ cohorts in the GEs. Similarly to the FT+

cohorts collected for the transcriptome, CFSE was injected into the ventricles of E12.5 and

E16.5 wild-type embryos, and GEs were anatomically dissected 6 hours later (FTE12.5 + 6h,

FTE16.5 + 6h, respectively). From the dissected tissue, FT+ cells were enriched via FACS,

and scATAC-seq was performed (Materials & Methods). Following sequencing, the paired-

end reads were mapped to an mm10 reference genome, and the ArchR (Granja et al.,

2021) framework was employed for quality control, dimensionality reduction, clustering,

and peak calling.

In contrast to the isochronic cohorts observed in the scRNA-seq experiments (Fig.4.10A),

FTE12.5 + 6h and FTE16.5 + 6h in the scATAC-seq experiment were separate on the UMAP

plot (Fig.4.12A). Gene body accessibility patterns of marker genes confirmed the presence

of the mitotic and postmitotic cell states that were identified in the transcriptome of the

FT+ cohorts collected after 6 hours (Fig.4.12B). To identify and quantify the cis-regulatory

elements (CREs) responsible for this separation, peak calling was conducted separately on

FTE12.5 + 6h and FTE16.5 + 6h. The resulting peaks were categorized to identify genomic sites

with E12.5-specific peaks, E16.5-specific peaks, and sites with overlapping peaks (E12.5-

sites, E16.5-sites and overlapping-sites, respectively; Fig.4.12C). Subsequently, the ATAC-
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seq fragment distribution was computed and displayed in coverage plots (Fig.4.12D). At

E12.5-sites higher accessibility was present in FTE12.5 + 6h in respect to FTE16.5 + 6h. Con-

versely, E16.5-sites had higher accessibility in FTE16.5 + 6h than FTE12.5 + 6h.

Figure 4.12: Chromatin accessibility and peak types in scATAC-seq datasets. A.
UMAP plot showing scATAC-seq datasets; FT injection at E12.5 and E16.5, followed by
scATAC-seq after 6 hours. B. UMAP depiction of gene body accessibility for marker genes.
Fabp7 for APs, Ccnd2 for BPs, Dlx5 and Gad2 for postmitotic inhibitory neurons, Maf
for INs and Ebf1 for PNs. C. Venn diagram showing the three categories of sites (E12.5
sites, E16.5 sites and overlapping sites) and the number of non-overlapping and overlapping
sites. D. Coverage plot displaying ATAC-seq signal intensity for peak categories. X-axis is
relative position (base pairs) and y-axis is counts per million (mean). E. Barplot quanti-
fying peak types (distal, exonic, intronic, and promoter) at E12.5, E16.5, and overlapping
sites. F. Coverage plot displaying H3K4me1 signal intensity for peak categories. X-axis is
relative position (base pairs) and y-axis is counts per million (mean).

The peak sets were divided by genomic region into promoters, distal, exonic, and inter-

genic regions (Fig.4.12E). Differently from the overlapping sites, at E12.5-sites and E16.5-

sites, distal and intergenic regions represented a larger proportion of peaks with respect
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to promoters and exonic ones. Together, this indicates that chromatin accessibility under-

goes marked changes between different stages of development, implying a dynamic process

of chromatin remodeling that predominantly occurs at distal and intronic regulatory ele-

ments. To define the functional status of identified sites as poised-active distal regulatory

elements, the distribution of H3K4me1 fragments was analyzed. H3K4me1 is commonly

associated to distal enhancers (Heintzman et al., 2007) and could be analyzed utilizing

forebrain ChIP-seq data from ENCODE (Gorkin et al., 2020). H3K4me1 profiles closely

aligned with chromatin accessibility profiles (Fig.4.12F). Specifically, E12.5-sites exhibited

a stronger H3K4me1 signal at E12.5 compared to E16.5, and the contrary was observed

for E16.5-sites. These observations suggest that distal regulatory elements are potentially

maintained in a poised-active state and likely drive the stage-specific dynamics in chro-

matin accessibility.

To explore how the stage-specific accessibility of CREs relates to the maturation pro-

cess, a PT score was assigned to cells along a maturation trajectory (from APs to BPs to

precursor cells; Fig.4.13A). Peak calling was performed along the inferred trajectory and

the identified CREs were grouped into three main categories based on their accessibility

profiles along the pseudotime: “initial”, “intermediate”, and “late” CREs, corresponding

broadly to APs, BPs, and precursor cells. In the “initial” CREs group more peaks were

found in FTE16.5 + 6h in respect to FTE12.5 + 6h, suggesting an early opening of additional

regulatory elements in E16.5 progenitors (Fig.4.13B). To identify the TFs associated to

all the identified CREs, a motif scanning was conducted at both stages. Both common

and stage-specific motifs could be identified (Fig.4.13A). Motifs of TFs associated with

inhibitory neuron development, such as Tcf4, Meis2, Ebf1, and Isl1, were detected at both

stages. Conversely, several motifs from the NFI family (Nfia, Nfib, Nfic) were linked exclu-

sively to “initial” CREs in FTE16.5 + 6h. The NFI TFs are known for regulating key steps

during brain development (Zenker et al., 2019), such as neural and glial cell differentiation
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(Bunt et al., 2017), neuronal migration (Heng et al., 2012), and maturation (Hickey et al.,

2019).

