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Intreducticn

The neocortex evolved about 250 million years ago '~ in an amniotic ancestor that gave rise
to the present mammalian species. Neocortical structures exhibit new functional circuits re-

sulting from the division of the cerebral cortex into several layers.

During the third trimester of mammalian gestation, neuronal stem cells start structuring the
neocortex through a direct and an indirect form of neuron production. Initially, the stem cell
population directly transforms from the progenitor state into differentiated neurons for the later
deep layers. Then, the neurogenic phase is prolonged by a second phase of neuron produc-
tion through indirect neurogenesis. In this process, the neuronal progenitor population ampli-
fies the neuronal output exponentially by an additional symmetric cell division. The transfor-
mation of these progenitor cells into an intermediate state, so-called “intermediate progenitor
cells” (IPCs), enables this expansion. Ultimately, the neurons produced by IPCs migrate into
the upper cortical plate, forming two more layers. Unlike the deep-layer neurons, these upper-
layer neurons (ULNSs) project into the other hemisphere via the corpus callosum 2. The order
in which cortical layers and their unique connections evolved during evolution is consistent
with the sequence of neuronal development in mammals, reflecting a congruence between

evolutionary history and the timing of embryogenesis.

This combination of biphasic neurogenesis together with the differential connection endows
us mammals with a wealth of additional cognitive circuitry that not only has contributed to a
new evolutionary niche, but also appears to be prone to neurodevelopmental disorders such
as autism spectrum disorders (ASD) *® and schizophrenia . These psychological variations
can be attributed to cortico-architectural disturbances affecting callosal projection neurons,

but the molecular basis of the morphological dysfunctions remains vaguely defined.

In the introductory section, | frame the steps required to fine-tune corticogenesis in the upper

layers and merge this information with known perturbations that affect this landscape.

For the experimental part, | collected multimodal information about the corticogenesis of the
upper layers. First, | analysed how the ULNs go through which developmental milestones to
determine their cell fate and created a developmental map. Second, | interrogated this map
with a maternal immune activation, employing the null hypothesis that the externally applied

“stress” has no effect on the development of ULNSs.

The results reveal a shift of intrinsic neurodevelopmental processes upon immune activation,

specific to ULNs.
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Highlights

» Acute maternal immune activation (MIA) signatures implicated disturbed synaptic pro-
cesses and elevated canonical Wnt signalling at the transcriptomic level.

= Developing neurons evoked immune responses at the post-migratory stage; thus, ULN
developed along intrinsic and extrinsic factors.

= The transcriptomic and proteomic levels mirrored each other with a time delay.

Conclusion

With this work, | aim to provide a profound description of the untreated and immune-activated
upper-layer corticogenesis in a murine model system. | hope to enhance our understanding

of how external stress affects this susceptible yet robust system.
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Abstract

Upper-layer corticogenesis endows us mammals with a variety of additional cognitive circuits.
Via indirect neurogenesis, neuronal progenitor cells transform from a radial glia cell to an in-
termediate stage where they exponentially amplify neuronal output, migrate into the upper
parts of the neocortex, and settle there as excitatory projection neurons. Along the way,
Glast1+ (Glutamate aspartate transporter 1) progenitor cells exit the cell cycle, begin to ex-

press NeuroD1 (Neuronal Differentiation 1), and terminally commit to the neuronal fate.
Urgent questions emerged, such as,

How do neurons gradually enter and maintain the "post-mitotic” state?

What regulatory landscape mediates the explicit formation of the upper layers?
Do prenatal stressors influence upper-layer corticogenesis?

These questions required the creation of a multimodal map in a mouse model to answer them
holistically. The mapped untreated and immune-activated indirect neurogenesis allowed me
to infer subtle imprints that could explain the sporadic aetiology of neurodevelopmental disor-
ders. With the introduction of a fluorescent dye driven by the Glast1 or NeuroD1 promoter into
the embryonic brain at the peak of neurogenesis, this study tracked untreated neurogenesis
at different levels of biological complexity (mass spectrometry, bulk RNA-seq, and DNA meth-
ylation assays) at a daily interval. In addition, maternal immune activation (MIA) was provoked
with Polyl:C (immune activation) and PBS (control) injections twice during acute neurogenesis

to challenge the plasticity of the naive landscape.

It is now possible to derive interdependent components between all three modalities over de-
velopmental time. Additionally, it emphasised the functional embedding of Wnt signalling and
the underrepresentation of synaptic translation in MIA animals, indicating a link to autism spec-
trum disorders. Integrating all this information will provide the scientific community with a rich
data set that enables the design of tailored experiments about the neurogenic fate acquisition

of the upper-layer neurons.

KEYWORDS: Corticogenesis, lamination, maternal immune activation, multimodal analysis,

cell fate acquisition, two-hit hypothesis
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Deutscher Uberblick iiber das Projekt

Die Entwicklung der auf3eren Schichten der Grol3hirnrinde ist uns Saugetieren eigen — sie statten
uns mit zusatzlichen, einzigartigen neuronalen Vernetzungen aus, die uns von Reptilien und V6-
geln unterscheiden. Die pyramidenférmigen Neurone der duf3eren GrofRhirnschicht werden wah-
rend der ,indirekten Neurogenese® gebildet. Dabei unterlaufen neuronale Vorlauferzellen einen
Zwischenzustand, in dem sie sich noch einmal symmetrisch teilen und somit ihre Produktion von
ausgereiften Neuronen exponentiell steigern. Danach migrieren diese inzwischen jungen Neurone
nach auf3en, an schon alteren Neuronen vorbei, hin zur Pia mater und verknUpfen sich schlie3lich
mit der jeweils anderen Gehirnhalfte. Auf ihrem Weg exprimieren diese Zellen zunachst Glast1
(ein Glutamattransporter) und anschlieRend NeuroD1 (ein neurogener Transkriptionsfaktor). Die
NeuroD1 Expression ist an ihre Eigenschaft gebunden, sich nach der Migration nicht mehr zu
teilen, sondern sich fir den Rest des Lebens des Saugers lokal in den neuronalen Schaltkreis

einzubinden.

Was ist fiir diesen ,,post-mitotischen”“ Zustand der Neurone verantwortlich?

Was reguliert die Bildung der duBeren GroBhirnschicht explizit in Saugern?

Haben prénatale Faktoren Einfluss auf die Entwicklung der duBeren GroBhirnschicht?

Ziel der Arbeit ist es, eine multimodale Karte zu erstellen, an der sich zuklnftige Entwicklungsfor-
scher orientieren kdnnen. Die Karte berlcksichtigt die unbehandelte und immunaktivierte neuro-
nale Entwicklung im murinen Modellsystem, um von Abweichungen auf moégliche subtile Pragun-
gen schlielRen zu kénnen. Vielleicht erklaren diese den ein oder anderen “spontanen” Auftritt von

frihkindlichem Autismus, fiir den es keine hinreichenden genetischen Erklarungen gibt.

Die Methodik beruht auf der fluoreszenten Markierung von neuronalen Vorlauferzellen und jungen
Neuronen mit den Promotoren der genannten Gene Glast? und NeuroD1. Anhand ihrer Fluores-
zenz konnten die Zellen aus dem embryonalen Cortex an jedem Tag ihrer Entwicklung sortiert und
auf drei verschiedenen biologischen Ebenen (Proteom, Transkriptom und DNA Methylom) unter-
sucht werden. Zusétzlich wurde die physiologische Entwicklung der jungen Neurone mit einer ma-

ternalen Immunaktivierung gestresst und kongruent ausgewertet.

Die Ergebnisse liefern nicht nur einen groflen Datensatz, der die spezielle Entwicklungsphase
detailliert darstellt, sondern gewahren auch mechanistische Einblicke. Es scheint, als sei die sy-
naptische Entwicklung bei gestressten Tieren entscheidend gestért worden und als sei die post-
transkriptionelle Maschinerie ein guter Anhaltspunkt fir eventuelle Interventionen. Die VerknUp-
fung von unterschiedlichen Methodiken Uber den gesamten Entwicklungszeitraum dieser Zellpo-
pulation hinweg wirft vor allem neue Fragen Uber Stabilitdt und Plastizitat dieses Entwicklungssys-

tems auf.
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» Untreated, indirect corticogenesis

The mammalian neocortical structures form via a highly orchestrated lamination process
called corticogenesis. During corticogenesis, neuronal cells arrange sequentially for the deep
and upper layers. In murine gestation, cortical neurogenesis occurs from around embryonic
day 11 to 15, after which it is followed by gliogenesis until birth at around E19 8. The layering
process is spatially limited; internally to the ventricular surface and externally to the pial sur-
face and follows four key steps: (1) the neuronal progenitor cells exponentially amplify their
cellular output in the "subventricular zone" (SVZ), (2) the progenitors polarize, (3) after which
they migrate radially towards the pial surface, and (4) lastly integrate with the already estab-

lished neural circuitry built up from the deep layers (Fig. 1).

I

time
RGCs IPCs Differentiated vz
neurons

Primary reference

CcP

Pial surface

Mz

vZ

Ventricular
surface

Cell c_y(_:le I Sessa et al. 2009,
activity ( ) =) Magrinelli et al., 2022
Asymmeric division or Symmetric division Terminal arrest
self-renewal
PO genests N
Matrix stiffness Iwashita et al., 2014

Glutamate secretion Haydar et al., 2000

Figure 1: Mammalian indirect corticogenesis includes second phase of symmetric cell division for up-
per-layer formation

Late neurogenesis forms the neurons for the later upper layers 1I-IV (ULNs marked in turquoise). These upper-
layer neurons arise from multipolar Tbr2+ intermediate progenitor cells (IPCs), which are transformed radial glia
cells (RGCs) that divide again symmetrically and thus temporarily expand the neuronal output in the subventricular
zone %' (1). After this second cell cycle, they polarise (2) by forming an axon, and migrate into the cortical plate
following in an inside-out, outside last mechanism along the radial glia fibres (3). Finally, they integrate with the
neuronal circuit and project into the other hemisphere (4). Along their way, the matrix of the system stiffens as
more axons outgrow '2. The secretion of the excitatory neurotransmitter glutamate accompanies ULN genesis and
is fundamental to their function 3. Murine corticogenesis shown, numbers refer to subchapters of this introduction.
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Proliferative zone — Plastic progenitor cells define
neuronal output

SUMMARY: Radial glia cells build the basis for direct and indirect neurogenesis. Initially,
RGCs form long radial fibres that span the entire cortex from the apical ventricular zone and
basal pial surface, and thus provide a continuous scaffold for the nascent neurons to migrate
along . They already express a glutamate transporter, called Glast1/Sic1a3, as a response

to increasing glutamate accumulation.

At the beginning of neurogenesis, neuroepithelial stem cells start shaping the neural tube into
a functional, activity-dependent neuronal circuit that is ultimately able to transmit action po-
tentials across hemispheres. For this, they initially transform into bipolar radial glia cells

(RGCs) by asymmetric cell division.

The bipolar shape is defined by their soma located in the ventricular zone of the developing
neocortex, whilst spanning their long, radial fibre across the entire apical-basal axis, with the
ventricular zone as the apical platform and the pial surface as the basal limit. This fibre pro-
vides the first scaffold along which the emerging neurons migrate '°. As RGCs are initially both
apically and basally anchored, they are particularly broadly embedded within the neurogenic

niche. They receive chemoattractant or -repellent cues from the whole span of the cortex .

During neocortical development, RGCs are multipotent; thus, they are able to give rise to a
unique set of neocortical cells — not only neurons — with distinct functions. As their name sug-
gests, radial glia cells express mature glial marker genes such as the glial fibrillary acidic
protein (Gfap) and vimentin (Vim) '. Once neurogenesis is completed, the remaining parental
RGCs take on an astrocytic or oligodendrocytic character, a process known as "gliogenesis".
These glial cells adapt to the originally created neuronal scaffold and provide crucial support
for the mature neuronal circuit '°. How their transcriptional landscape defines laminar posi-

tions, timing, and vice versa is still under debate '%'81°,

Glast1 expression in radial glia cells

Next to the typical RGC-specific transcription factors, RGCs express high levels of glutamate
receptors, such as the high-affinity L-glutamate transporter Sic1a3/GLAST-1 % and the
metabotropic glutamate receptor GRM5 ?'. Glutamic acid (glutamate) is the most abundant
excitatory neurotransmitter in the central nervous system. Glutamate mediates neurogenic cell
fate acquisition by inducing a proton gradient ?>-?*, Cajal-Retzius cells ?° as the earliest neu-
ronal population %, and the subplate neurons ?” have been suggested to be the main source

of the first spontaneously released glutamate '*%2°. Thus, RGCs already encounter a
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challenging microenvironment in the VZ. Glutamate accumulation, e.g. by excessive Ca*" in-

22,30

flux, can lead to excitotoxicity in differentiated tissue , just as overstimulation of their pri-

mary receptors (NMDAR) impairs corticogenesis *'.

This way, the ‘glutamate aspartate transporter 1/GLAST-1 helps maintain L-glutamate supply
below neurotoxic levels and limits the extracellular glutamate concentration by removing L-
glutamate from the synaptic cleft, indirectly mediating postsynaptic excitation. Because of its
ability to protect against glutamate-induced excitotoxicity, GLAST-1 is also characteristic of
the functional maturation of cortical astrocytes 2. In human pathogenic GLAST polymor-
phisms (SLC1A3 variant microdeletions), the glutamate uptake is impaired and has been
linked to neuropsychiatric disorders such as schizophrenia **. Sic1a3 double knockout mice

3134 \while all downstream functional roles of RGCs

exhibit symptoms similar to schizophrenia
in neurogenesis are hindered *. Postnatal removal of GLAST also leads to disturbed neuronal
morphology and cognitive impairment *. Thus, Slc71a3 expression is indispensable for the
onset of neurogenesis %, as it regulates glutamate uptake before the mature neuronal circuit

is even established.

The promoter of GLAST1 was used here to drive the expression of a fluorophore for specifi-
cally sorting radial glia cells by flow cytometry. This sorted RGC population established a direct
cell lineage relationship as they represented the progenitor pool from which the mature ULN

cell population was derived.

Radial glia cells begin neurogenesis

RGCs are — like every neuroepithelial cell — subject to interkinetic nuclear migration (IKNM).
They translocate their soma with the nucleus up to the pial surface for IKNM, but only for the
“S”/synthesis phase. Afterwards, RGCs retranslocate their soma to the VZ for asymmetric cell
division/”M” phase (Fig. 2). The mechanisms contributing to replicating and passing on the
radial fibre are largely unsolved. However, the IKNM is likely triggered by spindle orientation

and mitogen gradients that define polarity 372,

RGCs supply the upper and deep cortical layers with neuronal outputs via direct and indirect

neurogenesis '13°,

Direct neurogenesis is the standard mechanism by which RGCs produce neurons for the
cortical plate, again by asymmetric cell division. In mice, direct conversion of RGCs to neurons
begins at E11 “°. Without an intermediate step, these early-born neurons build up the deep

layers, which are constructed similarly to the cortical homologues of reptiles and birds .
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Expansion phase accompanied by Tbr2 expression

At the peak of neurogenesis (at E14 in mice) the majority of basally anchored RGCs switch to
an indirect form of neurogenesis: These transformed RGCs, now so-called "intermediate pro-
genitor cells" (IPCs), undergo another phase of symmetric cell cycle ' to both massively ex-
pand the progenitor pool and to give rise to a pair of cortical, clonally related neurons. The
IPC-derived neurons contribute 70-80% of the cortical excitatory neurons in the upper layers
-1V =3 Thus, IPCs expand the cortex exponentially with two additional layers compared to
e.g. reptiles ***¢_ Upper layer formation has also been linked to the evolutionary expansion

of the neocortex and associated enhanced cognitive abilities "4,

The second, symmetrical cell division of IPCs defines their prominent role in mammalian cor-
ticogenesis. Along the way, IPCs establish a transient and mammalian-specific germinal zone,
the subventricular zone (SVZ) "', between the ventricular zone (VZ) and the intermediate zone
(1Z), where they acquire a multipolar character. In this SVZ, IPCs start to express
Tbr2/EOMES. From the SVZ, they migrate long distances into the developing cortex and the

50,51

IPC population is quickly depleted afterwards

IPCs have overlapping profiles to RGCs and immature neurons, making them challenging to
detect experimentally 52. Tbr2 is the only characteristic marker gene of IPCs. The expression
of the transcription factor (TF) Tbr2 is also present in reptiles and in avian cortex, but there,
an SVZ or mammalian equivalent of layer -V is absent °#>**°¢ However, IPC identity is not
entirely dependent on the onset of Thr2 expression *. It is yet unknown what cues trigger the

RGC population to express Thr2.

EOMES is critical in enabling migration of multipolar IPCs in the SVZ. In humans, the congru-
ent cell type to IPCs — based on EOMES - represents the population of outer radial glia cells
that forms the outer SVZ 5”8, In contrast to rodents, outer radial glia cells in humans undergo
not only one but several additional rounds of the cell cycle and increasingly shorten their G1
phase during neurogenesis *°. The human outer SVZ can be distinguished from the ventricular
SVZ as early as E58 8% In contrast, the two zones are indistinguishable in the rodent brain,
and harbour IPCs with a multipolar character that form more neurites in humans than their
rodent counterparts °'. Moreover, their increased abundance correlates with increased gyrifi-
cation of the human neocortex “°. Target genes of characteristic cis-regulatory domains (en-
hancers) found only in humans (and primates) controlled the development of the outer radial

glia cells 2.

Transcription factors contributing to cell cycle control, migration processes, and anti-apoptotic
signalling are found up- and downstream of the Thr2 locus 3. For example, the IPC-charac-
teristic expression of the Notch ligand DII1 is activated by Neurog2 and Tbr2 ®4-%5. NEUROG2
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and EOMES have combinatorial transcriptional function ®’, which form mutually with PAX6 an
activation cascade that drives the neurogenic cell identity switch 5¢~"". EOMES acts up-
stream of E-cadherin and represses it upon NEUROG?2 activation allowing progenitors to enter
the migratory state 2”3, NEUROG2 activates the expression of small GTP-binding protein
Rnd2, which mediates the migration process, lamina formation ®’, and generally the multipolar

to bipolar transition "%,

Overexpression of Tbr2 in the neurogenic context impacts the pattern of angiogenesis and
results in unstable cell fate specification “®. In addition, overexpression of Tbr2 impedes cell
cycle exit, leading to overproduction of both IPCs and descending neurons °. Overproduction
of IPCs, in turn, leads to autism-related behavioural abnormalities, which can be attributed to

an imbalance between excitatory and inhibitory output *.