Figure 4.13: Peak accessibility distribution analysis in pseudotime. A. Heatmap
displaying the accessibility of cis-regulatory elements across pseudotime for FTE12.5 + 6h

and FTE16.5 + 6h. Peaks are divided into “initial”, “intermediate” and “late” based on
accessibility profiles along pseudotime bins. Overlapping peaks are annotated in grey and
unique peaks are annotated by stage-specific colours. Motifs common to both stages are
written in grey while unique motifs are in blue. B. Barplot quantifying peak distribution
across initial, intermediate, and late phases of pseudotime.

DNA-binding proteins, like TFs, protect genomic regions from Tn5 integration during

ATAC-seq sample preparation, hindering the cleavage of DNA and creating a measurable

footprint that reflects the binding patterns of TFs on chromatin. These footprints, thus

predict the strength of TF binding (i.e. TF activity) and binding locations. A footprint

analysis was conducted on the FT+ cohorts, using TOBIAS (Bentsen et al., 2020), followed

by differential binding analysis. Among the differential factors, the NFI family demon-

strated the most substantial and statistically significant increase of TF binding activity

in FTE16.5 + 6h compared to FTE12.5 + 6h(Fig.4.14A). To visualize and evaluate this finding,

stage-specific aggregate footprint profiles were generated for select TFs (Fig.4.14B). Nfix,

Nfic, and Nfia displayed TF activity only in FTE16.5 + 6h while Nfib displayed TF activity

already in FTE12.5 + 6h, which significantly increased in FTE16.5 + 6h (Fig.4.14B).
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Figure 4.14: Differential binding analysis in early and late cohort of GABAergic
cells. A. Volcano plot displaying –log10(P -value)(x-axis) and differential binding score
(y-axis) of significant transcription factors. Each dot represents a motif. B. Aggregate
footprint profiles of select transcription factors in FTE12.5 + 6h and FTE16.5 + 6h. C. Boxplot
showing normalized gene expression levels at E12.5, E14.5 and E16.5; scRNA-seq dataset.
Cells with no expression of the selected genes are not displayed. D. Coverage plot showing
chromatin accessibility dynamics at Nfib, Nfia, Nfic and Nfix footprint sites in FTE12.5 + 6h

and FTE16.5 + 6h datasets.

The footprint profiles align with the gradual increase in gene expression patterns of the

NFI family of TFs observed in the transcriptomic data (Fig.4.15A). Next, to assess whether

regions, where the NFI family TFs binds (footprint sites), exhibit dynamic changes in acces-

sibility, the fragment distribution within these regions was calculated (Fig.4.14B). Coverage

plots displayed a temporal increase in accessibility from FTE12.5 + 6h to FTE16.5 + 6h at Nfib,
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Nfia, Nfic, and Nfix footprint sites. These results indicate a potential association of these

factors with the observed chromatin dynamics, highlighting their likely role in chromatin

remodeling.

Figure 4.15: Gene expression and footprint analysis of NFI transcription factors.
A. Boxplot showing normalised gene expression levels of Nfib, Nfia, Nfic, and Nfix at E12.5,
E14.5, and E16.5; scRNA-seq dataset. Cells with no expression of the selected genes are
not displayed. B. Coverage plot showing chromatin accessibility dynamics at Nfib, Nfia,
Nfic, and Nfix footprint sites in scATAC-seq FTE12.5 + 6h and FTE16.5 + 6h datasets.

Taken together, these findings demonstrate that FT+ cohorts exhibit stage-specific

chromatin accessibility, driven mainly by CREs. Furthermore, the NFI family of TFs

plays a crucial role in characterizing FTE16.5 + 6h cells based on their expression, early

activation of regulatory elements, and footprint. When comparing scATAC-seq profiles

between FTE12.5 + 6h and FTE16.5 + 6h, distal regulatory elements (i.e. enhancers) were

identified to be the prime source of heterogeneity.

To comprehensively infer enhancer-driven regulatory interactions, SCENIC+ package

(Gonzalez-Blas et al., 2023) was utilized. Gene expression and chromatin accessibility

datasets of FTE12.5 + 6h and FTE16.5 + 6h were combined to link genomic binding events

(i.e. a TF binding to a regulatory site) to downstream target genes. The analysis was

performed on cells grouped by collection stage (E12.5 and E16.5) and broad cell-state

(APs, BPs, and precursors), obtaining six groups in total (Fig.4.16A). After running the
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SCENIC+ pipeline with standard filtering, the resulting GRN contained 147 TFs that

bound on average 168 sites, with each site regulating one to three target genes (mean =

1.1; Fig.4.16B-D). The activity of regulatory modules (i.e. expression of TF and associated

Figure 4.16: Combination of transcriptome and chromatin in gene regulatory
network analysis. A. UMAP embedding of cells from scRNA-seq (left) and scATAC-seq
(right). Cells are annotated based on broad cell state and stage. B-D. Distribution of the
number of bound regions per TF (B), regulated genes per region (C), and target genes
per TF (D). Red horizontal lines in (B) and (D) indicate the median of the corresponding
distribution. E. Heatmap displaying active marker modules for stage-specific cell states.
The color indicates the scaled average expression of the module (i.e. TF expression and
target genes expression). Dot size indicates scaled accessibility of associated regulatory
regions. Modules are named after the TF, type of regulation (here only positive), and
number of target genes.

target genes) was scored in each cell (Aibar et al., 2017), and enriched modules for each

group were identified (Fig.4.16E). Modules of canonical cell state marker genes exhibited

enrichment in the respective groups: modules of Hes5, Hes1, and Pax6 in APs (Ohtsuka

et al., 2001; Thakurela et al., 2016), Ascl1 and Dlx2 modules in BPs (Raposo et al., 2015;

Lindtner et al., 2019), and modules of either Dlx5 or Lhx6 in neuronal precursors (Lindtner



4.4 Chromatin accessibility and network underlying maturation competence61

et al., 2019; Liodis et al., 2007). Modules exhibiting patterns specific to certain cell states or

developmental stages were observed. For example, Nkx2-1 was active in BPs and precursor

states, yet remained restricted to FTE12.5 + 6h. Modules of NFI family TFs were active

across all cell states in FTE16.5 + 6h, with the highest activity in APs compared to BPs and

precursor cells. Next, active gene regulatory interactions specific to the six groups were

Figure 4.17: Enhancer-driven gene regulatory networks in broad clusters of
GABAergic cells. A-C, Subnetwork for APs (A), BPs (B) and precursors (C). Each
subnetwork is merged across E12.5 and E16.5, with node color indicating the difference in
expression between stages. The size of nodes reflects the number of downstream targets
per TF. Subnetworks show only positive interaction between TFs.

inferred by filtering the GRN for modules active in over 50% of cells per group and applying

an additional filter on downstream target genes based on gene expression level (normalized
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expression > 0.5). A subnetwork for every group was obtained, each containing state-

and stage-specific modules of active TFs and target genes (Fig.4.17A-C). The analysis

focused specifically on subnetworks of APs to identify modules that maintain or modulate

progenitor competence (Fig.4.17A). Modules of canonical inhibitory neuron markers like

Dlx1, Dlx2, and Arx were maintained throughout all stages (Lindtner et al., 2019; Colasante

et al., 2015), whereas modules linked to progenitor self-renewal, like Hmga2, Nr2f1, and

Nr2f2 (Nishino et al., 2008; Bertacchi et al., 2020), were enriched in E12.5 APs. APs at

E16.5 were characterized by enriched activity of Nfib, together with Nfia, Nfix, Pou3f2,

Meis2, and Tcf4. In line with previous studies, Nfib acts as an upstream regulator of Nfix

(Matuzelski et al., 2017), but also as an upstream regulator of Nfia, Pou3f2, Meis2, and

Tcf4.

Of particular interest was the interaction of Nfib with Meis2 and Tcf4, which are TFs

specific to the development of inhibitory projection neurons and interneurons, respectively

(Su et al., 2022; Wang et al., 2022). These three TFs share common direct target genes

in different cell states of FTE16.5 + 6h (Fig.4.17A), suggesting combinatorial binding of Nfib

with Tcf4 or Meis2. To test this hypothesis, TFCOMB (Bentsen et al., 2022) was uti-

lized to analyse peaks from FTE12.5 + 6h and FTE16.5 + 6h scATAC-seq datasets (Fig.4.18A).

Interestingly, collaboration of Nfib with these factors was observed at both stages, with

higher cosine scores and more binding events for Nfib-Tcf4 and Nfib-Meis2 in E16.5 peaks

(Fig.4.18B). Additionally, Nfib, Meis2 and Tcf4 shared direct downstream target genes

(Fig.4.18C). Gene ontology (GO) enrichment analysis of the downstream genes indicated

involvement in processes related to brain development, neuron fate specification, and pos-

itive regulation of cell proliferation (Fig.4.18D).

In summary, regulatory clusters specific to mitotic and postmitotic cells of the E16.5

cohort were identified. One of these clusters is led by Nfib which regulates and interacts

with Meis2 and Tcf4 via direct targeting and combinatorial binding. Together, these genes
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Figure 4.18: Combinatorial binding analysis. A. Genomic view of transcription factor
binding sites for Nfib-Meis2 and Nfib-Tcf4. B. Dot plot showing cosine score on the y-
axis and TF pairs on the x-axis. Colour and size indicate the stage and the number of
occurrences of TF1-TF2, respectively. C. GRN subgraph highlighting downstream targets
of Nfib, Tcf4 and Meis2 at E16.5. Nfib, Tcf4 and Meis2 nodes are indicated by node
shape. Interactions between Nfib, Tcf4 and Meis2 are highlighted. Node color reflects
the enrichment score by stage. D. Significantly enriched GO-terms (Benjamini-Hochberg
corrected P < 0.05) for target genes of Nfib and Nfix and/or Tcf4 in E16.5 cells.

regulate pathways that promote the maturation from progenitor cell to neuron.

In summary, these findings suggest that this eGRN is linked to the shift in the matu-

ration competence of GABAergic progenitors.
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4.5 Influence of extrinsic environment on maturation

competence

To investigate whether the extrinsic environment affects maturation competence in APs

at different stages, homo- and hetero-chronic transplantation experiments were performed

and the PT scores along with the expression of genes downstream of Nfib, Tcf4, and Meis2

were assessed.