Axonogenesis — reacquisition of polarity

SUMMARY:: For cytokinesis, intermediate progenitor cells lose their bipolar character and be-
come multipolar. This multipolar shape stands in close contact with centrosomal motility and
retraction of the primary cilium, leading to active delamination "'~"°. To subsequently enable
radial migration into the cortex, intermediate progenitor cells must resolve their multipolarity.
They repolarise by stabilising one of the early neurites to become the future axon ’°. Especially
upper-layer neurons, which will project to the other hemisphere, must establish a robust and

well-defined axon.

Axons are polarised, neuron-specific organelles that — when mature — propagate electrical
“action potentials” across their apically oriented microtubule-based fibres. Axonogenesis is a

highly coordinated process that breaks the symmetry of the progenitor cell .

During axonogenesis, Foxg? and Sox2 8" expression is superseded by Neurod? and Unc5d
expression #. EOMES promoted efferent axon projections, while the EOMES+ lineage itself
appeared to be targeted by thalamic axons . Moreover, alternative splicing is key to proper
axon formation ®*. At the posttranslational level, axon formation is driven by (histone) acetyl-
transferases, which alter the distribution of acetylated tubulin and ultimately trigger microtu-

bule dynamics %,

In culture, plated progenitor cells form several growth cones that extend and retract. Eventu-
ally, one of the growth cones becomes the single, unidirectional axon, and the other neurites
form several dendrites in the differentiated, pyramidal neuron. Eventually, the axon initial seg-

ment forms during polarity reacquisition, which is later located on the axon shaft. Neuronal
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excitability depends on this axon initial segment, since it maintains polarity and regulates elec-

trophysiological properties 8-%°.

After the soma has regained its polarity, it begins migrating towards the CP, while translocating
the centrosome together with the Golgi apparatus and other polarised cytoplasm basally. In
this way, the somatic processes move upwards (leading process). Once settled in their new

niche, ULNs elongate their newly formed axon (trailing process) (Fig. 2; 7).

Mature axons are periodically ensheathed with myelin to enable a saltatory, highly efficient

signal transmission .

Filaments scaffold axonogenesis

During polarity formation and later migration, progenitor cells undergo a drastic cytoskeleton
rearrangement. Filaments such as microtubules, actin, and intermediate filaments ensure in-

tracellular transport and plasticity of the transforming cell.

Polarised microtubules play a systemic role in reacquiring polarity and establishing unidirec-
tional signal transmission. Microtubules are organelles that polymerise a- and 3-tubulins into
a tubule with a plus and minus end. This tubulin assembly into a microtubule is fueled by GTP
hydrolysis. Thus, GTP hydrolysis by Rho-GTPases, such as Rnd2 or RhoA, influences the
dynamic rearrangements of microtubules (microtubule treadmilling) during neurogenesis '>°".
Assembled microtubules traverse the axon and are critically involved in delamination, reor-
ganisation of the primary cilium, and intracellular polarised transport of small molecules via

motor proteins &'.

In the axon, the intrinsically polarised microtubules orient towards the leading edge/growth
cone as the plus end. Microtubule stability within the growth cone is crucial for singular axon
formation %¢. To achieve repolarisation in multipolar IPCs, the centrosome preferentially lo-
cates close to the axon initial segment and condenses even more microtubule structures,

h 7986.92-95 Microtubules concentrate around the centro-

which even predicts axonal outgrowt
some (oriented by their minus ends), which plays the crucial role of the MTOC, the microtubule
organisation center of the cell. The centrosome consists of two centrioles and a surrounding
protein matrix, the so-called pericentriolar material (PCM), which divides into two opposite

poles in dividing cells and forms the basis for the spindle apparatus (Fig. 2).

F-actin, as the filamentous version of actin assemblies, dynamically polarises concomitantly
to microtubular treadmilling. During polarity formation, F-actin directly stabilises microtubules

in the future axon, thus it is crucial to prevent multipolarity #°. For reliable axon outgrowth in
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vitro, the dynamics of F-actin at the growth cone interact with the microtubule assemblies %.
During migration, the F-actin flow anterogradely concentrates on the leading edge, where its

contractile area encloses the centrosome ¥’.

Together, these mechanisms promote the radial migration that accompanies axonal growth

and create the prerequisites for the expansion of the neocortex.

Radial migration into the upper cortical plate

SUMMARY:: After repolarisation, these young neurons begin radial migration into the cortical
plate by pushing their soma up the radial scaffold and afterwards elongating their axon. Thus,
they cross the batrrier to the cortical plate and squeeze past older neurons. Early-born neurons
preferentially end up in the deep layers and late-born, IPC-derived neurons end up in the
upper layers due to this inside-out, outside-last mechanism %99,

Emerging neurons produced by indirect neurogenesis >*100-102

migrate the longest distance
from the VZ into the cortical plate along the radial fibres of RGCs "2'%, IPCs first resolve their
physical connections to the SVZ ' mediated by neurogenic transcription factors such as
NEUROD1 and EOMES and morphogenetic signalling gradients, and are further triggered by
disintegrins such as ADAM17 "%, Adhesion molecules then aid with repeated radial fibre at-
tachment and detachment. N-cadherin, laminin, and vimentin mediate the radial glia-driven

15,106-112

locomotion of young neurons , and are required for the stabilisation of the Wnt signal-

"3 and proper laminar formation '°%'1%114 Protocadherin 19 ** and cadherin 11

ling cascade
115116 known for their role in neural tube differentiation, are important regulators in mediating
radial migration of multipolar cells. Besides, this network of adhesion molecules resembles
those used during epithelial-mesenchymal transition events *'". The SNAIL and SCRATCH
1 and 2 proteins repress E-cadherin expression during epithelial-mesenchymal transition as

well as radial migration of IPCs "7"17:118,

Radial migration follows the delamination of progenitor cells from their early cell context and
occurs with a saltatory movement of the cell soma (Fig. 2; ''°). A repetitive pattern of rapid
expansion and retraction of the leading process characterises this saltatory locomotion. First,
the leading process displaces with the centrosome upwards the radial fibre, which is visible
as a basal swelling. Subsequently, the soma shifts upwards together with its nucleus. F-actin
dynamics establish protrusive forces with the contractility of motor proteins such as dynein,
kinesins and myosin Il to actively locomote the soma 8"97'%, Moreover, the neurogenic tran-
scription factors NEUROG2 and ASCL1 promote the expression of GTPases like Rhoa and

Rnd2 to enable dynamic microtubule stabilisation '. During this process, microtubule flux
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radiates from the centrosome anterogradely towards the leading process and retrogradely to
envelop the nucleus and forms a perinuclear tubulin cage. This microtubular cage is not as

clearly defined in multipolar IPCs as in bipolar RGCs (Fig. 2; ).

When IPCs, as developing neurons, leave the SVZ to migrate radially into the cortex, they
encounter mechanical constraints within the nascent neuronal scaffold built up from the deep
layer neurons. The border to the cortical plate (~subplate) is the stiffest zone in the developing
neocortex, which the IPCs must pass '>'2"'22, Thus, late-born neurons not only have the long-
est migration distance and spend the longest in the motile state **'%, but must also overcome
this mechanical barrier to the developing cortical plate. Softening the ECM during corticogen-
esis could control the number and the orientation of these mechanosensitive progenitor cells,
underscoring that they use durotaxis during migration '?*. Once migrating neurons reach the
pial surface, they encounter stop signals. In particular, GPCRs transmit durotactic information

to stop migration and integrate into the new niche, the upper cortical layers 2126,

Depending on the neuron’s “birthday”, radial migration creates layers. Layer 1 comprises the
neurons of the subplate, which still originate from splitting the neural preplate into the apical
marginal zone (MZ, future layer |) and the subplate, which establishes a boundary between
the VZ and the developing CP '?. Lamination of the six layers of the murine neocortex occurs
between the subplate and the MZ in an inside-out, outside-last mechanism 4", Layer 6 as
one of the deep layers, is the first to form after the division of the preplate, and layer 2 as one

of the upper layers is the last to develop during neurogenesis.

Thus, the migration phase requires a high degree of transient, concerted interplay of various
organelles within the developing neuron, such as the condensed form of the Golgi apparatus
79128 A motile state during differentiation is likewise tightly bound to cell fate commitment in

cardiac progenitor cells '2°1%0,
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Figure 2: The reacquisition of polarity and radial migration imply major cytoplasmic rearrangements

1.

In RGCs, the primary cilium points to the VZ and registers cues for cytokinesis. The two centrioles locate
at the basal base of the primary cilium as part of the centrosomal complex, surrounded by the PCM. For
division, RGCs undergo IKNM. During the S phase of the IKNM, the centrioles are duplicated. Once the
soma returns to the VZ for cytokinesis, along with the now doubled nuclear load, the two centrioles with
most of the PCM remnant remain in the RGC. The newly formed cell continues as IPC.

In indirect neurogenesis, amplifying divisions increase the progenitor pool followed by direct
neurogenesis. Polarity is reacquired by axon formation. Axonogenesis occurs preferentially at the apical
site where the centrosome is located.

The polarised developing neuron delaminates from the early cell context and relocates its centrosome
(purple) apically/ towards the leading edge. F-actin (turquoise) is stabilised and accumulates at the future
leading edge. A cage of microtubules (green) forms around the nucleus. A network of actin and myosin Il
(yellow) gathers at the trailing process, the axon of the developing neuron.

New cell-cell connections (dark blue) form between the migrating neuron and the radial fibre. The
centrosome is now completely apically oriented. The interaction of the basal actin-myosin network and
the apical F-actin force contract the microtubule cage and centrosome further together towards the leading
edge, triggering swelling.

In saltatory movements, the migrating developing neuron moves upwards the radial fibres, with the
centrosome always leading the way and dragging the nucleus behind it.

Finally, the migrating neuron meets the pial surface. Stop signals terminate the migration. The axon begins
to extend into the other hemisphere.

The young neuron detaches from the radial fibre and orients itself in the new cell context. The primary
cilium is replaced basally, and with it the centrioles. Likely, the PCM is reassembled around the
centrosomal complex. The exact function of this neuronal primary cilium is still unknown.

Note: The primary cilium is highlighted in red. The parental centrioles are highlighted in turquoise, while
the daughter centrioles are purple. The lightgreen represents the PCM. These are parts of the
centrosome, which is closely coupled with other polarised compartments of the cytoplasm, such as the
Golgi apparatus, which plays at least as important a role in controlling centrosomal motility.
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Differentiated state as layer Il/lll neuron

SUMMARY: Soon after reaching their final location, upper layer neurons cease cell cycle ac-
tivities, coinciding with their terminal differentiation triggered by the pioneer transcription factor
NeuroD1. Upper-layer neurons then orient in their new neocortical niche by projecting their
axons ipsilaterally or via the corpus callosum into the contralateral hemisphere, making them
unique to mammalian corticogenesis *'**131:132 With these interhemispheric connections,
these neurons integrate sensory and motor contextual information '3*'3*, Like all neocortical
layers, the upper layers are both cytoarchitecturally and functionally distinct, and none of them
can be distinguished by a single marker gene. Even their axonal projections and electrophys-

iological properties differ 35137

When mature, the upper layers consist mainly of excitatory glutamatergic neurons that project
to the respective other hemisphere along the corpus callosum. The corpus callosum enables
lateralisation of cognitive functions unique to mammals. Neurons themselves are elementi
perenni; after embryonic development, they remain in the same place for the rest of the or-
ganism's life. However, neurons remain plastic and can adapt to stimuli such as neuronal
activity or inflammation throughout the lifespan by building or dissolving their axonal and den-

dritic connections.

At the peak of neurogenesis (in mice at E14), late-born neuronal progenitor cells begin to form
neurons only for the upper layers '°4'3_After detachment from the radial fibre and due the
"outside-last" mechanism of the cortical lamination process, late-born neurons settle in layer
[/l of the neocortex, also called the "supergranular layer" %3813 So far, no specific, con-
sistent marker genes for the upper layers are available. However, Satb2 %' Sp2 2 DiIx1,2

43 Cux1 ' and Pou3f3 ® are overrepresented in layer Il/Ill neurons *'.

Moreover, no upper layers are formed in neocortical organoids, suggesting that indirect neu-
rogenesis via IPCs has not occurred or has occurred only to a limited extent "°, indicating the
importance of external cues for upper-layer neurogenesis . In contrast, transplanted ESC-
derived cortical neurons integrate both histologically and functionally with the upper and deep

layers 7.
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Pyramidal morphology refines function

The excitatory upper-layer neuronal (ULN) cell body has a pyramidal shape with dendrites
branching out from the soma and an axon extending away from the soma opposed to the
dendrites. These cellular components are all optimised for circuit formation in the developing

cortex.

Apical and basal dendrites serve as receiving ports for incoming signals from the surrounding
cells, which are then processed and interpreted by the soma body. They arborise soon after
settling in the layer, increasing dendritic complexity first spontaneously and then in an activity-

148150 The axon shaft then transmits the integrated action potentials uni-

dependent manner
directionally via the myelinated axon fibre to the distal synaptic terminals, where the signal is

again translated by chemical and physical means.

Where layer II/11l synapses project to depends on which area of the cerebral cortex their soma
originates (Fig. 3). ULNs project across the rostral prefrontal to caudal somatosensory cortex.
Moreover, they project callosally, i.e. their axon has an L-like shape and establishes long-
range synaptic connections to the other hemisphere across the corpus callosum 33134144,
These contralateral synapses seek their targets by extending and retracting their synaptic

133.1341%1 " similar to in vitro observations . In this way, they can bind to a dendritic

bundles
target or even to a primary cilium %2, Callosal axons require specific neurotrophic signals to
guide their search for target cells in the other hemisphere, especially in the first postnatal days.
During axon outgrowth, the neuron “overextrudes” its axon and branches it to find synaptic
targets. The distal residual axon remaining behind is then eliminated by “synaptic pruning”

76,154 and

processes °"'1°*. The mechanisms for this guidance are still unclear, but vascularity
microglial support may play a chemotactic role (see section “Microglial guidance for differ-

entiation”).

The morphology of ULNs is thus inextricably linked to their primary function — their excitability.
Excitatory neurons of the upper layers predominantly use glutamate instead of gamma-ami-
nobutyric acid (GABA) as neurotransmitter *>%_ The establishment of an activity-dependent
membrane potential is finely tuned and guided by both spontaneous as well as active events,

and the initial discordance of ion gradients.

Initially, GABA is excitatory and shapes the nascent neuron's first circuit towards mature ex-
citability. In immature neurons, active net chloride transport is inward, producing a high intra-
cellular chloride concentration ([CI];). This ion gradient enables anions to flow out of the neu-
ron when metabotropic GABA channels are opened, causing depolarisation. The depolarisa-
tion induces sodium and calcium action potentials and overrides the voltage-dependent mag-

nesium blockade of N-methyl-D-aspartate (NMDA) channels. The excitatory function of GABA
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eventually transitions to an inhibitory function when the chloride exporter's expression and the
NMDA channels' opening are delayed, resulting in a decrease in intracellular chloride concen-
tration and activation of voltage-gated calcium channels. This so-called “GABA-shift” triggers
intracellular calcium oscillations and promotes the fusion of glutamate vesicles at presynaptic
membranes. Once released, glutamate induces spontaneous action potentials and synaptic
currents that gradually transition to activity-dependent release '*’-'%°. Lastly, glutamate binds
postsynaptically to ionotropic receptors to induce a first excitatory post-synaptic potential ¢,

dependent on sufficient glutamate and GABA synapse density '®'.

Moreover, the synaptic activity itself stimulates the corresponding receptor expression that
ensures the internalisation and regulation of both glutamate and calcium oscillations that ac-
cumulate intrinsically and finely balance their output '*'2%3_ The ionotropic NMDA % and
AMPA "% receptors change their subunits upon calcium influx following synaptic activity and
even promote neuronal survival and plasticity '°°-'67,

Sequential expression and synergistic effects of metabotropic and ionotropic GABA, NMDA
and AMPA receptors turn a neuronal precursor cell into a functional upper-layer neuron that

transmits action potentials across hemispheres "¢,

Once the neuron is functionally embedded in the circuit, the nucleus responds closely to syn-
aptic input '®. Calcium and glutamate stimuli trigger the transcription of activity-dependent
immediate early genes such as Creb '"°, cFos ', and Bdnf '"?. Through sensory-triggered
stimuli and interaction with these biochemical signals, early synaptic inputs integrate sensory
and motor contextual information (Fig. 3) and regulate adaptive responses. This intrinsic func-
tion of ULNs to transmit electrical signals over long distances is the basis for a physiological

neural circuit '3,
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Figure 3: Spatial division of upper cortical layers in the lissencephalic isocortex of the adult mouse
A. The two cortical lobes form the largest superficial part of the mouse brain.

B. The distinction between the main areas of one cortical hemisphere is associated with their respective
main known function. However, they all have heterogeneous electrophysical properties. The areas were
part of the experimentally targeted cerebral cortex in this study using in utero electroporation (IUE).

C. The same hemisphere but turned inside out and with separated layers.

D. Cross section of the adult murine brain on the left and a coronal section with Nissl staining on the right.
The area mainly targeted in the experiments described here is highlighted in red (layer 2/3 of the primary
somatosensory area). Other cortical regions were also used. Since IUE was performed at E14, most of
the neuronal output ended up in layers 2/3.

Depictions were generated using the AllenBrain Atlas Map and the ‘Genome-wide atlas of gene
expression in the adult mouse brain’ 174,

NeuroD1 expression in differentiating post-mitotic neurons

NeuroD (Neuronal Differentiation) expression attenuates Tbr2-mediated indirect neurogene-
sis %175 towards a neuronal post-mitotic state. Expression of the NeuroD protein family as
type Il bHLH-TFs is transient in the SVZ, and declines postnatally (Fig. 16; '7¢-'78),

NeuroD1 encodes a pioneer transcription factor occupying bivalent loci 7% whose promoter
is already in a poised state when B-catenin replaces SOX2 influence during neuronal differ-
entiation '®"182_ NeuroD1 then regulates calcium-dependent delamination as a target gene of
WNT 18118318 'NGN2 '8 and NOTCH '®, and induces the migration of multipolar neurons
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that accumulate in the SVZ 2. Simultaneously, NEUROD1 has also been proposed as a
terminal selector transcription factor '8’ The concept of terminal selector genes helps ex-
plain the precise control of a gradual maturation along inductive cues by combinatorial deter-
minants. Terminal selector genes represent regulatory endpoints in developmental processes
188-190 and encode transcription factors that control a specific cis-regulatory motif (e.g. pro-
moter) of another gene-specific cassette. Maintenance of the resulting end state is achieved

through the direct autoregulatory function of these terminal selector genes.