For the transplantation experiment, CFSE was injected into the ventricles of donor

mouse embryos at E12.5 and E16.5. One hour later, GEs were dissected and dissociated,

resulting in a cell suspension comprising FT-labelled APs, unlabelled BPs, and unlabelled

precursor cells. The cell suspension was transplanted homo- and hetero-chronically into

host embryos via intraventricular injection. Forty-eight hours after transplantation, the

GEs were collected from the host embryos, FT+ cells were isolated by FACS, and their

transcriptome was assessed via bulk RNA sequencing (APE12.5 → E12.5 and APE12.5 → E16.5

for early APs and APE16.5 → E16.5 and APE16.5 → E12.5 for late APs). At the collection stage,

cells have entered the tissue and started to migrate away from the ventricular zone (Ma-

terials & Methods). FPKM normalization was utilized on the collected bulk RNA-seq

datasets (Fig.4.19A). Employing clusters of the combined scRNA-seq data as reference,

the proportions of different neuronal states were estimated in transplantation datasets

utilizing Bisque (Jew et al., 2020; Fig.4.19B,C). Next, a PT score was assigned to each

replicate by using the average PT score per reference cluster and weighting it according

to the inferred cell state proportions. The PT scores were higher when APs were trans-

planted into an E16.5 environment (APE12.5 → E16.5, APE16.5 → E16.5) compared to an E12.5

environment (APE12.5 → E12.5, APE16.5 → E12.5; Fig.4.20A,B). To identify the transcriptomic

differences resulting from transplantation, the count matrix was filtered by highly variable
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Figure 4.19: Cell state inference in the transplanted cohorts of cells. A. FPKM
normalization of count matrices of the transplantation bulk RNAseq datasets. B. UMAP
plot of the combined dataset utilized for cluster reference. C. Predicted cell state compo-
sition in each replicate of transplantation bulk RNAseq datasets.

genes from the combined transcriptome dataset and DeSeq2 (Love et al., 2014) was used for

differential expression analysis (Fig.4.20C,D). Notably, Nfib and many of its downstream

genes (among other genes) exhibited increased expression in APE12.5 → E16.5 compared to
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APE12.5 → E12.5. However, no significantly downregulated genes were observed (Fig.4.20C).

Furthermore, only two genes downstream of Nfib (Mlc1 and Aldoc) were significantly

downregulated in APE16.5 → E12.5 compared to APE16.5 → E16.5 (Fig.4.20D).

Figure 4.20: Pseudotime scoring and differential gene expression in transplanted
cells. A. Distribution of transplanted cells along pseudotime in APE12.5 → E12.5 and
APE12.5 → E16.5; two-sided Wilcoxon rank sum test (∗∗∗∗adjustedP < 0.001). B. Distribu-
tion of transplanted cells along pseudotime in APE16.5 → E16.5 and APE16.5 → E12.5; two-sided
Wilcoxon rank sum test (∗ ∗ ∗ ∗ adjustedP < 0.001). C. Differentially expressed genes be-
tween APE12.5 → E12.5 and APE12.5 → E16.5; 1 < log2FC < –1, P < 0.05. Only genes down-
stream of Nfib, Meis2 and Tcf4 are labelled. D. Differentially expressed genes between
APE16.5 → E16.5 and APE16.5 → E12.5; 1 < log2FC < –1, P < 0.05. Only genes downstream
of Nfib, Meis2 and Tcf4 are labelled.

These findings indicate an involvement of the extrinsic environment in shaping the mat-

uration competence of transplanted cells. The patterns of PT and gene expression were

reminiscent of the recipient stage. The gene expression change after transplantation sug-

gests that maturation competence is likely a mechanism that operates through acquisition

rather than loss of specific genes.
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5.1 Developmental patterns differ in ventral and dor-

sal lineages

In this study, the developmental patterning of the inhibitory lineage was examined by track-

ing the progression from progenitor cells to precursors at different stages of neurogenesis

and comparing the results with existing patterns described in the literature.

The developmental trajectory of inhibitory neurons was observed to diverge after the

exit from the cell cycle and branch into transcriptomically distinct postmitotic cell states.

At embryonic days 12.5, 14.5, and 16.5, a similar repertoire of neuron subtypes was gen-

erated, irrespective of developmental stage, suggesting a stable developmental pattern.

Furthermore, analysis of transcription factors expressed along the maturation trajectory

revealed a conserved genetic cascade across neurogenesis.

Several models have been proposed in the past to explain the fate specification of

GABAergic neurons, including the “progenitor specification” and “progressive specifica-

tion” hypotheses (Wamsley and Fishell, 2017). The progenitor specification hypothesis

posits that cell fate is determined at the progenitor state level. Fate-mapping studies have

supported this view by identifying spatial and temporal cues that bias the development

of specific cell types, such as chandelier cells (Taniguchi et al., 2013), somatostatin- and
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parvalbumin-expressing interneurons (Inan et al., 2012), and striosome and matrix com-

partments of the striatum (Kelly et al., 2018). However, while multiple studies described

temporal and spatial differentiation patterns in GABAergic neurons (Wonders et al., 2008;

Butt et al., 2008; Flames et al., 2007; Miyoshi et al., 2007), there is no evidence of a fate

birthmark transmitted from apical progenitors to their daughter cells. In contrast, the pro-

gressive specification hypothesis suggests that inhibitory subtype specification occurs later,

after cell cycle exit. This model suggests that the refinement of inhibitory cells subtypes

occurs gradually over an extended period, during which they interact with transcription

factors that transduce patterning signals (Rubenstein and Puelles, 1994; Shimamura et al.,

1995; Wichterle et al., 2001; Nery et al., 2002; Xu et al., 2004; Wonders and Anderson,

2006; Flames et al., 2007; Sandberg et al., 2016), migrate (Lim et al., 2018), and mature in

morphology (De Marco Garcia et al., 2011) and synapse formation (De Felipe et al., 1997;

Katz and Shatz, 1996).

In this study, differential gene expression analysis in inhibitory progenitors at E12.5 and

E16.5 revealed that stage-specific marker genes primarily regulate the balance between cell

proliferation and differentiation. This suggests that progenitors differ mainly in genes

related to broader cellular behaviors rather than specific fate-determining factors. This

pattern of inhibitory neuron development contrasts with the sequential shift in progenitor

fate competence observed in excitatory neurons (Telley et al., 2019; Vitali et al., 2018;

Di Bella et al., 2021). The temporal competence of dorsal RGCs changes over time, as

evidenced by the stage-specific transcriptomic profiles regulated by multifactorial gene

networks (Telley et al., 2016, 2019), leading to the progressive generation of distinct cell

types (Di Bella et al., 2021). In summary, this research shows that ganglionic eminences

generate inhibitory cell states from a consistent pool of progenitors across developmental

stages. This pool of progenitors remains largely unchanged over time, suggesting that the

diversification into distinct GABAergic subtypes is a later developmental event.
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5.2 Clonally related inhibitory neurons share mixed

transcriptomic signatures

To further investigate inhibitory neuron progenitor competence and commitment, a clonal

tracking technique called TrackerSeq was utilized. This method labels single cells with

heritable barcodes, allowing to trace sister cells that have differentiated into specialized

cell states and analyze their transcriptome. Two datasets with similar characteristics were

compared: one involving injection of TrackerSeq barcodes at E12.5 (from Bandler et al.,

2022), and one at E16.5 (generated in this study).

Both datasets revealed the presence of clones distributed across all the various in-

hibitory cell states, demonstrating that clonal relationships can be studied in comparable

cell populations at different stages. Clonally related cells can be classified as “dispersing”

or “non-dispersing” based on their grouping into multiple or only one cell state clusters

respectively. In this study, the number of “dispersing” clones was comparable at both early

and late stages, indicating that a similar subset of progenitors remains multipotent. This is

in contrast to what was observed for excitatory progenitors, which undergo progressive fate

restriction (Frantz and McConnell, 1996; Oberst et al., 2019). Therefore, ventral RGCs

exhibited a “mixed” competence, where some progenitors grouped with a single differen-

tiated cell type, while others shared barcodes with multiple cell types. It is important

to note that due to the nature of the experiment, some cells may have been lost during

dissection, meaning the actual proportion of dispersing clones could be much larger. Other

studies that have utilized clonal analysis demonstrated the production of both Pvalb and

Sst interneurons by individual progenitor cells in the MGE, supporting the multipotent

progenitor hypothesis (Mayer et al., 2015; Harwell et al., 2015). Furthermore, MGE pro-

genitors have been demonstrated to retain a high degree of plasticity during neurogenesis
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and capability to convert into CGE-like cells (Xu et al., 2010).

Correlation analysis revealed that mitotic cells differ from fate-specified differentiated

cells whether selected randomly or as sister cells of the analyzed fate. This suggests that

although these progenitors are clonally connected with only one progenitor cell state, they

did not exhibit a distinct transcriptomic signature. This finding does not exclude that

chromatin-level regulation, rather than transcriptomic differences, may be driving the fate

specification at this neurogenic period. Multiple genetic fate mapping studies, paired with

mathematical modeling, have tried to address the complexity of cellular diversity within

specific brain structures (see Zechner et al., 2020 for review). While the vast heterogene-

ity within the CNS is widely accepted, there remains no consensus on how this diversity

emerges. On the progenitor competence level, some research suggests that progenitor

subtype diversity is key to understanding this variability (van Heusden et al., 2021). In

contrast, other studies propose that the brain may harbor multipotent progenitors whose

fate choices are largely stochastic (Clément and Olayé, 2024). Advances in single-cell tran-

scriptomics, particularly studies of radial glial cells (RGCs) in the mouse cortex, have

revisited this debate. For instance, Cux2-positive RGCs are intrinsically programmed to

generate upper-layer neurons, independent of birthdate or niche, suggesting that molecu-

lar fate specification dictates the birth order (Franco et al., 2012). However, subsequent

findings have identified multipotent progenitors that can give rise to both deep- and upper-

layer neurons, challenging the deterministic framework (Guo et al., 2013). This interplay of

stochastic and deterministic mechanisms is observed in other CNS structures, such as the

zebrafish telencephalon and retina. In the retina, for instance, early neurogenesis appears

to follow stochastic fate decisions, but as development progresses, deterministic patterns

begin to dominate, particularly for cell types like Müller glia (He et al., 2012; Rulands

et al., 2018).

In this study, the presence of both “dispersing” and “non-dispersing” clones within the
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same cell population suggests that the progenitor fate competence in the GE might be

governed by a dynamic mix of stochastic and deterministic processes working in concert.