Moreover, NeuroD1 is even sufficient to convert different cell identities such as astrocytes '’

)192

or mature microglia (derived from a different germ layer or even ectoderm '*% into neurons

194195 The NEUROD1+ glutamatergic lineage forms circuits that have been extensively stud-

ied in axonal regeneration "%, dendritic growth **'”® and in the neurogenic niche of the hip-

pocampus 166,197,198

156,181,199

, Where expression of Neurod1 is a prerequisite for adult neurogenesis

NeuroD2 expression also influences axonal pathfinding during neocortical lamination 2*°. Neu-
roD2 expression is characteristic of the post-mitotic glutamatergic neuronal lineage and initi-
ates a critical transcriptional reprogramming for these excitatory neurons 7618,

180,201

Thus, the promoter of NeuroD1 as an early post-mitotic neuronal marker was used here

to isolate the neurogenic population of the upper layers by flow cytometry.

The “barrier of no return”

Elementi perenni, such as neurons, completely cease all cell cycle activities after neurogene-
sis. They only keep innate regenerative capacity within the first postnatal week '¥32°2 and can
not re-enter cytokinesis thereafter 2%, Thus, following their genesis, ULNs enter post-mito-
sis, the “barrier of no return”. This state is characteristic of many somatic cell types; neverthe-
less, neurons remain functional and plastic for the rest of the organism’s life. Whether post-
mitosis is a prerequisite for progenitor cells to transition to the differentiated state is still un-

known.

Post-mitotic neurons can re-enter the cell cycle after an artificial calcium hit up to P5 292211 A
strong transcription factor gradient of FEZF2 can also push neurons back into a progenitor
character within the first postnatal week 2°°2%_ So far, there is no mechanistic explanation for
these artificially induced re-cycling events of neurons 2°2297-21° |n cardiac progenitor cells, the
precursors of cardiomyocytes, a similar post-mitotic state is established that has been pre-
dominantly explained by metabolic rearrangements 2%8209212-218 |n general, cells such as

neurons and cardiomyocytes resemble each other both in excitatory function, post-mitotic
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acquisition 2" as well as in the onset of communication with the immune system ??°. Thus, a
hint for terminal neurogenic fate commitment is the metabolic switch from proliferative gly-
colysis towards oxidative phosphorylation, accompanied by the downregulation of key en-

zymes such as PFKFB3 #2223 or mitochondrial pyruvate carrier 1 (MPC1) 22422

, and the pres-
ence of neuron-specific enzymes such as Succinate-CoA Ligase ADP-Forming Subunit Beta

(SUCLA2) 22,

Moreover, the replenishment of the neuronal progenitor pool in adulthood is naturally re-

66,227,228

stricted to the hippocampal niche in mammals , which follows similar developmental

patterns as embryonic corticogenesis #°2*°, In the presence of excitotoxic stimuli such as

glutamate %

, adult neural stem cells choose the indirect route to re-enter the cell cycle through
transient amplifying progenitors 2. They express the growth factor BDNF 342% while attempt-
ing to resume the cell cycle, resulting in hyperploidisation instead of apoptosis. Hyperploidi-

sation is also known, e.g. from models of Alzheimer’s disease (AD) 24°-24°,

Recent discoveries in human pluripotent stem cells attribute this “barrier of no return” to an
intrinsic epigenetic clock %*72* that keeps chromatin in a bivalent state during reprogram-
ming, switching both enzymatic subunits (via alternative splicing) and modifications to a
“locked” state upon fate commitment 2*°. Retinal regeneration is also thought to be limited by

epigenetic constraints that lock down the accessible chromatin of neurogenic genes #°.

In summary, terminal differentiation cannot yet be linked to a single factor. Efforts to enable
cell cycle re-entry are still unsuccessful, indicating a complex link between cell cycle activities

and the basic function of the neuron.
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Birth as maturing event

SUMMARY: Birth is a natural stressor for the foetus, triggering mainly molecular changes in
organs that depend on oxygen. Organogenesis is largely completed at this point and is refined
as the organism ages. Although birth sets the condition for later life, little is known about how
early neurons encounter this transition at the molecular level. Furthermore, aberrant birth pro-
cesses such as premature birth or caesarean section have been associated with neuropathol-
ogies.

The birth process, with its accompanying mechanical stressors, the onset of oxygen breathing,

251,252

early exposure to microorganisms, and hormonal and immunological changes , is an

important transition period for the developing brain 2*3.

Human premature birth (< 37 weeks of gestation) can have serious long-term effects on the
organism %4 after the lungs, the brain is predominantly affected 2°°%°”. Reported cognitive,
neuromotor %°®, and behavioural abnormalities like ASD 2°°2¢° following preterm birth point to
developmental disturbances of upper-layer corticogenesis, since its interhemispheric connec-
tions are functionally correlated with these developmental diseases in the murine mouse
model *. Distinguishing between the effects of preterm birth itself and confounding risk factors,
such as viral infections, on later neurological outcomes is difficult due to their complex mutu-

ality.

Besides, children delivered by caesarean section (C-section), which mainly bypasses stress-
ors of vaginal birth 223 are more prone to developing neuropsychiatric disorders such as
ASD 2% %% These children show decreased expression of key factors for neuronal differenti-
ation 2% and neuroprotective mitochondrial proteins (Mitochondrial uncoupling protein 2, UCP-
2) %6729 These altered stress signatures reflect in changes in DNA methylation of glucocorti-
coid gene promoters and generally affecting genes related to the Hypothalamic-Pituitary-Ad-
renal (HPA) axis ’°. Moreover, questions arise about the role of microglia in the impaired
perinatal clearing of the neuronal landscape in caesarean-delivered infants and their potential

increased risk for neurodegenerative diseases later in life 2'1272,

In summary, the mode of birth influences neuronal development. Deviations from “natural”
birth modes have been correlated to a higher risk of ASD and schizophrenia, suggesting that

they may be related to an altered development of the cortical upper layers.
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» Neurogenesis upon immune activation

SUMMARY: Maternal immune activation associates epidemiologically and preclinically with
neurodevelopmental diseases like autism spectrum disorder and schizophrenia. A viral im-
mune activation induces a cytokine secretion that passes through the placenta, thereby af-
fecting the embryonic brain. Current research suggests microglia as translators of cytokine

responses into neurodevelopmental disorders; however, the mechanism is unclear.

Maternal immune activation (MIA) is a specific form of embryonic hit that follows the event of
invading pathogens. Recent pan- and epidemics such as COVID-19 and Zika virus have
brought attention to their epidemiological significance during pregnancy. The Zika virus im-

273—275, Whlle

pinges on the EOMES+ lineage during neurogenesis, leading to microcephaly
even the flu virus has been shown to disrupt glutamatergic synaptic transmission 262", There
is also mounting evidence that prenatal immune challenges can prime the developing brain
for the later onset or acceleration of neurodegenerative diseases and mental disorders 2782,
This evidence builds upon the “two-hit hypothesis”, which suggests that a first, embryonic hit
sets the stage for later aberrations that are triggered by a following postnatal hit, cumulating

in late-onset, sporadic diseases 2572,

ULNSs appear particularly vulnerable in development 2°°2%2. The mechanisms and pathways

by which MIA affects the upper layers of the embryonic cortex are not entirely resolved.

Microglial guidance for differentiation

MIA is commonly thought to be translated into an embryonic response through the actions of
a specialised type of brain immune cell type known as the microglia. These cells act as inter-
mediaries, translating the extrinsic stimuli into intrinsic responses, such as complex hormonal

and cytokine signalling pathways that ultimately influence the developing nervous system 2%,

In the naive state, the expansion of the neocortex is closely monitored by microglia. Like neu-
rons, microglia are tissue-resident cells that are long-lived and not replaced by external im-

mune cells ?**?®. Microglia are descendants of yolk sac macrophages at E9 in mice 2°°%,

which migrate through the developing brain vascularity 2%

and eventually invade the develop-
ing cortical plate, right at the beginning of direct neurogenesis (E11 in mice) ?*°. Like all im-
mune cells, they collectively migrate along externally established, diffusible chemokine gradi-
ents 3. They perceive these chemotactic signals primarily via superficial GPCRs and RTKs
such as CXCR4, CX3CR1, CR3, and P2Y12 (Table 1; **'). Some of these systems even pro-

mote neuronal progenitor differentiation, as microglia help co-shape the neuronal outcome.
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At E14, microglia begin colonising the neocortex, interacting with neuronal precursors and
being actively attracted to them through the guidance of chemokines such as IL-34 and CSF1
302-304 In mice and rats, a distinct layer of activated microglia forms at the border to the CP,
the multipolar accumulation zone, preferentially targeting dividing PAX6+ and EOMES+ cells.
Remarkably, microglia phagocytose these progenitor cells physiologically during mid-M phase
and without inducing apoptotic signals 3. Both the depletion and increase of microglia have
a lasting impact on the number of intermediate progenitor cells 3°° and subsequent disease
susceptibility 3°3. Microglia are thought to recognise and phagocytise bipolar cells rather than

multipolar cells 3%°.

At the peak of late neurogenesis, microglia temporarily disappear from the cortical plate, at-
tracted by the chemokine CXCL12 30637 gecreted by IPCs. This guidance helps to regulate
the production of neurogenesis and determines the ratio of neuronal subtypes 3°6¢:308-31° Djs-
turbances in this process can lead to behaviours reminiscent of ASD *. IPCs also express the
purinergic receptor P2Y1R during migration, mediated by ATP signalling *'"", although this
somatic purinergic signalling is reversed in mature microglia-neuron contact '3, Similarly,
CXCL12-CXCR4 306308309 FCRLS-CX3CR1 **, CSF1-CSF1R 3% CCL2/CCL3-CCR2/CCR1
314315 |GFBP-IGF1 %117 and TRKB ®'® neurotrophic systems contribute to microglial chemo-
taxis during IPC differentiation.

After differentiation, neurons communicate closely with microglia as brain-specific sentinel

300 and maintain home-

cells in a circuit-dependent manner to clear the brain of harmful cells
ostasis %°%22, Recent research classifies these different states of activity based on marker
genes for scRNA-seq analyses, such as homeostatic (P2ry12, P2ry13, Cx3cr1, Cd33,
Tmem119, Crybb1) and disease-associated microglia (Spp1, Csf1, Cst7, Iba1, Cst3, Hexb,
Trem2) 300323324 Conditional alteration of microglia number can be achieved e.g. using MIA
models, in which an immunological challenge provokes the mother's immune system and sub-

sequently the developing embryo.
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Table 1: Common receptor-ligand interactions between microglia and developing neurons

Microglial chemotaxis is used during corticogenesis to phagocytose progenitor cells and pathogens and to prune
synapses. It is generally assumed that communication is based on the microglial receptor, which recognises the
ligands secreted by the (postsynaptic) neuronal component.

Receptor Receptor type Ligand References
CXCR4 Chemokine GPCR | CXCL12 308 309 306
CX3CR1 Chemokine GPCR | FCRLS 303

CCR2 CCRT, CCRS, | Ghemokine GPCR | CCL2, CCL3, CCL4, CCLS | #1415
P2X4/P2Y12R Purinergic GPCR | ATP 312 313,311
CSF1R RTK CSF1, IL-34 304,302 303
IGF1R RTK IGF1, IGFBP 316 317
TRKB RTK BDNF 318

In MIA models, Polyl:C is commonly used to trigger immune responses *?°. Polyl:C is an arti-
ficial double-stranded RNA analogue that simulates immune responses to viral agents. When
stimulated by double-stranded RNA, as artificially present in Polyl:C, or naturally in viral repli-
cation processes, the Toll-like receptor TLR3 expressed on circulating immune cells recog-
nises structurally conserved pathogen-associated molecular patterns. TLR3 then cytoplasmi-
cally activates proinflammatory cascades such as NF-kB 3%, which initiate the nuclear tran-
scription of cytokines such as IL-6 and TNF-a %, These cytokines are prominently detectable
in the serum of infected animals a few hours post infection/administration 2%, TLR3 for in-
stance is also required for limiting axon outgrowth in neuronal progenitor cells by colocalising

and likely also interacting with F-actin 3%,

However, the underlying molecular mechanisms of MIA on the cortical upper layers have been
varying and highly dependent on study outlines. Therefore, MIA was used here as a model to
compare the molecular landscape previously defined in the untreated state versus the state
of additional introduction of maternal Polyl:C injection shortly before the onset of upper layer

corticogenesis.
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Weterals anel Wethoels

All methods NOT performed by the author Tabitha Riicker herself have a grey background.

» Animal experiments

Ethical approval

The inbred strain animals were reared and housed according to the standard procedures of
the Central Animal Facility at the University Medical Centre Hamburg-Eppendorf, Hamburg
(UKE). All C57BL/6J mouse experiments were conducted in accordance with the German and
European Animal Welfare Act. The experimental procedures used were approved by the An-
imal Research Ethics Board, the Hamburg Authority (TVA N051/2020 and N109/2020) and

the Animal Welfare Commission of UKE.

All female mice imported from Charles River were allowed to adapt for at least 6 weeks, as
transcriptional and epigenetic heterogeneity of the microbiome was expected when kept at
different conditions 2. All mice received a normal diet with Altromin (#1311P) ad libitum. After
the adaptation phase, they were bred in-house with male C57BL/6J mice up to one year old.
After overnight mating, a vaginal plug marked embryonic day 0.5 (E0.5). Plug checks were
mostly taken over by the animal care takers. In the following, the ".5" has been removed from

all IUE and harvest dates in the manuscript for improved clarity.

In utero electroporations

Technically, in utero electroporations (IUEs) were performed as described in Govindan et al.,
2018 32 and in the STAR protocol to subject similarly electroporated cell populations to down-

stream experiments.

The surgeries were mainly conducted by Birgit Schwanke as well as the preparation of the
DNA mixes for IUE with an EndoFree Plasmid MaxiPrep Kit (Qiagen, #12362) according to

the manufacturer’s instructions.

Essentially, different constructs, shown in figure 4, were used to target different cell popula-
tions: The constructs differed in their promoter sequence that tailored different cell identities
or a mixed population to regulate the expression of different fluorophores. Among different

tested constructs to target developmentally active cell populations, the promoters of specific
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marker genes for radial glia cells and post-mitotic neurons were selected to answer the ques-

tions posed in the introduction (Suppl. Fig. 1).

These constructs together with a translation initiation cassette were then used to transfect

embryonic brains:

For RGC-specific '®° expression, the promoter of the ‘glutamate-aspartate transporter 1’
(Glast1/here also: Glast) was used with a Kozak sequence to drive the expression of the red
fluorophore dsRed2 via an IUE at E12 (Fig. 4A). The vector had a total size of 5,867 bp.

For the expression specifically in post-mitotic neurons ®*°, the promoter of the bHLH transcrip-
tion factor ‘neuronal differentiation 1’ (NeuroD1/here also: NeuroD) was used to drive the ex-
pression of eGFP via IUE at E14 (Fig. 4C). This plasmid contained an IRES sequence in front
of eGFP, which allowed for double-expression of two proteins under the same chosen pro-
moter and provided the needed enhancer region to initiate transcription. The promoter itself

had a size of 2.2 kb, which made a total vector size of 6,911 bp.

These two populations sorted by developmentally active promoters were called in the fol-

lowing analyses “special” populations.

In contrast, to target a mixed population, a plasmid including the CAG promoter was used.
The promoter of CAG drives ubiquitous gene expression in mammalian vectors due to its
composition of a CMV enhancer, the promoter of chicken -actin, and a splice acceptor of
rabbit B-globin gene **'. In the case of the construct that was introduced via IUE at E12, Venus,
a fusion protein of eGFP and eYFP, was expressed under the CAG promoter (Fig. 4B). The
total vector size was 5,454 bp. If the construct was introduced via IUE at E14, pCAG drove
the expression of the red fluorescent protein tDimer, with a total vector size of 7,012 bp. Its
expression was triggered by an AAV2 ITR sequence, a promoter with inherent transcriptional
activity (Fig. 4D). Generally, this expression under non-specific promoters was most similar to

sophisticated approaches like FlashTag .

These two “mixed” populations based on the ubiquitously active CAG promoter were called

in the following analyses “control’/ “ctrl” populations.

The constructs were injected into the embryonal ventricles via a mouth pipette. The concen-
tration of the plasmids with developmentally active promoter was optimal at 4 ug/uL, for the

plasmids carrying the CAG promoter, a concentration of 0.1 pug/uL was sufficient.

Electroporations were carried out with five current pulses of 50 ms with 950 ms interval a 35V
across the heads of embryos using the dipolar platinum tweezers-type electrode and the Elec-
troporator ECM 830 BTX (Harvard Apparatus).

(1]

Throughout the entire dissertation, “p” stands for “promoter” (e.g.: pNeuroD1, ...).
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Figure 4: Vectormaps of used plasmid constructs

A. pGLAST-DsRed2 with a total size of 5,867 bp was a gift from Nicholas Gaiano (Addgene plasmid # 17706;
http://n2t.net/addgene: 17706 ; RRID:Addgene_17706),

B. pCAG-Venus with a total size of 5,454 bp was a gift from Phil Sharp (Addgene plasmid # 127346;
http://n2t.net/addgene: 127346 ; RRID:Addgene_127346),

C. pNeuroD-ires-eGFP with a total size of 6,911 bp was a gift from Franck Polleux (Addgene plasmid #
61403 ; http://n2t.net/addgene:61403 ; RRID:Addgene_61403),

D. pCAG-tDimer (pAAV Syn ChR E90R-T159C 2A tDimer) with a total size of 7,232 bp was a gift from
Thomas Oertner (Addgene plasmid # 52495 ; http://n2t.net/addgene:52495 ; RRID:Addgene_52495).
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Maternal immune activation

Injections

A maternal immune activation (MIA) was induced as a stressor, meaning that timed-pregnant
mice were i.p. injected with a final administered concentration of 4 mg/kg of Polyl:C (Poly-
inosinic-polycytidylic Acid Potass., Sigma, P9582-5mg, stock solution of 0.05 mg/mL in D-
PBS). Repeated stimulations at E10 and E12 were performed to enhance the immune re-

sponse in the mother mice right at the beginning of neurogenesis.

The administered Polyl:C concentration was determined as sublethal (>99% survival rate) in
previous experiments performed by Jacobsen et al., 2021 % and calculated according to the
respective weight of each mouse to a final volume of <200 uL i.p.. The control group was
injected with the respective amount of D-PBS. Suppl. Fig. 10 shows detailed information on
maternal weight of both cohorts. According to the score sheet attached to TVA N109/2020, a
weight loss of >25 % of the average weight at the respective time was defined as the humane

endpoint. Both Polyl:C and PBS were administered to mice mostly in parallel cohorts.