5.3 Early- and late-born GABAergic neurons exhibit

diverse levels of transcriptomic maturation

After exploring the competence of inhibitory progenitors in terms of their neuronal differen-

tiation and clonal output, this study aimed to investigate the stage-specific gene expression

profile in progenitors and their daughter cells and identify possible patterns. Cell birthdat-

ing techniques were employed to gain a more precise understanding of the transcriptomic

signatures that progenitor cells may pass on to their daughter cells at various developmen-

tal time points. FlashTag labeling led to the screening of both progenitors and newly-born

neuron precursors. Cells born at E12.5, and collected either 6 hours or 96 hours after,

exhibited distinct gene expression profiles, consistent with the distinct experimental condi-

tions. The E12.5 + 6 hours group mapped to the beginning of the pseudotime trajectory,

while the cells collected 96 hours later mapped to the end of it, reflecting the cell matu-

ration that occurred during this time period. A comparison of gene expression between

newly-born precursors (collected 6 hours after labeling) at E12.5 and E16.5 revealed no

differences in genes specific to cell fate. However, differences in genes indicative of varying

maturation levels were observed. Interestingly, cells born at E16.5 exhibited gene expres-

sion patterns similar to the E12 + 96 hours group and mapped to an intermediate position

on the pseudotime trajectory, between the two early-born groups (E12.5 + 6 hours and

E12.5 + 96 hours). This demonstrated that inhibitory neurons give rise to progeny with

varying maturation levels depending on the developmental time point, with late-born cells

reaching similar maturation levels as early-born cells that had 96 hours to develop.

This variation in maturation likely functions as a regulatory mechanism to synchronize
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neurogenesis across different stages of development, which is crucial for organizing the

implicated processes in a precise sequence and at a specific pace to ensure proper embryonic

development (Ebisuya and Briscoe, 2018). In this study, the variation in the maturation

of precursor cells emerges immediately after the cell cycle exit, suggesting the involvement

of a developmental clock mechanism already at the level of RGCs. Developmental cues

may be transmitted as a “birthmark” from ventral progenitors to their daughter cells,

similar to what was observed in birthdating studies in the dorsal telencephalon (Telley

et al., 2019; Pollen et al., 2015). Excitatory progenitors exhibit a temporal progression in

their competence from an internally directed “introverted” status to a more exteroceptive

“extraverted” status (Vitali et al., 2018). This shift is characterized by the prevalence of

cell-cycle-related and chromatin-related processes in early RGCs, and signaling molecules

essential for responding to external stimuli in the late RGCs (Vitali et al., 2018; Telley

et al., 2019). A similar pattern was observed in the present study, where cell-cycle and cell-

division-related processes are inferred from the gene ontology analysis of E12.5 progenitors,

while differentiation and extracellular communication pathways are notably enriched in the

E16.5 cohort of labeled cells.

The findings in this study are consistent with the concept of a global developmental

clock, integrating both intrinsic cellular programs and extrinsic signals, ensuring that pro-

genitors pass on stage-specific maturation cues (Busby and Steventon, 2021). Different

clock mechanisms have been proposed to explain distinct developmental maturation times

in neurons both inter- and intra-species. Some examples are the rate of metabolic ac-

tivity in mitochondria (Iwata et al., 2023) or selective translation of epigenetic modifiers

(Wu et al., 2022). In particular, the depletion of Fbl reduces the translation of Ezh2,

a member of the polycomb repressive complex 2 (PRC2), affecting the differentiation of

neuronal stem cells (Wu et al., 2022). Furthermore, it has been shown that the release of

epigenetic barriers also sets the timing of maturation in neural progenitor cells, with key
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factors including EZH2, EHMT1/2, and DOT1L (Ciceri et al., 2024; Appiah et al., 2023).

Consistent with this, the loss of Ring1B, a component of the polycomb group (PcG) com-

plex, in cortical progenitors results in the prolonged generation of early neuronal subtypes

(Morimoto-Suzki et al., 2014). In general, the progression of distinct cell types during

development is inherently tied to the timing at which cells are competent to receive either

the inhibition or activation of intrinsic and extrinsic signals (Barry et al., 2017; Marchetto

et al., 2019).

In this study, different maturation levels characterize neurons born at different stages

from a transcriptomically homogeneous pool of progenitor cells. This suggests a possible

involvement of intrinsic and/or extrinsic factors, that influence the progenitor competence

in a stage-specific manner. Both of these hypotheses were explored through chromatin

analysis and transplantation experiments.

5.4 Chromatin accessibility and network dynamics re-

veal temporal changes in gene regulation

To explore the cell-intrinsic aspects of inhibitory progenitor competence, chromatin acces-

sibility has been analyzed in progenitors and precursors at different stages.

Analysis of E12.5 and E16.5 cohorts revealed significant temporal differences in the

epigenetic landscape, beginning at the level of the progenitor cells. In chromatin regions

accessible at both time points, the ratio between distal and promoter sites was similar, while

stage-specific peaks showed a stronger bias toward distal regions rather than promoters.

This suggests that the variability in the chromatin of early and late cohorts is driven

by changes at the levels of enhancers rather than promoters or gene body accessibility.

Furthermore, E12.5 and E16.5 specific peaks did not exhibit a clear-cut distinction between

the stages, but a gradual opening or closing pattern. This observation was confirmed by
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the analysis of H3Kme1, a marker for enhancers, that displayed the same pattern of counts

per million as the differential peaks and indicates that rather than drastic changes in

gene expression, the observed heterogeneity may be driven by the differential regulation

of genes through enhancer activity, a phenomenon already observed in the development

process (Wang et al., 2015; Falo-Sanjuan et al., 2019).

The chromatin accessibility and the enhancer-driven gene regulatory network (eGRN)

highlighted the relation of the NFI family of transcription factors with a significant number

of peaks mapped to the beginning of the pseudotime trajectory, corresponding to apical

progenitor regions. In particular, Nfib and Nfix were predicted to positively interact at

both stages with genes essential for the proper identity of ventral lineages (Anderson et al.,

1997; Lindtner et al., 2019). Connections observed specifically at E12.5 included Nr2f1,

Hmga2, Jun, and Otx2 genes, which are known to be involved in early neural patterning and

progenitor maintenance (Nishino et al., 2008; Bertacchi et al., 2020). At E16.5, the network

was dominated by interactions with transcription factors crucial for the specification of

inhibitory projection neurons - Meis2 - and interneurons - Tcf4 (Wang et al., 2022; Su

et al., 2022; Dvoretskova et al., 2023).

NFI factors are known to regulate both neuronal and glial lineages during central ner-

vous system development (Bunt et al., 2017). In their absence, radial glial cells fail to

differentiate, leading to an accumulation of undifferentiated cells by the end of neurogen-

esis (Betancourt et al., 2014; Harris et al., 2016; Clark et al., 2019). Recent research has

identified a link between the NFI family and a high number of transcription factor activities,

emphasizing their extensive role in organism regulation (Göös et al., 2022). Furthermore,

the NFI family of factors has been shown to promote the progression of neurogenesis in

human subplate and deep-layer cortical neurons by acting as cofactors with FOXP2. This

partnership facilitates chromatin opening and activates neuronal maturation genes (Hickey

et al., 2019).
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Based on these findings, this study hypothesizes that the interaction between the NFI

family, in particular the Nfib and Nfix transcription factors, with essential regulators of

GABAergic interneurons and projection neurons, leads to more mature neurons. The

gradual expression and binding patterns of these transcription factors are consistent with

the accumulation-based mechanism typical of developmental clocks (Ebisuya and Briscoe,

2018). Furthermore, since the main source of heterogeneity in the chromatin landscape was

enhancer-driven, Nfib and Nfix may prime enhancer regions in APs of the GEs, initiating

chromatin remodeling and leading to stage-specific maturation competence. However,

further chromatin immunoprecipitation and genetic perturbation studies are needed to

confirm this hypothesis.

5.5 Extrinsic environment and progenitor competence

are linked

To investigate whether cell-extrinsic mechanisms influence the competence of inhibitory

neuron progenitors, heterochronic and homochronic transplantation were utilized. Apical

progenitors in the GE were transplanted in host brain ventricles at early and late embryonic

stages of neurogenesis and collected after their integration in the GE tissue.

The cells that were transplanted in later-stage brains exhibited higher maturation scores

based on their cell type composition. This could indicate that the environment surrounding

apical progenitors at embryonic time points contains stage-specific cues that influence their

development and maturation.

Pioneering transplantation studies in ferret brains have provided valuable insights into

how environmental cues influence the plasticity and fate determination of cortical progen-

itors (McConnell and Kaznowski, 1991). More recent single-cell analyses in the mouse

cortex have revealed that early-stage radial glial cells (RGCs) exhibit fate plasticity, with
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their ability to generate neurons shifting over time to match the specific needs of later

developmental stages (Oberst et al., 2019). In contrast, late-stage progenitors demonstrate

a more restricted fate potential, with their plasticity significantly diminished (Kohwi and

Doe, 2013; Oberst et al., 2019). It has been demonstrated that the diversification of corti-

cal neurons and glia can be recapitulated in vitro (Gaspard et al., 2008; Shen et al., 2006;

Eiraku et al., 2008). However, numerous studies identified additional regulation provided

by environmental factors, such as signals in cerebrospinal fluid (Lehtinen et al., 2011) and

feedback from BPs and postmitotic neurons to APs (Parthasarathy et al., 2014; Seuntjens

et al., 2009; Nelson et al., 2013). For example, during cortex development, sequential dere-

pression and negative feedback from deep-layer neurons to APs may scale the production

of upper-layer neurons (Toma et al., 2014).

In this study, APs from E12.5 and E16.5 responded differently after transplantation to

a heterochronic environment. Early APs in late environments exhibited higher levels in

the expression of genes that were part of the NFI family regulatory network, but no signif-

icantly downregulated neuronal genes were observed. Late APs in an early environment,

on the other side, exhibited both upregulation and downregulation of genes, but only a

few of the genes interacting in the NFI-led eGRN-specific network were significantly down-

regulated. This suggests that ventral progenitors may exhibit a progressive restriction in

their plasticity to generate cells with different maturation levels and adjust to their host

environment through the acquisition rather than loss of specific genes.

In summary, not only stage-specific cues are present in the ganglionic eminences pro-

genitor environment, but also that apical progenitors might be more or less competent

to respond to these signals. Further investigation is needed to reveal the mechanisms by

which the transplanted cells interact and synchronize with the host environment.



6 Conclusion

6.1 Conclusion and outlook of the study

The question of how cell diversity arises from progenitor cells has been a central issue

in developmental neurobiology. Waddington’s “epigenetic landscape” model, proposed

in 1957, suggests that fate decisions are represented as paths or valleys in a dynamic

landscape, where cells roll down predetermined paths toward specific fates (Waddington,

1957). However, this model does not address whether these decisions are imprinted in

fate-committed progenitors or whether they are progressively steered by intrinsic and/or

extrinsic factors as they advance through their developmental pathway.