Transcriptomic and proteomic analyses were performed congruently with the untreated sam-
ples. For MIA, time points E18, E19, and P3 were selected for the transcriptome and proteome

experiments, while E18 was additionally subjected to DNA methylome experiments.

Cytokine measurements

Sera and placenta were collected in parallel with E18 embryonic brains. First, the decapitated
mother mice were cut open across the midline to expose the internal organs. Blood was then
drained from the inferior vena cava (ca. 1 mL in total). After blood collection, the embryos were
immediately released from the amniotic sac and their brains processed for flow cytometry
experiments in 4°C Hibernate_E medium. The blood was allowed to settle in a 1.5 mL Eppen-
dorf tube for 30 minutes at room temperature and then spun at 3,000 rpm for 10 minutes at
4°C and the serum transferred to a fresh Eppendorf tube. The blood sera were stored at -
80°C.

Placental tissue and other organs were removed from the mother mice immediately after em-

bryo removal, snap-frozen in liquid nitrogen, and stored in 1.5 mL Eppendorf tubes at -80°C.

Sera, placentae, and embryonic brains from naive and treated conditions were tested for cy-
tokine levels in collaboration with the RG led by Prof. Dr. Guelsah Gabriel. Note: The ELISA
itself was carried out by the Leibniz-Institut fur Virologie (L/V, Hamburg, Germany, Prof. Dr.

Guelsah Gabriel, Dr. Stephanie Stanelle-Bertram, Hanna Jania), whereas downstream data
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analyses of the acquired observed concentrations were again performed by the author Tabitha

Rucker.

For testing the cytokine levels of the collected tissue and sera, a custom-made Bio-Plex Pro
Mouse Cytokine multiplex assay (Bio-Rad, ELISA) was designed and measured in a Bio-Plex
200 system following the manufacturer’s instructions. The selected cytokines were interferon-
v (IFN-y), interleukin-1B (IL-1b) **, interleukin-2 (IL-2) **3, interleukin-6 (IL-6) ***, interleukin-
10 (IL-10), interleukin-17a (IL-17a) 3*°, monocyte chemoattractant protein-1 (MCP-1), and tu-

332

mour necrosis factor a (TNF-a) 332, mostly congruent to Jacobsen et al., 2021 2%,

Four untreated mice, six PBS-treated, and six Polyl:C-treated mice were randomly selected
with their respective sera for this assay. In addition, one embryonic brain at E18 and thirteen
placentae distributed among the four mother mice were measured in the untreated group, and
eighteen placentae for the PBS- and Polyl:C-treated groups. In the PBS group, nine embry-
onic brains were measured from three different PBS mothers and three embryonic brains from
one Polyl:C mother (Suppl. Table 1).

The organs of these mice weighed after freezing had similar weights under the different con-
ditions (Suppl. Fig. 10B), so the concentration values were not normalised to organ weight.

The weight of the mice themselves was more informative than the weight of the organs tested.

Technical replicates were not included. Values were normalised according to the generated
standard curve of each measured cytokine with the Bio-Plex Manager software. Several val-
ues were lost due to the underrepresentation (Out of Range Below) of fluorescence calculated
by the Bio-Plex Manager software. These were not replaced but treated as not available val-
ues (NA). In contrast, the values extrapolated by the software were included in the analysis.
These extrapolated values were estimated concentration values that are outside the range of
the standards, but still within the limits of the fitted logistic eight-point standard curve (Suppl.
Table 1).
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» Flow cytometry experiments

Preparation of single cell suspension

The cells were taken from the embryonic cortices at the respective time point. The procedure
is described in detail in the STAR protocol. Briefly, on the day of collection, the pregnant mice
were euthanised with isofluorane followed by decapitation. The abdomen and uterus were
opened, the embryos removed, and also decapitated. At this stage, special care was taken to
act quickly so that the embryos could not breathe air, as this could potentially affect the results.
From here on, the heads were stored in Hibernate™ _E medium (Thermo Fisher, #A1247601)
on 4°C ice. The cerebral cortex was dissected after removal from the skull, and removal of
meninges and hippocampus using the classic Banker method (Goslin et al., 1998; ). The
regions in the hemispheres with visible fluorescence were excised under a stereo microscope
(Olympus SZX16) equipped with a UV light source. Here, cotransfection with a ubiquitously
expressed marker protein (for E14 harvest time point: pPCAG-Venus; for E16-P7 time points:
pCAG-tDimer) helped identify these regions. While the isolation procedure primarily targeted
cells from the prefrontal cortex, cells from the somatosensory or visual cortex could not be
excluded (Fig. 3). The fluorescent regions were then pooled in a 15 mL Falcon tube and pro-
cessed into a single cell suspension using an adapted protocol for primary neuronal cell cul-

tures:

First, tissue was washed three times in cold 2 mL 1x HBSS medium (Hank's Balanced Salt
Solution, Invitrogen, #14170088) and incubated in 2 mL HBSS with 25 pL of a 25 mg/mL stock
solution of papain (Sigma, #P4762) and 20 pL of a 1 mg/mL stock solution of DNasel (Sigma,
#D4263) at 37°C for 10 min. Young cortices are still little myelinated and connected, so that a
short enzymatic digestion is sufficient to loosen the cell context. In mature cortices, this is
challenging without damaging the cells, fluorescence-activated cell sorting (FACS) is usually
replaced by FANS (fluorescence-activated nuclei sorting). Then 2 mL of 10% FCS (Biochrom,
#S0115) in DMEM (Invitrogen, #6196526) was added to stop the digestion reaction. Cells
were subsequently washed with HBSS and triturated thoroughly but gently ten times in 2 mL
HBSS using a fire-polished Pasteur pipette with a 1 mm opening until suspended. Cells were
then centrifuged in 4 mL HBSS buffer at 150 x g for 10 min before resuspending the cell pellets

in 1 mL HBSS and passing the cell suspension through a 40 um insert filter to remove clusters.

No more than two hours elapsed from the euthanasia of the animals to the final single cell
suspension and the cells were kept continuously on ice. The single cell suspension of an
average of 6x10° cells in total was then transferred to the Cytometry und Cell Sorting Core

Unit, Dept. of Stem Cell Transplantation, University Medical Centre Hamburg-Eppendorf.
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Conventional flow cytometry

A detailed version of the FACS protocol can be found in the STAR protocol mentioned above.
The figures related to flow cytometry experiments were reused from the STAR protocol, as
they were done by the author Tabitha Rlcker.

Briefly, cells from one respective timepoint were pooled before sorting using a BD FACSAria™
Fusion Cell Sorter. To ensure consistency between the FAC sorts, a template was created for

the flow cytometric workflow (Fig. 5).

From the identified scatter population (Fig. 5B, leftmost plot), two doublet exclusion plots were
created to exclude any remaining doublets (Fig. 5B, middle and right plot). Doublets or multi-
ples showed increased area and width signals compared to single cells, whereas the height
remains almost the same. Thus, a mismatch between height, width, and area served to identify

and exclude doublets from the analysis.
Sterile conditions were maintained throughout flow cytometry experiments.

During flow cytometry, the sheath fluid hydrodynamically focused the cell suspension in the
flow cell above the nozzle. It directed the cell suspension through the 100 uM nozzle suitable
for sorting early neurons. Mature pyramidal neurons have been reported to have a soma di-
ameter of 10-20 um (Fig. 12; **¥"), while all the processes, dendrites, and axon were collapsed
and retracted during dissociation, if they have formed at all. Because early neurons entering
the developing cortical plate are either multipolar with multiple very small processes or have
transitioned to a bipolar state with a short anterior process and a short posterior process
11329338 they are less susceptible to cell damage during dissociation.

The nozzle separated the jet into individual droplets. The cells passed through the laser light
cell by cell. Only droplets with cells of interest were charged, while those outside the sorting
gates remained unaffected, even if they showed fluorescence. Deflection plates attracted or
repelled cells: the charged droplets were deflected in the electric field and collected into the
appropriate container. Cell pellets were collected in FACS buffer (0.2 mM EDTA in calcium-
and magnesium-free PBS), centrifuged, and finally frozen and stored at -80°C until further

processing.
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Figure 5: Principle of flow cytometry for sorting transfected developing neurons

A

The cell suspension containing transfected and non-transfected cells passes through a 100 um nozzle

and undergoes hydrodynamic focusing within the flow cell due to pressure differences between the sheath
fluid and the cell suspension. After separating the stream into single droplets containing one or more cells,
the excitation laser interrogates each droplet. Depending on the size (forward scatter, FSC), granularity
(side scatter, SSC), and wavelength of the emitted light, a specific sorting decision is formulated. For
example, the gate set for the SSC-A already helps to sort out cells that are twice the size of the cells
sorted here, which could represent dividing cells or immune cells. Mirrors then deflect the incoming laser
beam and filters pass a specific wavelength range to the respective detectors (PTMs). The fluorophores
used here required bandpass filters of 610/20 (dsRed2), 582/15 (tDimer), 530/30 (Venus), and 513/17
(eGFP). The resulting conversion of light to an electrical charge determines the deflection of cells into
their respective sorting tubes. Non-transfected cells are not charged and go into the waste container. PTM

= Photomultiplier tube.

Caption continued on next page
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B. Each sort decision begins with identifying the cell population of interest by plotting SSC-area (SSC-A)
against FSC-A to compare the size and granularity of the scatter. Second, duplicates in this scatter were
excluded by matching the width (W) against the height (H) of the FSC. These gated FSC singlets served
as input for the detected cells in the SSC-H versus SSC-W plot. The resulting SSC singlet cell population
served as the final input for differential fluorescence detection every time the respective transfected areas
were sorted (Fig. 10 and 11).

This figure was reused from the STAR protocol.

» Immunofluorescence

The brains of each age were fixed with 4% paraformaldehyde at 4°C overnight. The next day,
the solution was exchanged with 30% sucrose in 1x PBS until the brains fell to the bottom of
the tube due to water loss. Fixed brains were frozen in Tissue-Tek® O.C.T.™ Compound
(#R1180, Plano), cut with a Leica CM3050S cryostat, and mounted on Menzel-Glaser (Super-
frost Ultra Plus®, Thermo Scientific, #J3800AMNZ).

For immunofluorescent staining, the slices were blocked with 10% donkey serum (DS, Sigma,
#D9663-10ML) in 1x PBS with 0.5% Triton X-100 (Roth, #3051.2) for 3h at room temperature
(RT) to prevent non-specific binding. Primary antibody incubation in 5% DS in PBS with 0.25%
Triton X-100 was performed overnight at 4°C with Iba1 (Wako, #019-19741), and SatB2
(abcam, #ab92446). After three PBS washes, the slices were incubated with the respective
donkey anti-mouse or anti-rabbit Alexa Fluor 568 or 647 secondary antibodies (Invitrogen;
#A10042, A-31573) at RT for 3h followed by three washing steps with PBS along with Hoechst
dye (1:1,000, Invitrogen, #33258, “DAPI”) to stain for nuclei. Coverslips were mounted onto
slides using Fluoromount-G® (SouthernBiotech, #0100-01). Images were taken with a Zeiss
Axio Imager 2, LSM 800 with 420650-9901-000 objective (Plan-Apochromat 20x/0.8 M27) and
420660-9970-000 objective (Plan-Apochromat Korr 40x/0.95 M27), Airyscan detector and
ZEN 3.1 software (blue edition), and subsequently processed with Fiji v. 2.9.0/1.54d.
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>

“Omic” experiments

RNA-seq sample preparation

Total RNA was extracted from frozen aliquots of 10,000 sorted cells using the RNeasy® Micro

Kit (Qiagen, #74004), for which a Qiagen low input protocol was adapted (see Appendix for

“‘RNA extraction protocol”).

Note: The following quality assessment (1), library generation (2), and sequencing (3) was

conducted in collaboration with the Leibniz-Institut fir Virologie (L/V, Hamburg, Germany,

Kerstin Reumann, Dr. Patrick Blimke, Dr. Jacqueline Nakel, Dr. Daniela Indenbirken). Down-

stream data analyses of the acquired base calls were again completely performed by the au-
thor Tabitha Ricker.

(1)

()

Prior to library preparation, integrity of the extracted total RNA was assessed on an Agilent
2100 Bioanalyzer using a Eukaryote Total RNA Pico assay (Agilent Technologies, #5067-
1513). The concentration was measured by the RNA HS Assay Kit on a Qubit 2.0 (Thermo
Fisher Scientific, #Q32852). RNA samples below a RIN value of 7 were excluded, although
exceptionally samples with a RIN of below 7 were still approved for having a sufficient
level of RNA integrity for sequencing. An example of both cases was depicted in Suppl.
Fig. 11.

For library generation, cDNA was first synthesised, PolyA enriched, and amplified using
the SMART-Seq® v4 Ultra® Low Input RNA Kit for Sequencing (Clontech Laboratories, #
634891) as per manufacturer’'s recommendations. Success of the cDNA generation was
again verified on an Agilent Bioanalyzer. The generated cDNA was then further processed
to a library using the Nextera XT DNA Library Preparation Kit (lllumina, #FC-131-1096).
The fragment length distribution of each library was determined on an Agilent 2100 Bio-
analyzer using the DNA High Sensitivity Chip (Agilent Technologies, #5067-4626). All
samples were diluted to a concentration of 2nM, and an equimolar pool of the samples
was generated.

1 x 75 bp single-end (SE) sequencing of the samples was performed on an lllumina®
NextSeq™ 550 platform aiming for ~20 million reads per sample. A total of 137 samples
was SE bulk sequenced in four runs.
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RT-PCR

RT-PCR was performed to validate RNA-seq results. Different aliquots of 10,000 cells from
the first three experiment for timepoint E14 to E19 (E and P pooled) were converted to cDNA
with the SuperScript™ IV CellsDirect™ cDNA synthesis kit (ThermoFisher, #11750150) and
measured on a 7900HT Real-Time PCR System.

Samples of 0.5 ng/uL were used as input for a custom designed array (Supplementary “RT-
PCR protocol”) with a sample volume of 20 uL. Two custom TagMan® Array Standard 96-well

plates (Format 16, 6 plates each) were designed since conventionally used designs do not

meet the requirements of a high-resolution analysis over a time course.

Twelve progenitor marker genes,

as well as seven marker genes for microglial cell identity

54,102,160,177,339-343

, eleven neuronal marker genes
303,305,313,353-356

144,146,344-352

were selected for

validation by RT-PCR (Table 2). The following selected assays passed the criteria of exon-

spanning probes and assay availability (inventoried):

Table 2: Used TagMan® assays for RT-PCR

One endogenous control, eleven progenitor marker genes, twelve neuronal and seven microglial marker genes

were tested.

Endogenous
control

18S-Hs99999901_s1

Progenitor marker
genes

Arx-Mm00545903_m1
Eomes-Mm01351985_m1
Fezf2-Mm01320619_m1
Ndrg2-Mm00443483_m1
Neurod6-Mm01326464_m1
Neurog2-Mm00437603_g1
Pax6-Mm00443081_m1
Ppp2r1b-Mm01177006_m1
Rnd2-Mm00501561_m1
Slc1a3-Mm00600697_m1

Sox2-Mm03053810_s1

Neuronal marker
genes

Bcan-Mm00476090_m1
Cops7a-Mm00488804_m1
Csf1-Mm00432686_m1
Cux1-Mm01195598 _m1
Cx3cl1-Mm00436454_m1
DIx1-Mm00438424_m1
Grin2b-Mm00433820_m1
Map2-Mm00485231_m1
Ndufv1-Mm00504941_m1
Satb2-Mm00507331_m1
Syp-Mm00436850_m1

Timp2-MmO00441825_m1

Microglia-like
marker genes

Aif1-Mm00479862_g1
Cd81-Mm00504870_m1
Csf1r-Mm01266652_m1
Cx3cr1-Mm00438354_m1
Ferls-Mm00472833_m1
ltgam-Mm00434455_m1

P2ry12-Mm00446026_m1
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The assays ending in _g and _s also detected potential genomic DNA in the sample, which
can lead to contaminated data. Since DNase digestion was performed during sample prepa-
ration, genomic DNA was unlikely to affect the data. Additionally, in the assays with an _s
ending, both the primers and the probe were mapped within a single exon. These assays were
selected because there was no similar probe available to detect non-genomic DNA (_m end-

ing) at the time the experiment was performed (2021 and 2023).

The amplification efficiency could be considered reliable because Thermo Fisher Scientific

Inc. arrays are subjected to constant quality controls.

Calculations

RT-PCR data were analysed using Cq values generated by the Applied Biosystems™ relative
quantification analysis software module (v. 4.3). Well results including Cq values, which were
transformed raw Ct values by the latest internal algorithm of this software can be found in the
github repository https://github.com/TabithaRuecker/NeuroDev.git. Cq values above 40 were
considered as NA; in case of one NA the data were replaced by the median of the other two
replicates, while in case of more than one missing value the NA was kept for analysis. In
particular, the genes associated with microglial character were most subject to this imputation

process.
Normalisation was performed in two steps based on the AAct method **":

First, all values were normalised against an endogenous control gene of the respective panel
(here: 18S (18S-Hs99999901 s1)) as a common endogenous TagMan® control. Secondly,
the values were normalised to a control (here: E14 (pGlast-dsRed2/pCAG-Venus transfected))

to acquire relative quantification (RQ) values:

ACT = CTtarget/reference genes - CThuman 18S
AAcr = ACTE16/E17/E18/E19 - ACTEM
RQ — 2—AACT

Equation 1: Calculation of RQ values

The RQ values indicate the level of gene expression normalised to the endogenous control (here: human 18S) and
relative to the E14 sample. Calculation example: Bcan has an average log2(RQ) of 4.49 at E19 for the pNeuroD+I
population, i.e. it is 22.47 times more strongly expressed at E19 than at E14.
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For figure 17, these RQ values were log2-transformed per replicate and used together with

manually log2-transformed DESeq2-normalised RNA-seq data.

For figure 18, RQ values were averaged across the three replicates of each cell population for
each gene and time point by applying the geometric mean, which was the final input for the
log2 transformation. The log2 fold changes were then displayed along with the log2 fold

changes of the RNA-seq data.
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Mass spectrometry experiments

Note: The following preparation of frozen cell aliquots of up to 50K cells for mass spectrometry
(MS) and the MS experiment itself were conducted in collaboration with the Section for Mass-
Spectrometry and Proteomics, University Medical Center Hamburg-Eppendorf, Hamburg,
Germany (Thomas Mair, Bente Siebels, Paula Nissen, Kilian Mduller, Prof. Dr. Hartmut
Schliiter). Downstream data analyses of the acquired protein hits were again completely per-

formed by the author Tabitha Ruicker.

Proteomic profiling was performed without labelling (label-free quantification, LFQ), since tan-
dem mass tag-based quantification resulted in technical artefacts in the spectra and proved

unsuitable for the desired analysis.

Proteomics sample preparation

First, frozen cell pellets were lysed in 100 pyL 0.1M triethylammonium bicarbonate (TEAB)
buffer containing 1% w/v sodium deoxycholate (SDC) and were then incubated at 95°C for 10
minutes. Additional sonication with five pulses at 35 Hz helped downsize potentially interfering
DNA fragments and mechanically solubilise transmembrane proteins. Tryptic digestion was
performed using the single-pot, solid-phase-enhanced sample preparation (SP3) protocol, as
described by Hughes et al., 2018 **8. SDC was removed by precipitation with 1% acetic acid,
and the remaining supernatant was lyophilised using a Speedvac vacuum concentrator and
stored at -20°C until further use. Immediately prior to injection, the dried peptides were re-
solved in water (MS grade) containing 0.1 % formic acid (FA).

LC-MS/MS parameters

Liquid chromatography-tandem mass spectrometry measurements (LC-MS/MS) were per-
formed in a multiple-step process. Chromatographic separation of peptides was achieved with
a two-buffer system (buffer A: 0.1 % FA in water (MS grade), buffer B: 0.1 % FA in acetonitrile
(ACN, MS grade)). The total amount of peptides was injected into a Dionex Ultimate 3000
UPLC system. For on-line desalting and purification, a peptide trap (180 um x 20 mm, 100 A
pore size, 5 uym particle size, Symmetry C18, Waters) was installed in front of a 25 cm C18
reversed phase column (75 um x 200 mm, 130 A pore size, 1.7 ym particle size, Peptide BEH
C18, Waters).

Peptides were eluted in an 80-min gradient with linearly increasing concentration of buffer B
from 2% to 30% in 60 min, increasing to 90% for 5 min and equilibration at 2% buffer B for 10
min. The eluted peptides were ionised and desorbed by nano-electrospray ionisation source
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(nano-ESI) at a spray voltage of 1.8 kV. To acquire LC-MS/MS spectra, the eluted peptides
were transferred to a quadrupole-ion-trap-orbitrap mass spectrometer (Orbitrap Fusion Tribrid
Mass Spectrometer, Thermo Fisher, Bremen, Germany) and further analysed in data-depend-

ent acquisition mode.

For each MS' scan, ions were accumulated for a maximum of 120 milliseconds (ms) or until
a charge density of 2x105 ions (Automatic Gain Control target, AGC target) was reached. This
way, the m/z ratio of the eluted and subsequently charged molecules was recorded and Fou-
rier transformed in a mass range of 400-1200 m/z with a resolution of 120000 at m/z = 200.
Peptides with charge states between 2+ - 5+ above an intensity threshold of 1,000 were iso-
lated from each precursor scan within an isolation window of 1.6 m/z in top speed mode for 3
seconds and fragmented with a normalised collision energy of 30% using higher energy colli-

sional dissociation.

MS? scans for identification of the primary sequences from the selected peak MS' spectra
were performed using an ion trap mass analyser at a rapid scan rate covering a mass range
of 120-1500 m/z and accumulated for 60 ms or to an AGC target of 1x104. Already fragmented
peptides were excluded (dynamic exclusion) for 30 seconds.
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EM-seq sample preparation

To distinguish between global methylation changes and local DMRs, the novel approach of
enzymatic methyl sequencing (EM-seq) was used here to subject four DNA samples (two
Polyl:C and two PBS pNeuroD+ samples) from time point E18 to DNA methylome analysis.
For EM-seq, DNA was extracted from frozen samples and scaled to 200 ng DNA, which was
the lowest amount of DNA suitable for EM-seq (see Appendix “DNA extraction” for full proto-

col and Suppl. Fig. 21 for expected outcome).

Note: The library generation (1) and sequencing (2) were mainly conducted in collaboration
with the Leibniz-Institut fur Virologie (L/V, Hamburg, Germany, Dr. Patrick Blimke, Kerstin
Reumann). DNA extraction and downstream data analyses were again performed by the au-
thor Tabitha Ricker.

(1) EM-seq was performed on 200 ng DNA each using a protocol adapted from **°. The con-
ventional NEBNext Enzymatic Methyl-seq Kit (NEB #E7120) was used for library prepara-
tion. Samples were processed according to the manufacturer's protocol, specifically the
variant developed for Large Size Libraries, whereby denaturation was performed with 0.1
N sodium hydroxide (option B; 3%°). After NEB library preparation, positive and negative
controls (0.1 ng/uL pUC19 and 2 ng/uL A-DNA; Table 3; Fig. 6) were diluted 1:50 and
added to the samples in a volume of 1 pL per 48 uL of input DNA before fragmentation to
assess the efficiency of the bisulfite conversion process and the performance of the se-
quencing assay. Then, the libraries were subjected to oxidation, glucosylation, and deam-
ination to enzymatically converse 5-methylcytosines (5-mC) and 5-hydroxymethylcyto-
sines (5-hmC) (For detailed description: %, p.1282). DNA libraries were measured with
the Agilent 2100 Bioanalyzer with a High Sensitivity DNA assay (Agilent Technologies,
#5067-4626). See Suppl. Fig. 22 for Bioanalyzer results.

Table 3: Sample preparation for EM-seq libraries

NFW= Nuclease-free water.

Date of .
Conc. | Ssample | 0.1 ng/uL | 2 ng/uL | + NFW Final conc.
ID | Name E"fl'lf‘eq Ing/ul] | [ML] | pUC19 | A-DNA | [uL] | [100ng/50pL]
mr604 | M16 3980 | 5.03 42.97
mr607 | M19 4880 | 4.10 43.90
2/08/202 1. 1.00 200
m616 | M2s | 02082023 e | 437 00 43.63
mré17 | M29 2820 | 7.09 40.91
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(2) Finally, the prepared libraries were sequenced on the lllumina NextSeq 2000 platform us-
ing the P3 sequencing reagents at 300 cycles in a paired-end configuration (2x151 bp plus

2x 10 bp for index reads). A total of 50 million read pairs per sample were generated (47.9
million, 49.7 million, 53.2 million, and 54.7 million, respectively).

Spikeln controls

An artificially methylated pUC19 plasmid (Fig. 6A) and the unmethylated A-DNA (Fig. 6B) were
used here as positive and negative controls to verify successful sequencing.
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Figure 6: Spikeln controls verify sequencing quality and reveal pNeuroD1 usage for transfection
A. Methylated pUC19 (L09137.2) plasmid as positive control for EM-seq.
B. Unmethylated A-DNA (J02459.1) as negative control for EM-seq.

C. Lanes visualised in the IGV of the samples annotated to the respective Spikeln control. Upper lane:
pUC19 plasmid, lower lane: A-DNA. In the upper lanes with methylation percentages mapped to the
pUC19 plasmid, the percentage of methylation partly ranges between 50-75% instead of 0 or 100%.
These parts represent the “ori” and the “AmpR” region of the pUC19, but also of the pNeuroD1-ires-eGFP
construct (Fig. 4C).

The base lanes of both Spikeln controls were compared with the sample lanes using Methyl-
Dackel output files in the IGV. MethylDackel output (see section “Raw data processing and
data availability” for DNA methylation) is a percentage measure of methylation, similar to the
output of bisulfite sequencing. As expected, the A-DNA showed almost no hits (Fig. 6C, lower
IGV lane), while the pUC19 vector showed regions with 0 and 100% methylation, but also two
regions with ~50-75% methylation (Fig. 6C, upper IGV lane). Likewise, the NeuroD1 promoter
was unexpectedly highly covered (Suppl. Fig. 23A). These findings can be attributed to the
origin of replication (ori) and the ampicillin resistance promoter (AmpR), which were parts of
the pNeuroD1-ires-eGFP vector (Fig. 4C). They were transferred during DNA extraction to-
gether with the actual DNA of the neuronal cell samples. Since these parts were reintroduced
by the pNeuroD1-ires-eGFP vector, they also explained the unusual coverage in the methyl-

ation analyses.
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» Pipelines for bioinformatic analyses

Used software

e R version 4.3.1 (2023-06-16), open source *°
e Fiji/lmageJ version 2.9.0/1.54d, open source ¢!
e FPbase, 2023 3¢
e BD FACSDiva™ Software (BD Bioscience; https://www.bdbiosciences.com/en-
us/products/software/instrument-software/bd-facsdiva-software; last  accessed:
12.11.2023)
e FlowJo™ version 10 (BD Bioscience; https://www.bdbiosciences.com/en-us/prod-
ucts/software/flowjo-v10-software; last accessed: 12.11.2023)
e Proteome Discoverer software (version 3.0.0.757, Thermo Fisher Scientific Inc.)
e CytoScape version 3.9.1 363
e In Thermo Cloud (https://apps.thermofisher.com/apps/dashboard; last accessed:
12.11.2023):
o Applied biosystems™ relative quantification analysis software module, v. 4.3.
o Applied biosystems™ analysis software, standard curve analysis module, v.
3.9.

Where possible, all plots in this manuscript have been created using the R package ggplot2
(v. 3.4.4; **) with customised theme created by the author Tabitha Ricker. All annotations
were made to the mm10 mouse genome (GRCm38, org.Mm.eg.db).

For data integration of protein abundances and mRNA expression, Data Integration Analysis
for Biomarker discovery using Latent variable approaches for Omics studies (DIABLO) with a

block.splsda model from the R package mixOmics (v. 6.17.12; %) was used.

All of the meta data and raw data (in case of RT-PCR and ELISA/Cytokine measurements)
have been deposited on github: https://github.com/TabithaRuecker/NeuroDev.git (Suppl. Ta-
ble 12).
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Figure 7: Pipelines applied here for analysing raw data across the three levels of biological complexity
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Raw data processing and data availability

Transcriptomics

The demultiplexed base calls were available as fastq files, which will soon be deposited at the
NCBI Gene Expression Omnibus (GEO, application submitted). Before the raw reads could
be used in downstream analyses, the pipeline for RNA-seq analyses shown in figure 7 was
applied, consisting of quality assessment (1), adapter trimming (2), read alignment (3), and

read counting (4).

1. First, FastQC (v. 0.11.8; *%/ MultiQC; Supp!. Fig. 11) assessed the quality of the reads.
Almost all measured samples passed quality criteria. Only the samples E14_c/sp_5

were excluded and replaced in the next sequencing run.

2. lllumina adapter clipping was performed using TrimGalore! with cutadapt (v. 3.1; %)
and with the following command line parameters: -j 1 -e 0.1 -q 20 -O 1 -a
CTGTCTCTTATA x.fastq

3. For spatial information, read mapping was performed using RNA STAR aligner (v.
2.7.8a; %%) against the mm10 genome from the UCSC Genome Browser **° with de-

fault options for SE raw data:
Example:

- runThreadN 6
- runMode genomeGenerate
- genomeDir /Users/tabitharucker/opt
- genomeFastaFiles GRCm38.primary_assembly.genome.fa
- sjdbGTFfile gencode.vM11.annotation.gtf
- readFilesIn /Users/tabitharucker/NGSdata/raw/E16_pNeuroD_3_trimmed.fq
- sjdbOverhang 100
- outSAMstrandField
- outSAMmapqgUnique 255

STAR (Spliced Transcripts Alignment to Reference) is the most widely used splice-aware
aligner that maps faster and is more accurate than its alternatives TopHat or HiISAT2. The
algorithm STAR is based on the search for "Maximal Mappable Prefixes", which are searched
sequentially only over the not yet mapped reads, independent of isoforms, and accelerate the
mapping process *. It indexes the genome by "features" (e.g. exons) and meta-features (e.g.

genes) and assigns a feature to each read. The extension of multiple overlapping reads to
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features is determined by the -Q option. The output is in Sequence Alignment/Map (SAM) or
Binary Alignment/Map (BAM) format, which can be visualised in the Integrative Genomics
Viewer (IGV) or converted into a Browser Extensible Data (BED) file format for further pro-

cessing.

4. Gap-aware read counting was performed using featureCounts (v. 2.0.1; Liao et al.,
2014 37%) with the options -s 0 -t -Q 12, which only consider non-stranded reads that
are within an exon and have a minimum Mapping Quality Score (MAPQ, column 5 of
the output SAM) of 12. The primary assembly of mm10 from the database
ftp://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_mouse/re-
lease_M25/GRCm38.primary_assembly.genome.fa.gz and the corresponding gtf
mm10_RefSeq_exon annotation file were both used as reference assemblies. As out-
put, featureCounts generated a matrix with 27,179 unique Entrez gene identifiers for

the mm10 genome, which was further used for downstream analyses.

Normalisation

RNA-seq data employ different sequencing depths for each sample and different variances
for each read count. Therefore, normalisation of read counts is required when testing for dif-
ferentially expressed genes (DEGs). The DESeq2 R package (v. 1.40.1; *"") was used here
to overcome these two inherent problems of RNA-seq data: Firstly, it calculated “size factors”
for each sample to ensure that the different sequencing depths were not confounded by any
condition (lowest value here: E17_c_1 with 0.58, highest value here: E19_E_c_7 with 1.68).

For purposes other than differential testing, log2 DESeq2 normalised values with a pseudo-
count of 0.5 were used to avoid infinite minus values due to zero counts. With these size
factors, the DESeq2 algorithm accounted for variations in sample size, which was useful here
to integrate reliably gene expression levels of the postnatal samples with inconsistent sample
sizes. In addition, visualising particularly extreme gene expression from high count data often

did not require variance-stabilised counts, making log2-transformed counts suitable.

Secondly, DESeq2 corrected for the decreasing mean dispersion with increasing gene abun-
dance until it reached an asymptote due to biological variability, which was naturally higher in
weakly expressed genes. From this inverse correlation between the mean (u) and the gene-
wise dispersion (a) resulted that for small mean counts, the dispersion was higher, leading to
so-called “heteroscedasticity”. Additionally, it was assumed that similarly expressed genes

have similar dispersion (maximum likelihood estimation).

63



Thus, given that

variance = p + a * p?
and

Va = @ = biological coef ficient of variation (BCV),
with a as the dispersion parameter and y as the mean, in RNA-seq data, a>0 will always be
greater than the mean, also called “overdispersion” (Fig. 8A). If a>0, then var = y, which

would apply for a Poisson model with normal distribution.

To correct this “heteroscedasticity”, the dispersion estimates were applied to the mean counts
divided by the size factors to transform the normalised data with the regularised logarithmic
function (rlog) of the DESeq2 package.

Equation 2: Calculation of regularised transformation

rlog transformation captures high dispersions for low counts, thus these genes exhibit higher shrinkage from the
rlog. Rlog is a variation of log2 transformation, where qij is proportional to the expected concentration of fragments
for gene i and sample j, Bi0 is an intercept that does not undergo shrinkage, and Bij shrinks towards zero based on
the dispersion mean over the entire data set.

log2(qij) = Bio + Bij

Rlog transformation is a version of a shifted log2 normalisation with an important difference:
Using rlog transformation, the normalised counts were shrunken towards the average disper-

sion (trend line) whilst fitting a negative binomial model (NB), unless the gene-wise a was

more than two SDs (Vvariance) above trend (these ones were excluded as outliers).

In this way, by calculating dispersion estimates (a) for each gene i, and fitting a NB model with

a mean (M) normalised to the library size, the raw counts Kj could be described best:

Equation 3: Negative binomial model for adjustment of read counts

The DESeqg2 negative binomial (NB) model estimates differential expression between conditions, considering
biological variability and statistical dispersion. The NB distribution is fitted to model the read counts (K) in DESeq2,
where pj represents the mean expression level for a given gene (i) in an observation (j), whilst a; models the
dispersion for i.

Kij~NB(u;j, a;)

This significantly reduced the dependence of the variance on the mean and prevented het-
eroskedasticity. The appropriate sample size of six for almost every condition in the present

data set also helped mitigate heteroskedasticity (Fig. 8B).
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Figure 8: RNA-seq count transformation accounts for “overdispersion” and “heteroscedasticity”

A. For the raw DESeq2 counts, the Poisson model (variance = p) is not sufficient to explain the data since
the dispersion around the mean (p) is higher in low count genes: mRNA expression is not constant for
each biological replicate, which means that abundant transcripts have a larger variance than weakly
expressed transcripts. A generalised linear model (GLM), where variance = p+ o*p?, describes the
distribution of read counts in the RNA-seq dataset much better. The a-parameter, the dispersion estimate,
allows modelling of the extent of overdispersion.

B. Gene ranking after the shrunken rlog transformation. The rlog transformation provided by DESeq2
resolves the variance-mean dependence with respect to the previously calculated size factors. The red
line shows an example of an even better fit of the average shrinkage using a cubic spline instead of a
linear relationship to model overdispersion. This cubic spline is integrated into the negative binomial
regression represented by the white line. Full usage of the design matrix due to blind = F.

With the new gene-specific coefficients, new normalised count data were generated and the
HO could finally be tested. For further overrepresentation analyses and visualisation purposes,
gene expression was scaled (z-scored) by calculating the distance of each DEG from the
mean of the rlog-transformed counts of all genes in a certain cluster divided by their standard
deviation. z-scores represented the scaled transcript abundance across samples for each

tested gene.

When analysing distances between samples, e.g. to derive high-dimensional similarity in a
principal component analysis (PCA), "homoscedastic" data performed better when the level
of gene expression did not affect the similarity measures, as would be the case for the rlog
transformation with an NBM fit. PCA is a visual method for reducing large count data to a few
dimensions. By calculating linear combinations of the count data, orthogonal principal compo-

nents (PCs) can be extracted and visualised in 2D. The first principal component (PC1)
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distributes the data along its largest variation, while similar data cluster together. Thus, the
first few PCs describe most of the variation in the data set, which should ideally account for

up to 50% of the total variation — another reason to avoid heteroskedasticity.

Since counts with low expression levels and a low mean could have been introduced by
chance, they provided little information for differential testing. Optimising mean-variance rela-

tionship by rlog-transformation for DEG analysis also prevented false positives (type | errors).

DEG analyses
Among all input genes, four conditions were analysed for differentially expressed genes
(DEGSs) in the physiological landscape: Cell population (“ctrl” vs. “special”), harvesting age

(E14-P7), harvesting mode (in vs. ex utero), and MIA treatment (naive, PBS, and Polyl:C).

For direct comparison between two groups, for instance between E19_E and E19_P, the Wald
test was used to highlight differences. The Wald test performed one test per gene to test
whether the estimated log2FC was significantly different from zero, i.e. whether the observed

difference was statistically significant.