This study explores the developmental pathways of inhibitory progenitor cells during

neurogenesis, the factors that influence their competence, and how these processes impact

the differentiation and maturation of their progeny. Through a combination of clonal anal-

ysis, transcriptomics, chromatin accessibility, and transplantation techniques, several key

insights were gained into the unique characteristics that govern neurogenesis in the ventral

telencephalon. The transcriptomic analysis revealed that during the transition from pro-

genitors to early neuron precursors, the differentiation of inhibitory neurons follows similar

gene expression cascades, irrespective of developmental stage. This pattern contrasts with

excitatory neurons, which undergo a tightly regulated sequential fate specification. Clonal

tracking further demonstrated that progenitor cells in the ventral telencephalon retain
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considerable plasticity at different developmental stages, with some progenitors remaining

largely multipotent until later stages of neurogenesis. Notably, gene expression profiling

of newly-born neurons identified significant variations in their maturation across different

stages of neurogenesis. This finding supports the idea of a molecular timer mechanism

that coordinates the maturation of progenitors, ensuring synchronization of neurogenesis

at various stages of development. This idea was further explored by investigating chromatin

accessibility, enhancer-driven gene regulatory networks, and the influence of external cues

on progenitor cells. The NFI family of transcription factors, particularly Nfib and Nfix,

has been identified as playing a key role in the maturation of inhibitory neurons through

enhancer-driven regulation. Furthermore, stage-specific cues from the environment play a

critical role in shaping progenitor behavior and neuronal maturation.

These insights deepen the understanding of the molecular mechanisms governing in-

hibitory neuron development and the generation of neuronal diversity in the ventral telen-

cephalon. Furthermore, they highlight key differences between ventral and dorsal neuro-

genesis, revealing a heterogeneity in the mechanisms and patterns that shape development

in the telencephalon. However, the research presents important limitations, including the

lack of direct experimental correlation between the increase in NFI factors and changes in

maturation levels, as well as the need for a more detailed investigation into the extrinsic

factors that shape the stage-specific environment and synchronize progenitor cell behavior.

The findings suggest that the differentiation competence of ventral progenitors (i.e.

their ability to generate transcriptomically distinct cell states) remains similar during de-

velopment. Contrarily, their maturation competence (i.e. their capacity to generate neu-

rons with distinct maturation levels) gradually narrows over time, driven by a combination

of accumulating molecular cues and stage-specific environmental contexts.

In conclusion, the study highlights the dynamic interplay between intrinsic genetic pro-

grams and extrinsic environmental factors in regulating inhibitory progenitor competence.



Abbreviations

AP Apical Progenitor

BP Basal Progenitor

CFSE Carboxyfluorescein Succinimidyl Ester

CRE Cis-Regulatory Element

CthPN Corticothalamic Projection Neuron

DL CPN Deep Layer Callosal Projection Neuron

eGRN Enhancer-driven Gene Regulatory Network

FACS Fluorescence-Activated Cell Sorting

FPKM Fragments Per Kilobase of transcript per Million mapped reads

FT FlashTag

GE Ganglionic Eminence

IN Interneuron

IUE In Utero Electroporation

PN Projection Neuron
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PT Pseudotime

SCPN Subcerebral Projection Neuron

scATAC-seq Single-Cell Assay for Transposase-Accessible Chromatin using se-

quencing

scRNA-seq Single-Cell RNA Sequencing

TF Transcription Factor

UL CPN Upper Layer Callosal Projection Neuron



Bibliography

Aaku-Saraste, E., Hellwig, A., and Huttner, W. B. (1996). Loss of occludin and functional

tight junctions, but not zo-1, during neural tube closure–remodeling of the neuroepithe-

lium prior to neurogenesis. Dev Biol, 180(2):664–79.

Afgan, E., Baker, D., Batut, B., van den Beek, M., Bouvier, D., Cech, M., Chilton, J.,
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Göös, H., Kinnunen, M., Salokas, K., Tan, Z., Liu, X., Yadav, L., Zhang, Q., Wei, G.-H.,

and Varjosalo, M. (2022). Human transcription factor protein interaction networks. Nat

Commun, 13(1):766.

Gorkin, D. U., Barozzi, I., Zhao, Y., Zhang, Y., Huang, H., Lee, A. Y., Li, B., Chiou, J.,

Wildberg, A., Ding, B., Zhang, B., Wang, M., Strattan, J. S., Davidson, J. M., Qiu,

Y., Afzal, V., Akiyama, J. A., Plajzer-Frick, I., Novak, C. S., Kato, M., Garvin, T. H.,

Pham, Q. T., Harrington, A. N., Mannion, B. J., Lee, E. A., Fukuda-Yuzawa, Y., He,

Y., Preissl, S., Chee, S., Han, J. Y., Williams, B. A., Trout, D., Amrhein, H., Yang, H.,

Cherry, J. M., Wang, W., Gaulton, K., Ecker, J. R., Shen, Y., Dickel, D. E., Visel, A.,

Pennacchio, L. A., and Ren, B. (2020). An atlas of dynamic chromatin landscapes in

mouse fetal development. Nature, 583(7818):744–751.
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