Capturing dynamic gene expression over time required multifactorial analyses. Either DEGs
were evaluated with Wald statistics between pairs of consecutive time points, thus missing
information across the temporal level. Or the entire time frame was subjected to multicompar-
ison cluster analyses, as performed by the likelihood ratio test (LRT) with reduced ~ design.
The LRT between a full model and a reduced model tested whether the increased likelihood
of the data using the additional terms in the full model was greater than expected when these
additional terms were actually zero. With LRT, a single parameter for significance (p.adj.

value) for the tested conditions was generated.

In this study, the null hypothesis/HO (e.g. in the case of MIA: there is no difference between
the treated and untreated condition) was rejected if the p-value was below the stated signifi-
cance level. Unless otherwise stated, this p-value was often also "adjusted” (p.adj.) for multi-
ple testing using the Benjamini-Hochberg (BH) approach. The BH approach aimed to limit the
number of false detections in relation to the number of detections (false discovery rate (FDR)).
The g-value estimated this FDR, i.e. the expected proportion of false positives (type | errors)

among the rejections.
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Clustering approaches across time course
For clustering the genes, this study used two analytical tools with clustering methods —
degPatterns and WGCNA - to capture the dynamic trends between different conditions over

the developmental time frame of late neurogenesis.

The degPatterns function from the R package DEGreport (v.1.36.0; 3"?) allowed for the clus-
tering of gene expression patterns from the previously defined rlog-transformed DEGs. Unlike
other time-series analysis packages, degPatterns used generalised additive models for mod-
elling gene expression patterns, whilst allowing for linear and non-linear trends over time. Us-
ing Kendall's correlation coefficient from pair-wise testing between all input DEGs, degPat-
terns clustered the genes hierarchically and intersected the resulting dendrogram in gene

clusters with synergistically expressed gene profiles.

All clusters derived from DEG were generated based on strict statistical parameters for clus-
tering the most significant 2,000 DEGs with an adjusted p-value below 0.01. Clusters must
must contain at least 50 members. The remaining genes were clustered using the Kendall

rank correlation coefficient as a distance measure.

For each time point, a boxplot was created with smoothed lines connecting the mean expres-
sion levels of successive time points to show a typical expression pattern for that cluster. The
profiles of the DEGs were scaled with a z-score, i.e. each calculated distance from the mean
log transcript count of all genes in that cluster was divided by the standard deviation of the log
transcript counts in that cluster. The order of the clusters was redefined according to the

course of development.

In parallel, the associated genes were functionally analysed, including overrepresentation
analyses of biological processes (Gene Ontology, GO) using the compareCluster function of
clusterProfiler (v. 4.8.2; 3"®) with the parameters org.Mm.eg.db, "BP", "BH" and qvalue cut-off
=1 (Suppl. Table 2-6).

For comparing the influence of the fourth condition, MIA, on the physiological landscape,
WGCNA was used here. Since degPatterns did not distinguish between significancy levels of
generated clusters but was based on previously identified DEGs, weighted gene co-expres-
sion network analysis (WGCNA,; v.1.72-1; *"*) was superior by assigning weights to all input
genes according to their correlated expression pattern. Highly correlated genes (nodes) were
stronger connected (edge weights) in this network, defined by a weighted adjacency matrix.
Thus, WGCNA was a relatively unbiased approach to highlight interactions between gene
modules with similar expression patterns, assuming the modules share the same signalling

pathway or regulatory mechanism.
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Physiological changes upon treatment were reflected in the so-called “modules”, which were
clusters of gene expression that correlated to the treatment and had a high topological overlap.
These modules of genes proved to be very robust and might not only be related in their ex-
pression profile but might also be involved in similar biological processes. A pairwise Pearson
similarity coefficient, which was first calculated in a co-expression matrix, served as the co-
expression measure. The similarity matrix was converted into a weighted adjacency matrix
(signed) and only calculated for a power measure 3 according to their respective correlation.
The weighted adjacency matrix was calculated considering the intramodular connectivity, i.e.
the genes were “weighted” with a non-binary weight according to the soft threshold over a
scale-free topology. The "signed" approach accounted for both negative and positive connec-
tivity, reflecting inhibitory or activating biological processes. A corresponding adjacency func-
tion was implemented for this purpose, using power as the adjacency parameter. The power
B can be defined by the probability that a gene is linked to one or more other genes, while new
genes tend to associate with already established gene "hubs". This not only represented a
requirement for a scale-free network, but was also close to observations of biological systems
375 With this defined power, a factorisation of the adjacency matrix was possible. Here, fac-
torisation meant the decomposition of the adjacency matrix into module eigenvectors and ei-

genvalues. Up to this point, only co-expression was considered.

In contrast to many other approaches, WGCNA also took topological similarities into account:
a topological overlap measure (TOM) was generated for these weighted genes, which served
as a measure of centrality for the interconnectivity of genes and was generally a good predictor
for the importance of genes in the respective module (Suppl. Fig. 12). TOM went beyond the
initial Pearson correlation by considering the direct pairwise relationships between genes and
their indirect relationships within the network (topological measure). By calculating 1-TOM, the
gene dissimilarity was defined. This weighted topological measure of overlap was highly co-
hesive and not inversely related to the actual connectivity of the genes. Finally, the module

mapping was defined by average linkage hierarchical clustering.

For the untreated landscape, the transcriptome with a total of 97 samples over the time points
E14, E16, E17, E18, E19_E (from embryos still in utero at E19), E19_P (from pups already
born at E19), and P3 was sequenced in six replicates for each cell population (pCAG+ and
pGlast/pNeuroD+). In addition, there were triplicates of pooled E19 in utero and ex utero sam-
ples, duplicates of P5, and one P7 sample for each cell population. Here, the multivariant
analysis of DEGs was performed on raw count data with LRT using the full model ~ Age+Pop-
ulation implemented by the DESeqg2 function compared to a reduced model that excluded the
factor related to the cell population (“ctrl” vs. “special”) or the age factor with a significance

threshold of p.adj. <0.01. These were input for the degPatterns clustering approach.
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WGCNA was used for differential gene expression and clustering analysis of the MIA treated
cohort in comparison with the untreated cohort. Rlog-transformed RNA-seq data of both cell
populations from E18, E19_E, E19_P, and P3 samples of the non-MIA and MIA data set were
used resulting in a total of 89 samples. Among them, 56 were pNeuroD+ samples and 41 were
MIA (Polyl:C and PBS) treated samples. Counts with <15 hits in more than 75% of samples
were rejected, ending up in 15,009 genes for WGCNA. They were computationally related to
the respective categorial traits/conditions (Age: E18=0, E19_E=1, E19_P=2, P3=3; Popula-
tion: tDimer+=0, pNeuroD+=1; MIA: non-MIA =0, MIA =1; Treatment: naive =0, PBS =1,
Polyl:C =2). To create gene modules with similar gene expression, modules were constructed
using the signed Pearson correlation with a soft threshold power of 12. This power was chosen
to achieve a scale-free model fit greater than 0.85 (Fig. 36B). In addition, a minimum module

size of 30 genes per colour-coded module was enforced during the construction process.

Proteomics

Following the pipeline shown in figure 7 for mass spectrometry analyses, the primary se-
quences of the detected peptides were searched using the SEQUEST algorithm built into
Proteome Discoverer software (v. 3.0.0.757, Thermo Fisher Scientific Inc.) against a verified
murine Swissprot database (January 2023) of 17,013 entries. Since peptide modifications
(e.g. post-translational modifications) alter its mass, options to consider them in the resulting

.msf file were set as follows:

Carbamidomethylation was set as an artificially induced “fixed modification” for cysteine res-
idues, whilst oxidation of methionine, pyroglutamate formation on glutamine residues at the
N-terminus of the peptide, and acetylation of the N-terminus of the protein were allowed as
biologically induced, “variable modifications”. Additionally, a maximum number of two miss-

ing tryptic cleavages was set.

Only peptides between six and 144 amino acids were considered for further analysis. A strict
cut-off (FDR < 0.01) was set both for peptide and protein identification.

Quantification was performed using the Minora algorithm implemented in Proteome Discov-
erer v. 3.0. The obtained protein abundances were log2-transformed, followed by normalisa-
tion of the column means. As the samples were produced in three different batches, correction

for the batch effect was performed using HarmonizR as described by Voss et al., 2022 37¢.
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Thus, further filtering or normalisation steps were obsolete. However, as the missing values
were biased towards less intense proteins, indicating missing not at random (MNAR) values,
the data were subtly imputed with a manual imputation with shift = 0 and scale = 0.1 (Suppl.
Fig. 17) to smooth the density curves. Thus, since the dataset was already highly normalised,
imputation for the statistical tests was performed on a low base to avoid artificially inflating the

differences.

A total of 4,339 proteins were detected in 72 samples, of which 868 proteins were detected in
all samples (for additional metrics of protein abundance: Suppl. Fig. 15, 16). The proteomic
dataset comprised only a fraction of the treated replicates compared to the transcriptome da-

taset, mainly due to the loss of E19 samples during sample preparation.

Differential analyses were performed with the R package DEP (v. 1.22.0; *") using a limma-
based algorithm (bayes statistics). For the following analyses of differential detected proteins
(here referred to as “DEPs”), the timepoints (E14-P7), the cell populations (“ctrl” vs. “spe-

cial”), and the treatment cohorts (naive, PBS, and Polyl:C) were compared.

The analysis of naive/untreated samples covered 41 samples of the entire time frame from

E14 to P7 with both cell populations, as mentioned above.

Group differences were defined on the base of the total (MIA and naive, E14-P7) differences

between the “ctrl” population versus the “special” population.

The treated samples covered time points E18, E19, and P3, with a total of 49 samples.

Polyl:C-induced differences were tested on both the PBS and the naive samples.

Subsequent network analysis was performed in the CytoScape v.3.9.1 interface with ClueGO
and STRING apps as a functional enrichment tools (GO:BP/ Gene ontology for biological pro-

cesses) %8, Singletons were removed from the visualisation.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Con-
sortium via the PRIDE 3”° partner repository with the dataset identifier PXD046067. The data
were sorted according to the Sum PosteriorErrorProbability (PEP) score, which evaluated the

validity of the protein detection — a high score meant high validity.
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DNA methylation

The EM-seq data in fasta format were first quality controlled using FastQC (v. 0.11.8; %) and
were further processed according to the pipeline shown in figure 7 for EM-seq analyses. All
samples met the typical criteria for EM-seq data, i.e. low C content, high T content, and aver-
age (25 %) A and G content (Suppl. Fig. 17). Subsequently, the files were subjected to adapter
trimming using TrimGalore! with cutadapt (v. 3.1; **") and the following command line param-
eters: parameter: -j 6 -e 0.1 -q 20 -O 1 -a AGATCGGAAGAGC input_1.fastg.gz. The lllumina
adapter-trimmed data was aligned against the built-in methylated mm10 reference genome of

bwameth (v. 0.2.6; **°) with the following parameters:

lusr/local/bin/python /usr/local/bin/bwameth.py c2t input_f.fastq.gz input_r.fastq.gz |bwa mem
-T40-B2-L10-CM-U 100 -p -R '@ RG \tID:input_\tSM:input_' -t 8 /cvmfs/data.galaxypro-
ject.org/byhand/mm10/bwameth_index/mm10.fa.bwameth.c2t /dev/stdin

The Picard tool MarkDuplicates (v. 2.18.2; https://github.com/broadinstitute/picard.qgit) was
then used with the general default parameters to remove PCR duplicates. Methylation metrics
per base were extracted and converted to a MethylKit-compliant format (--methylKit) using
MethylDackel (v. 0.5.2; https://github.com/dpryan79/MethylDackel.qgit) with the mm10 refer-
ence genome. The resulting data matrix was then analysed using the R package methylKit (v.
1.26.0; 3.

The raw sequencing data for EM-seq were available as fastq files, which will soon be depos-

ited at the NCBI Gene Expression Omnibus (GEO, application submitted).

71



Notes on experimental design

The sample size was not determined by statistical methods, but was estimated considering
an average sequencing depth of 20M and similar sample sizes of Schurch et al., 2016 %2 and
Ching et al., 2014 * for bulk RNA-seq.

With developmental maturity, expression patterns of most NeuroD protein family members
declined (Fig. 16), which did not affect the flow-cytometric sorting process as the construct
including the fluorescent protein was already episomally incorporated into the cell. Due to the
incorporation of the fluorescent construct within the cell, the chosen cell sorting method was
FACS instead of FANS. Even if only transiently expressed, the fluorophore remained stably

integrated in the cytoplasmic context for at least a month (Suppl. Fig. 2).

For the transcriptomic analyses, only the P3 postnatal time point could be measured in six
replicates for each cell population due to the limited availability of postnatal mice. P5 and P7
timepoints lacked most replicates but were still included in the analyses. This study focused
on pNeuroD+ samples for the RNA-seq of MIA stressed samples, as the research question

aimed to investigate the impact of MIA on the “pure” layer II/Ill neuronal population.

For the proteomic data set there were no replicates in the E19 samples. Thus, the E19_E and
E19_P samples were combined for the whole analysis and not analysed separately. Unlike
for the RNA-seq data set, pCAG+ samples of MIA animals were included for the proteomic

data set.

Half of all samples for RNA-seq directly matched the harvesting/FACS date of the aliquots

used for mass spectrometry. For EM-seq, cells needed to be pooled from two FACS dates.

Exact numbers and sample details are stored in the github repository https://github.com/Ta-
bithaRuecker/NeuroDev.git (Suppl. Table 12).
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Resullis;

» Untreated, indirect corticogenesis

The neurogenic fate acquisition of the upper-layer cell population was multimodally investi-
gated by a flow cytometry-based sorting of different cell populations. For this approach, differ-
ent developmentally active DNA constructs — that were electroporated into the developing
cortex of embryonal mice — allowed for the isolation of radial glia cells (RGCs) and early, post-

mitotic neurons.

RGCs were isolated with an IUE at E12 via the promoter of their marker gene Glast1, which
drove the expression of the red-emitting fluorophore dsRed2. This construct was electro-
porated together with a ubiquitously expressed construct with the CAG promoter driving the
expression of the yellow/green fluorescent fusion protein Venus. These cells were harvested
at E14 (Fig. 9A).

Furthermore, post-mitotic neurons were isolated using the NeuroD1 promoter. Cells were
electroporated with pNeuroD1 at E14 and were harvested at E16, E17, E18, E19, P3, P5, and
P7 (Fig. 9A). The promoter of NeuroD1 drove the expression of the fluorescent protein eGFP.

Here, the CAG promoter drove the expression of the red fluorescent protein tDimer.

The cell populations that were isolated via a developmentally active promoter (pGlast1, pNeu-
roD1) are further called “special”, whilst the mixed cell population, which was isolated with the

ubiquitous promoter CAG, was further called "ctrl” population.

When electroporated at E14, progenitor cells physiologically contribute to the upper layers
(layer II/1ll) of the murine cerebral cortex (Fig. 9B; '°), which this study explicitly sought to
investigate. Downstream multimodal approaches included bulk mass spectrometry, RNA-seq,
and EM-seq (Fig. 9A).
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Figure 9: Experimental strategy for the temporal dissection of cortical layer Il/lll neurogenesis

A. After in utero electroporation (IUE) during the neurogenic timeframe, labelled cells were FAC sorted and
subsequently underwent either RNA/DNA extraction for RNA-seq/EM-seq purposes or protein extraction
for mass spectrometry. The resulting data was then bioinformatically analysed.

The same process was used after Maternal Immune Activation (MIA), represented by either Polyl:C or
PBS i.p. injections at E10 and E12 before IUE (see section “Neurogenesis upon maternal immune
activation”).

Caption continued on next page
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B. Representative coronal sections of electroporated cells show the physiological upper-layer corticogenesis
from the polarity formation of neuronal progenitors in the (sub-)ventricular zone ((S)VZ) over the outside-
last migration into the nascent cortical plate (CP) until the final orientation of the neurons within the layer
2/3 (LII/IN) of the neocortex. On top of each representative image, the associated 4x overview picture is
displayed, showing Hoechst staining in grey and tDimer fluorescence in red. Upper-layer neuronal
populations are mainly derived from intermediate progenitor cells, which divide again symmetrically in the
intermediate zone (I1Z). They otherwise also include layer 4 (LIV), which requires an even earlier injection
to be targeted.

Cells were electroporated with the respective pull-down construct at E12 (with pGlast1°-dsRed2/pCAG-Venus,
shown at E14) or E14 (with pNeuroD1°-eGFP/pCAG-tDimer, shown at E16°°, E17, E18, E19, and P3), respectively.
In the following,”control"/ctrl means transfection with marker proteins such as Venus (E14) or tDimer (all other time
points), while "special" means transfection with pGlast1 (E14) or pNeuroD2 (all other time points). Overlayed
fluorescence of both channels results in yellow colour. For multiomic experiments, similarly electroporated cell
populations were subjected to FACS and the respective analysis pipeline as required for the three modalities.
Hoechst staining as background. Scale bar: 100 pm.

° “p” stands for “promoter”.

°° E15 was excluded due to sparse NeuroD1 expression after only one day of transfection.

At the peak of neurogenesis (at E14 in mice) some cell bodies of labelled pGlast1-dsRed2+
RGCs were located in the VZ (apical progenitor cells) with basal projections reaching the pial
surface (Fig. 9B). Other cell bodies accumulated at the border to the CP without clear polarity,
and some cell bodies were already in contact with the pial surface (basal progenitors, Fig. 9B).
Two days later, at E16, the nascent CP thickened, and the radial ontogenetic columns
emerged, organising neurons from the same birthplace 3#*3%°. From then on, the early post-
mitotic neurons were labelled with pNeuroD1-eGFP for later harvesting time points. Some of
these progenitor cells continued to remain multipolar. While the progenitor cells were gather-
ing in the SVZ, more mature neuronal progenitors became bipolar again and started radial

migration along the fibres of the RGCs.

At E17, almost all of these developing neurons attained the motile stage and radially migrated
into the CP by crossing the subplate boundary, pushing past older neurons, and translocating
along the radial fibres provided by the RGCs. By E18, most radially migrating neurons reached
their final position in the upper layers, while few had not yet completed their translocation. The
volume of the SVZ decreased dramatically, while the CP continued to expand, and the apically
located axon bundles thickened. On the day of birth, at E19, the cortex showed an ordered
laminar structure of the CP with the developed neurons all oriented in their laminar niche.
From P3 onwards, the cells showed a pyramidal shape with elongated dendrites and an axon

projecting in an L-shape across the corpus callosum to the other hemisphere (Fig. 9B; *).

75



Flow cytometry experiments

The expression of fluorescent proteins in neuronal cells of the murine embryonic cortices was
driven by developmentally active and ubiquitously active promoter elements. The previously
electroporated cells (Fig. 10A and 11A) were sorted based on these fluorophores via flow
cytometry. For flow cytometry experiments, a template was used for compensation and gating
settings every time the cotransfected samples were sorted. Gates were set from the singlets
SSC population (Fig. 5B, right plot) that contained the cells to be enriched for the two channels
needed to identify the fluorescent proteins of interest. Fluorescence Minus One (FMO) con-
trols allowed initial gate setting using cell suspensions from brains transfected with only a
single fluorophore (Fig. 10A,B and 11A,B). Compensation with the FMO signals brighter than
the signal in the cotransfected sample ensured correct differential fluorescence detection in
the cotransfected sample (Fig. 10C and 11C). Thus, compensation accounted for spectral
overlaps and prevented spillovers of emission spectra into the respective detectors (Fig. 10C,
D; 11C, D) so that the transfected cell populations were consistently sorted into aliquots used
for downstream analyses. Note that dsRed2+ cells might also have Venus fluorescence (dou-

ble positive) and eGFP+ cells might have also tDimer fluorescence (double positive).
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Figure 10: Gating strategy for separating a cell population into subpopulations by flow cytometry based
on the transfection of the construct pGlast1-dsRed2/pCAG-Venus

A

Coronal sections of the murine somatosensory cortex of embryonal age E14 after in utero electroporation
at E12 show fluorescent protein expression in the target cell population: Venus expression driven by the
ubiquitous promoter pCAG (left), dsRed2 expression driven by apical radial glia cell-specific promoter
Glast1 (middle), and merged (right). CP: cortical plate, 1Z, intermediate zone, SVZ: subventricular zone,
VZ: ventricular zone. Scale bar: 50 pm.

The experiment performed on 20,000 cells of E14 embryonic cortices shows singlets SSC populations of
both fluorescence minus one (FMO, single transfected) controls, untransfected, and cotransfected
samples with the construct pCAG-Venus/pGlast1-dsRed2. The FMO control of the single Venus
transfection and the FMO control of the single dsRed2 transfection, together with the untransfected
control, are used to calculate the compensation. Compensation with the FMO signals brighter than the
signal in the cotransfected sample ensures correct differential fluorescence detection in the cotransfected
sample.

Note: At E14, an additional low false positive signal in the Venus channel was visible already in the
untransfected condition, which was excluded for sorting.

Computational compensation matrix (“Compensation Wizard” of BD FACS Diva software; recreated with
FlowdJo) defines values for compensation of spillover into the other bandpass filter.

The here used bandpass filter 530/30 covers the emission peak and the spread in the case of the
fluorophore Venus, while the bandpass filter (610/20) covers the emission spectrum of dsRed2. The plot
was generated with FPbase 362,

This figure was reused from the STAR protocol.
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Figure 11: Gating strategy for separating a cell population into subpopulations by flow cytometry based
on the transfection of the construct pNeuroD1-eGFP/pCAG-tDimer

A

C.

D.

Coronal sections of the murine somatosensory cortex of embryonal age E18 after in utero electroporation
at E14 show fluorescent protein expression in the target cell population: pNeuroD1-eGFP expressed in
post-mitotic neurons (left), pPCAG-tDimer expressed ubiquitously (middle) and merged (right). UCP: upper
cortical plate, LCP: lower cortical plate, 1Z, intermediate zone, VZ: ventricular zone. Scale bar: 100 pm.

The experiment performed on 20,000 cells of E18 embryonic cortices shows singlets SSC populations of
both single transfected controls, untransfected, and cotransfected samples with the construct pNeuroD1-
eGFP/pCAG-tDimer. The FMO control of the single eGFP transfection and the FMO control of the single
tDimer transfection, together with the untransfected control, are used to calculate the compensation.
Compensation with the FMO signals brighter than the signal in the cotransfected sample ensures correct
differential fluorescence detection in the cotransfected sample.

Computational compensation matrix (“Compensation Wizard” of BD FACS Diva software; recreated with
FlowdJo) defines values for compensation of spillover into each other BP filter.

The bandpass filters 582/15 and 513/17 cover the peaks of the emission spectra of the fluorescent
proteins used here, tDimer and eGFP, respectively. The plot was generated with FPbase 362,

This figure was reused from the STAR protocol.
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Immunofluorescence staining confirmed upper-layer
neural character of transfected cells

Immunofluorescence staining against Satb2 confirmed the upper-layer neuronal character of
the pNeuroD1-eGFP+ cells and of the control (pCAG-tDimer+) cells (Fig. 12). A subset of the
green fluorescent cells was not stained against Satb2. However, most of them had green
autofluorescence as endothelial cells, which are not sorted by flow cytometry due to selection
by size and granularity. Furthermore, a possible microglial character of this subset of cells was
refuted. The eGFP+ transfected cells did not colocalise with Iba1+ cells in an additional im-
munofluorescence staining against Iba1, which is expressed on the surface of microglial cells
305307 (Suppl. Fig. 3, 4).

Figure 12: pNeuroD1-driven eGFP is expressed in cortical projection neurons like its pCAG-driven control
tDimer

Representative coronal sections of the somatosensory cortex of E18 mice after IUE at E14 show eGFP+ cells that
are also positive for the upper-layer neuronal marker Satb2. The ubiquitously expressed tDimer is also present in
differentiated neurons. White frames indicate digitally enlarged regions.Lines or arrowheads indicate e GFP+ cells
that are not stained for Satb2. Scale bar: 100 um, 20x magnification.

Left panel: Digitally magnified region first shows colocalisation of eGFP+ with Satb2 staining in white, then
colocalisation of tDimer+ cells with Satb2 staining. The lines highlight e GFP+ cells that are not stained for Satb2.

Right panel: The arrowhead shows an example of endothelial cells, which visually make up the majority of cells
that fluoresce green but do not stain for Satb2. This is due to the autofluorescence of the endothelial cells and
makes it difficult to distinguish them from eGFP+ neuronal cells. However, this is only a small proportion of the
green fluorescent cells, and the proportion of eGFP+ cells that are Satb2- and also lack endothelial character, but
rather have an indistinct morphology, is even smaller.
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Transcriptome analyses

Validation and characterisation of RNA-seq samples

Samples reflected the gradual neurogenic cell fate commitment

PCA separated the samples along the PC1 axis by age with 44.87% variation (Fig. 13A).
Postnatal samples differed most from prenatal samples (Fig. 13A, C). In particular, the pro-
genitor stage (E14 and E16), early neuronal stage (E17, E18, and E19_E), and postnatal,
differentiated stage (E19_P to P7) samples clustered among each other. Samples from time
points E17 and E18 appear to have clustered farthest away from the PC2 component with
10.81% variation (Fig. 13A). The cluster of E14 samples overlapped with all of the pCAG-
tDimer+ samples of the other prenatal time points. Moreover, E16 samples were transcription-

ally more similar to E14 than E17 samples (Fig. 13C).

The biplot in figure 13A showed the genes that accounted for the most detected variances in
the data set, which are separately depicted in figure 13B. The genes that pulled the samples
most strongly along the PC2 axis were all associated with immunogenic processes. In con-
trast, the genes that pulled the samples in the other direction were structural elements of the

maturing nervous system, mostly of oligodendrocytic or astrocytic character.

Overall, this illustrated the gradual acquisition of neurogenic cell fate from a progenitor stage
(E14, pGlast1/pCAG and E16, pNeuroD1/pCAG) to a motile/migratory stage (E17, E18, pNeu-
roD1/pCAG) to a terminally differentiated state (E19, P3-P7, pNeuroD1/pCAG).
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Data set in reduced dimension

PCA with rld transformed counts by DESeq2
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Caption continued on next page
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Figure 13: Transcriptomic samples reproduce the gradual progression of indirect neurogenesis

A. RNA-seq samples intrinsically cluster by association with age and cell population. Samples with rlog-
transformed counts cluster along the PC1 and PC2 axis. PC1 shows a fan-shaped clustering of
consecutive harvesting time points. PC2 explains the difference in population (“ctrl” vs. “special”); while
the E14 samples overlap the pCAG-tDimer+ samples of the other prenatal time points and all pNeuroD1+
samples cluster outwards. 50% of the variables were removed.

B. Top five loadings/genes show association of PCA clustering with the respective cell population and time
course progression. The upper genes are increasingly expressed in both populations over time, while the
bottom panel of genes shows genes that are prominently expressed by the pNeuroD+ cell population.

C. RNA-seq samples are correlated and differ mostly between the pre- and postnatal samples. Spearman’s
rho (p) correlation coefficient greater than 0.95, with p represented by a colour gradient from blue (low) to
red (high).

Promoters were suitable to target neuronal precursors and developing
neurons

The cellular identity was additionally verified by marker gene association of pGlast1-dsRed2+

312,386 339,340,345,350,387,388 (

versus pNeuroD1-eGFP+ cells Fig. 14C, F). Transcriptomic analyses
revealed a gradual transition from a progenitor aRGCs cell character to an immature neuronal
identity. Commonly used neuronal precursor marker genes were strongly expressed in E14
samples, while neuronal genes were downregulated (Fig. 14A, D). Neuronal precursor mark-
ers used here encompassed e.g. Neurog1 '83893%  Eomeg 98391392 Arx 339 Rnd2 388 Sox2
342393395 and Pax6 3*13%:397 gnd the neuronal-specific markers e.g. Satb2 10141349398 Timp2
30 Bcan 345387 Unc5d3%%4% Mapt *°', Cux1 *43% and Grin2b “°2 (Fig. 14B, E). Here, neuronal
progenitor genes were highly effective in excluding mature cell identity in E14 pGlast-dsRed2
samples. In contrast, some neuronal marker genes were already established in the E14 sam-
ples, even if not at high levels. In summary, the enrichment of specific marker genes in the
sorted target populations by developmentally active promoters indicated a successful sorting

and sequencing procedure.
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Figure 14: DEG analysis in neuronal progenitors and developing neurons reveals enrichment for develop-
mentally-regulated marker genes

A-C: Flow cytometry-based isolation of cell populations sorted by fluorescent proteins driven by developmentally
active promoters show enrichment for characteristic genes of the respective targeted cell identity after bulk RNA-

seq.

Caption continued on next page
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A. At E14, DEGs were detected in pGlast1-dsRed2+ progenitors compared to pCAG-Venus+ controls, but
no enrichment for characteristic genes of progenitor cell identity was observed.

B. DEGs were detected in isolated pNeuroD1-eGFP+ developing neurons compared to pCAG-tDimer+
controls at E18. The volcano plot shows enrichment of multiple individual genes involved in neuronal
development, indicating enrichment of characteristic genes of early neuronal cell identity (white boxes).

C. DEGs were detected in pGlast1-dsRed2+ progenitors (E14) compared to pNeuroD1-eGFP+ early
neurons (E18). The volcano plot shows enrichment of multiple individual genes indicating enrichment of
characteristic genes of progenitor cell identity in pGlast1-dsRed2+ cells (E14) and enrichment of multiple
individual genes involved in neuronal developmental in pNeuroD1-eGFP+ early neurons (E18) validating
progenitor and early neuronal cell identity, respectively (white boxes). Grey = expression not significantly
altered, green = Log2 fold change (FC), blue = p-value, red = Log2 FC and p-value: Genes plotted in red
passed the p.adj. cut-off of <0.01 and the log2 FC cut-off >2.00.

D-F: Commonly used marker genes for progenitor (left) and early neuronal cells (right), respectively, identified in
bulk RNA-seq validate differences in cell identity of isolated cells labelled with

D. pCAG-Venus vs. pGlast1-dsRed2,
E. pNeuroD1-eGFP vs. pCAG-tDimer or

F. pGlast1-dsRed2 vs. pNeuroD1-eGFP at timepoints E14 (grey bars) and E18 (black bars). To facilitate
comparison, pGlast1 (E14) and pNeuroD1 (E18) samples (in F) compare the same input from the
cotransfected cell populations, which were independently scored against one another. Z-score was
applied on rlog normalised counts; heatmap colours range from red (high expression), to white (moderate
expression) to blue (low expression).

This figure was reused from the STAR protocol.

Extreme and marker gene expression of differentiating neurons

The genes most upregulated from E14 to P7 were Gfap “%, Gjc3, and Agp4. In the pNeuroD1+
population, the Wnt responsive gene tensin 4 *** (Ths4), the triggering receptor expressed on
myeloid cells-like 4 (Treml4), and the proinflammatory platelet activating factor receptor Ptafr
405 were particularly upregulated (Fig. 15).

98,391,392

Neurog1 and Neurog?2 *%, Igf2bp1 *°’, and Eomes were among the genes most down-
regulated from E14 to P7 irrespective of cell population, while Sp9 and DIx1,2,53%", and Ascl1
408 “and Arx ** were among the genes most upregulated over time in the pCAG-tDimer+ cell
population (Fig. 15).

Generally, marker genes specific to neurons are commonly used in scRNA-seq analyses 48409

to determine cell identity in deconvoluted data sets. During development, however, the ex-
pression of marker genes must be differentiated into at least three profiles with different ex-
pression dynamics, as shown in the clusters illustrated in figure 16. For example, the Neurod
gene family stopped expression after birth (Cluster 1, Fig. 16). The expression of Satb2 and
Cux1, whose gene products are used in immunohistochemistry to label upper-layer neurons,
peaked at E18 and declined thereafter, thus they were subject to oscillating gene expression
(Cluster 3, Fig. 16). They stood in contrast to e.g. Grin2b (Cluster 2, Fig. 16), which is a glu-

tamate transporter increasingly required for neuronal function.
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Figure 15: Representative examples of genes with extreme gene expression over time

Upper panel: DEGs with time course contrast: Top ten down-regulated (upper panels) and up-regulated (lower
panel) genes during the time frame, independent of cell population.

Bottom panel: DEGs with cell population contrast show the top ten genes most upregulated in the “ctrl” population
(pCAG+) compared to the “special” population, while the reverse is shown below for the “special” population
(pGlast1/pNeuroD1+). Note that the DEGs that are most upregulated in the “special” population are more different
from the ctrl population than vice versa. P.ad]. sorted log2 DESeq2 normalised counts with ascending or
descending I12FC.
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Figure 16: Commonly used neuronal marker genes are dynamically expressed during neurogenesis

Sixteen neuron-specific marker genes were expressed only at the progenitor level and then downregulated
(including the NeuroD gene family) in the pNeuroD1+ cell population after migratory state. The expression of
eighteen neuronal marker genes had an upward trend with rising gene expression above average before migration
(including: Mef2c, NMDAR, Vamp, and DIx encoding genes). Nine were initially upregulated until birth and then
dropped below average expression at the postnatal stage (including Satb2).
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RT-PCR correlated with RNA-seq counts

Two custom-made RT-PCR panels further validated the RNA-seq results, covering commonly
used marker genes for neuronal progenitors, early neurons, and microglia (Fig. 17A, B, and
C). Triplicate experiments of different 10K cell aliquots from the same three initial RNA-seq
experiments were performed with internal plate controls, which were not included in the anal-
yses for Fig. 17 and 18. The logarithmic data indicated a lower fit for microglia-like marker
genes between RNA-seq and RT-PCR count data than for progenitor or neuronal marker
genes (Fig. 17; bars: RT-PCR data, lines: RNA-seq data). The correlation analyses of mono-
tonic relationships between RT-PCR and RNA-seq count data was expressed with a
Spearman's rank correlation coefficient (p) and its statistical significance (p-value) for each

time point tested (Fig. 18).

The progenitor marker genes showed similar significant trends between RNA-seq and RT-
PCR data in both cell populations (highest p=0.95 in pNeuroD1+ population at E17; Fig. 17A,
18A). The downregulated expression dynamic captured with RNA-seq over time was detected
with RT-PCR, which was evident for the Eomes, Fezf2, and Neurog2 genes. There was a
strong positive monotonic correlation between RNA-seq and RT-PCR count data, which was

highly significant (lowest p-value of <2.2e'® in pNeuroD+ population at E17).

Neuronal marker genes also correlated significantly with both “ctrl” and “special” cell popula-
tions (highest p=0.81 in the pNeuroD1+ population at E19; Fig. 17B, 18B). The Bcan and

Timp2 amplicons particularly reflected the upregulated transcriptomic profile.

Microglia-like marker genes showed the highest variation, the lowest correlation, and signif-
icance with the RNA-seq dataset (highest p=0.64 in the pNeuroD1+ population at E17; Fig.
17C, 18C), especially compared to RNA-seq counts in the pCAG+ population. Cx3cr1 showed
the lowest correlation between RNA-seq and RT-PCR transcript abundance. This may be at-
tributed to the undetectable cycle threshold for the Cx3cr1 probe at E14, as the cycle number
exceeded the maximum Ct value of 40 for all replicates. Csf1r, Fcri2 (Fcrls), ltgam, and P2ry12
amplicons showed similar trends. ltgam had no detectable values for the internal plate con-
trols, so the other values are also probably uncertain. Note that all microglia-like genes had
the highest Ct value for time point E14, and several tested genes even exceeded the maxi-
mum Ct value of 40 in the control samples. Thus, they appeared lower expressed after sub-
tracting from E14 (AAct method).

Overall, the relatively high correlation coefficients indicated a robust detection of transcript
abundance for progenitor and neuronal genes by RNA-seq, therefore, the RNA-seq data can

be reliably analysed and further interpreted.
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Figure 17: Expression profiles of genes detected by RT-PCR and RNA-seq over time

Log?2 fold changes between RT-PCR and RNA-seq count data have similar dynamics over the chosen time frame.
For RT-PCR (bars), the AACq (RQ) values were first subtracted from the respective endogenous 18S control gene
and then from E14. Error bars represent the mean+/-sd of the RT-PCR values. RNA-seq data (lines) were first
DESeq2-normalised and then manually log2-transformed to generate data for each replicate. Data highlighted in
red represent the pCAG+ cell population, while data highlighted in green represent the pGlast1/pNeuroD1+ cell
population.
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RT-PCR vs RNAseq samples
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Figure 18: RT-PCR correlates with mRNA transcript abundance detected by RNA-seq

Spearman test confirms high correlation between RT-PCR (x-axis) and RNA-seq (y-axis) mean counts for the
selected genes. Consider that the RT-PCR values shown are calculated differently from the RNA-seq values. The
lines for each time point show the normalised log2 fold change of the RNA-seq data calculated by DESeq2 with
contrast to E14 plotted against the log2-transformed mean of the RQ values from RT-PCR. Note the wide range of
RT-PCR values of the detected amplicons for microglia-like marker genes.

Meta-analysis correlated samples with LII/IIl neurons from scRNA-seq
data set

Bioinformatic meta-analysis of samples from the untreated condition with a scRNA-seq data
set of P2 mouse brains showed a positively correlated association of the upper layers (Fig.
19). With increasing age, the samples showed a prevalence for the upper layers lI/ll/IV; es-
pecially the E16 samples showed significant downregulation of genes associated with the

highest expression in deeper layers of the Rosenberg et al., 2018 “°® data set.
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Figure 19: Meta-analysis of the physiological transcriptomic samples with a murine scRNA-seq dataset

Comparison with a dataset of the developing mouse brain by Rosenberg et al., 2018 “%® using Metacell ID 5-17.
With increasing age, correlation to cortical layers other than layer 2-4 decreases, while in particular between E16
and E19, cell identity correlates with layer 2/3/4 projection neurons that express Unchd, Plxna4, Ptprk, Satb2,
Mef2c, Mpped1, and Trpc4. NES=normalised enrichment score. Note that e.g. Satb2, is also among the most
expressed genes in cell cluster 14 CTX PyrL6a. Plot generated in exchange with Dr. Marcel Seungsu Woo.
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Differential gene expression

The pGlast1/pNeuroD1+, “special” cell population

The differential gene analysis focuses first on the pGlast1/pNeuroD1+ cell populations, here

the so-called “special” population.

Consecutive analysis of special population

When resolving for differential gene expression changes between consecutive time points of
only the “special” cell population, the number of up- and downregulated genes was dynami-

cally regulated, considering a statistical threshold of p.adj.<0.01 (Fig. 20; Suppl. Table 2).
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Figure 20: Consecutive analysis over the time course shows regulation of DEG at progenitor and birth
stage of the special population

A. With a p.adj. of <0.01 and a log2 fold change below and above 0, most DEGs are found during the cell
fate transition from a RGC to an IPC/early neuron at E14 to E16 and during birth at E19. Almost no DEG
was found during migration and after P3 at this significance level.

B. One overrepresented GOterm among the first five top biological processes (GO) is shown between each
of the respective consecutive time contrasts.
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From E14 to E16, 1,104 genes were downregulated, while 258 genes were upregulated, thus
encompassing the most prominent gene expression change compared with the other time
points (Fig. 20A). “Regulation of epithelial cell proliferation” (GO:0050678) was downregu-
lated, whereas upregulated genes were linked with “axonogenesis” (GO:0007409) (Fig. 20B,
Suppl. Table 2).

From E16 to E17, most of the DEGs were upregulated, unlike all the other time points, where
downregulations dominated. These 722 genes were enriched for “regulation of membrane
potential” (GO:0042391). During these two developmental days, 178 genes accounting for
“mitotic cell cycle phase transition” (GO:0044772) were downregulated (Fig. 20).

From E17 to E18, only Tir and S700a9 accounting for “thyroid hormone transport’
(GO:0070327) were upregulated and Tox, Cd209f, and Fezf2 were downregulated, which

were related to “cerebral cortex neuron differentiation” (GO:0021895).

Then, from E18 to E19_P, 665 genes were repressed, mainly accounting for “regionalization”
(G0O:0003002). In contrast, 364 genes, which were associated with “cognition” (GO:0050890),

were upregulated.

Between the postnatal time points P3 to P7, no DEGs on the here applied statistical threshold

were found (Fig. 20).

Overall, the functional analysis of DEGs across consecutive timepoints indicated a cell fate
transition based on the downregulation of genes linked with the progenitor stage and a highly

specific upregulation of the unique neuronal transcriptomic landscape at the birth stage.
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Multicomparison analysis of special population

Despite the high resolution of a DEG analysis between consecutive time points, it did not
capture the dynamic changes this specific cell population underwent over time. Gene cluster
analysis with likelihood-ratio tests, however, identified sets of genes with similar expression
patterns that are thought to share a common functional role and were otherwise hidden in

consecutive analyses.

Here, differential analysis using design = ~Age and a reduced ~1 model, revealed 10,234
DEGs over time from E14 to P7, of which 1,755 DEGs were divided into four clusters (Fig. 21;
Suppl. Table 3).
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Figure 21: Cluster analysis on the pGlast1/pNeuroD1+ cell populations indicates four major gradual
shifts during development

Considering only the pNeuroD 1+ cell population, four clusters show gradual progression from a neuronal precursor
cell (E14) towards a mature neuron (P7). Time course analysis with ~1 design identified 10,234 DEGs (after
filtering: 1,755 DEGs) that passed the filters for differential analysis stated above. DEGs were derived from rlog-
transformed count data with a smoothed line in red for the z-scores below average gene expression and in green
for z-scores above average gene expression. The vertical dotted lines show the x-intercepts of the respective
smoothed profiles, calculated by a fitted polynomial of fifth order to identify gene expression below or above
average z-scores. The right adjacent plot shows the top five biological processes (GO) associated with these exact
DEGs per cluster, with qvalues indicating the significance of enrichment and on the x-axis the amount of considered
DEGs for this over-representation analysis.
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Cluster 1 showed a downward trend from the progenitor state (E14-E16) to the mature state
at P7, with gene expression falling below average in the postnatal stages. This cluster was
enriched for functional GOterms such as "mRNA processing” (GO:0006397, qvalue: 1.23E-
13), and "RNA splicing" (GO:0008380, qvalue: 4.53E-17). The 408 genes belonging to this
cluster were Igf2bp1 and Igf2bp2, heterogeneous nuclear ribonucleoprotein genes such as
Hnrnpa1, Hnrnpc, Hnrnph1, Hnrnph3, Hnrnpl, and Hnrnpm, RNA-binding protein genes such
as Rbm10, Rbm22, Rbm38, Rbm4, Rbm4b, and RbmxI1, and splicing factors such as Sf3a1,
Sf3b4, Snrnp40, Snrpa, Srpk1, Srrm4, and Srsf3 (Fig. 21).

Gene expression of the second cluster peaked during migration at E17 and then fell below
average levels after birth. These 120 genes were primarily related to “telencephalon develop-
ment” (GO:0021537, qvalue: 0.0001) and “forebrain cell migration” (GO:0021885, gvalue:
0.0001), such as Bcl11a, Cdk5r1, Robo1, Fgfr1, and Unc&d.

The gene expression profile of the third cluster had a saddle point at E19_E and otherwise
increased steadily. The 495 genes belonging to this cluster were associated with “cognition”
(GO:0050890, qgvalue: 5.51E-10) and “regulation of membrane potential” (GO:0042391
gvalue: 1.37E-13). This cluster included, for example, the glutamate receptors Grm5, Grm7
and the GABA receptors Gabral, Gabra4, Gabrab, and Gabrb1, as well as solute carriers
such as Sic12a4, Sic13ab, Sic1a4, Sic1a6, Slc24a3, and Sic4a4. In addition, C1q/1 and

Cx3cl1 were among the genes associated with this cluster.

The fourth cluster showed a steady enhancement of gene expression. These 732 genes
mainly associated with the biological functions “cilium organization” (GO:0044782, qvalue:
8.49E-10), “axoneme assembly” (GO:0035082, qvalue: 3.00E-10), and “fatty acid metabolic
process” (GO:0006631, qvalue: 6.16E-10). These included many genes associated with cilia
and flagella organisation, such as Cfap126, Cfap161, Cfap43, Cfap44, Cfap45, Cfap54, and
Cfap69, but also dynein and axonemal assembly factors such as Dnaaf3, Dnah12, Dnah2,

Dnahb, Dnai1, and again several genes belonging to the solute carrier family (Fig. 21).

Overall, pNeuroD1+ ULNSs critically regulated RNA splicing, cell migration, neurotransmitters,

and cilium organisation during their genesis.
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What genes were co-expressed between the pNeuroD1+ and pCAG+
populations?

In this study, four cortical cell populations were flow cytometrically sorted; two used develop-
mentally active promoters, and the other two used the ubiquitously expressed promoter pCAG
(“ctrl” population). The so-called “special” population included the two fluorophore-labelled cell
populations driven by an RGC-specific promoter (pGlast1+, E12 to E14) and a promoter spe-
cific for early post-mitotic neurons (pNeuroD1+, E14 to E16-P7).

The gradual progression of common biological functions between the sorted cell populations
could be derived when including the pCAG+ population using the design ~Population+Age
and a reduced ~Population model. As a result, neuron-specific functions associated with both
“ctrl” and “special” populations were revealed, which were defined by the usage of the Neu-
roD1 promoter as a “pure” and of the CAG promoter as a partial representative identity of

upper layer neurons.

Over the measured period of neurogenesis, 13,314 genes were differentially regulated in both
the pGlast1/pNeuroD1+ and pCAG+ cell populations (Suppl. Table 4). When considering sta-
tistical thresholds of p.adj.<0.01 and minc=50 for the top 1,824 DE genes, the gene profiles
during the developmental course were divided into six clusters (Fig. 22), which resembled

those in the analysis focused on the “special” population above (Fig. 21).
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Figure 22: Evaluation of the six DEG clusters that are similarly expressed by both cell populations over
the time course from E14 to P7

The panel shows the six scaled clusters with top five biological processes (GO) displayed next to them.
Transcriptomic data were focused on 1,824 DEGs (LRT with ~Population+Age design and reduced Population
model, p.adj.< 0.01, n = 2,000, minc = 50). DEGs were derived from rlog-transformed count data with a smoothed
line in red for the “ctrl” population and in green for the “special” population. The vertical dotted lines show the x-
intercepts of the respective smoothed profiles, calculated by a fitted polynomial of fifth order to identify gene
expression below or above average z-scores (Suppl. Table 4). The right adjacent plot shows the top five biological
processes (GO) associated with these exact DEGs per cluster, with gvalues indicating the significance of
enrichment and on the x-axis the amount of considered DEGs for this over-representation analysis.

Cluster 1 comprised 312 genes that started at high expression levels and were down-regu-
lated in a monotonic coordinated manner from E14 to P7, falling below average at E18 (see
Fig. 22). Both populations (“special” vs. “ctrl”) had similar expression profiles. These genes
were enriched for "RNA splicing" (GO:0008380, qvalue: 4.07E-15) and "mRNA processing"
(G0O:0006397, qvalue: 1.35E-12) (Suppl. Table 4). These genes included, for example, mem-
bers of miRISC CCR4-NOT complex (Cnot3, Cnot8), many splicing repressors (Hnrnpa1,
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Hnrnpc, Hnrph1, Hnrnph3, Hspa8), spliceosome factors (Sf3a2), and several RNA-binding
motif proteins (RBMs; Rbm10, Rbm38, Rbm4, Rbm4b, RbmxI1), which control the transcrip-

tion of neuronal pre-mRNA transcripts.

The second cluster, with a total of 231 genes, peaked at E17 and then steadily declined after
migration until gene expression was below average. The top genes of this cluster included
e.g. Robo1, Neurod6, Tubala, Fgfr1, Cux1 and 2, which were significantly enriched for the
GOterm "axonogenesis" (GO:0007409, qvalue: 8.57E-07) and “regulation of neurogenesis”
(GO:0050767, qvalue: 2.76E-07). This cluster was co-expressed with genes responsible for
"dendrite development" (GO:0016358, qvalue: 8.16E-06), which functionally overlaps with
early axon formation to promote neuronal polarisation.

The third cluster had a global peak at E18 with 55 DEGs with the lowest significance among
the derived clusters that were related to “cell junction assembly” (GO:0034329, gvalue: 0.025)
and “store-operated calcium entry” (GO:0002115, qvalue: 0.00268254) (Suppl. Table 4). This
cluster included genes such as Cistn2, Cdh12, and Cdh10, all important mediators of
migration and axonal outgrowth *'°.

The gene expression of the fourth cluster with a total of 331 DEGs was constantly upregulated,
rising above average expression levels around birth. Genes that belong to the cluster 4 such
as Camk2a, Cav2, Igf2, and Rhoq were associated with the GOterms “cilium organization”
(GO:0044782, qvalue: 0.000120059) and “response to peptide hormone” (GO:0043434,
gvalue: 5.86E-06).

In cluster 5, the gene expression of the 271 DEGs rose, but with an inflection point around the
birth stage. These genes accounted for “regulation of membrane potential” (GO:0042391,
gvalue: 6.28E-07) and “locomotory behavior” (GO:0007626, qvalue: 7.85E-05). Among them,
Fgf12 and many GABA receptors (Gabrb1, Gabrg3, Gabrab) that also play an integral role not

41129 gnq

only to establish membrane potential, but also during neuronal migration
metabotropic glutamate receptors such as Grm5 and Egr1 as an immediate early gene *'2

were differentially expressed.

The last cluster comprised 624 DEGs that were enriched for the GOterms "gliogenesis"
(GO:0042063, gvalue: 9.68E-15), “small molecule catabolic process” (GO:0044282, qvalue:
2.60E-16) and "ensheathment of neurons" (GO:0007272, qvalue: 2.18E-12) (Suppl. Table 4).
In this cluster, the gene expression increased with crossing average gene expression levels
at birth. pPCAG+ samples had a higher gene expression level than the pNeuroD1+ samples
(Fig. 22). Genes belonging to this cluster encompassed e.g. Gpr37/1, Olig1, Gfap, Egfr,
Bcas1, and Hes5, examples of genes that were top loadings for the PC2 axis in the PCA (Fig.
13A).
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How did the pNeuroD1+ population differ from the pCAG+ cell popula-
tion?

In this study, the investigated cell populations had different cell identities. The "control" popu-
lation was labelled with a non-specific marker protein (Venus+ and tDimer+) driven by the
ubiquitous promoter pCAG. Hence, cells electroporated at the respective time point potentially
included different cell types, such as projection neurons, as well as non-neuronal cells such
as microglia, macroglia, astrocytes, and oligodendrocytes. However, the pCAG-tDimer+ pop-
ulation colocalised with the pNeuroD1+ cells in layer lI/1ll, which were all Satb2+ at E18 (Fig.
12). In contrast to the pCAG+ population, the subpopulation referred to here as "special" was
identified by the expression of eGFP driven by the developmentally active NeuroD1 promoter

and was found to target only post-mitotic projection neurons.
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Figure 23: Evaluation of the five DEG clusters that highlight differences between “ctrl” and “special” cell
populations over the time course from E14 to P7

The panel shows the five scaled clusters with top five biological processes (GO) displayed next to them. The fifth
cluster showed that the most DEGs between the control (“ctrl”) and “special” cell populations were associated with
the GOterm "activation of immune response" (GO:0002253) over time. DEGs were derived from rlog-transformed
count data with a red smoothed line for the “ctrl” samples and the green counterpart for the “special” cell population.
LRT analysis with Age+Population model and reduced ~Age design from E14 to P7 with p.adj.<0.01, n=2,000, and
minc=50, resulting in 1,910 DEGs as input. The vertical dotted lines show the x-intercepts of the respective
smoothed profiles, calculated by a fitted polynomial of fifth order to identify gene expression below or above
average values. The right adjacent plot shows the top five biological processes (GO) associated with these exact
DEGs per cluster, with qvalues indicating the significance of enrichment and the amount of considered DEGs for
this over-representation analysis.
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To highlight the differently expressed genes between these special populations, an LRT de-
sign was again employed, using the design = ~Age+Population with a reduced ~Age param-
eter. This DEG analysis revealed the presence of 5,467 DEGs between E14 and P7 samples
at a p.ad;. level of <0.01. 1,910 DEGs were subsequently grouped into five clusters (Fig. 23;
Suppl. Table 5).

In cluster 1, gene expression from E17 decreased with age in both cell populations (Fig. 23).
Still, this trend was more pronounced in the pNeuroD1 samples, which started with high ex-
pression and strongly downregulated their gene expression thereafter. In contrast, the pCAG
samples showed average gene expression at postnatal time points. This cluster comprised
112 genes that were enriched for the GO terms "RNA splicing" (GO:0008380, qvalue: 2.55E-
10) and "mRNA processing” (GO:0006397, qvalue: 3.85E-08). Among these genes are RNA-
binding proteins (Rbm4 *'*, Rbm4b, Rbmx, RbmxI1, Nono *'*), ribonucleoproteins (Rnps1,
Snrnp40), splicing repressors (Hnrnpa1, Hnrnpc, Hnrnpk), and spliceosome factors (Puf60,
Smuft) (Fig. 23).

Starting from a high expression level at the progenitor stage, the expression level of cluster 2
gradually decreased to a low expression level in the pNeuroD1 samples. At the same time,
the pCAG population showed high expression at almost every time point, especially after E18.
These 205 genes were enriched for the GOterms "nuclear division" (GO:0000280, qvalue:
2.22E-11) and "DNA replication" (GO:0006260, qvalue: 4.05E-19). Among them are cell cycle-
dependent factors such as Cdk-activating factor Cdc45 *'°, Cdk-inhibitors (Cdkn2d), cyclins
(Ccnb1), DNA polymerases (Pold2, Pole3), spindle positioning factor Fam83d *'°, replication
factors (Rfc3, Rfc4, Rfc5), DNA primases (Prim1, Prim2), and the mitotic marker protein Pcna
“17_A broader look through a panel analysis of cell cycle-related genes (Suppl. Fig. 18) showed
that members of the BAF complex (Smarc family genes) as well as Ezh2 were negatively

regulated.

In cluster 3, both cell populations exhibited similar low expression levels at the progenitor
stage, but from E18 onwards, the tDimer samples showed an enrichment in "GABAergic neu-
ron differentiation" (G0O:0097154, qvalue: 5.83E-10), “cell fate commitment” (GO:0045165,
gvalue: 1.76E-08), and “forebrain neuron differentiation” (GO:0021879, qvalue: 4.74E-08).
This gene cluster comprised 52 genes, which mediate the transition of progenitor cells to either
an excitatory neurogenic or a glial fate, such as Gsx2 *'®, DIx1 and DIx2 '**, and Wnt7a, as

well as Sox1, Sox2, Sox9, and Pou3f4 *'° redefining frontal cortex identity *%°.

In the fourth cluster, gene expression was steadily upregulated above average from E16 on-
wards for the pNeuroD1+ population, whereas the gene expression of the tDimer population

was always below average. This cluster had not a stringent significance as the other clusters
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and comprised 146 DEGs that accounted for GOterms such as “ameboidal-type cell migration”
(GO:0001667, qvalue: 0.009), “cell junction assembly” (GO:0034329, qvalue: 0.009), and
“regulation of Notch signaling pathway” (GO:0008593, qvalue: 0.015). Among them, Tgfbr1
and Sema4d were differentially expressed, as well as bassoon (Bsn) and piccolo (Pclo) genes

that bind presynaptic vesicles preferentially in electrophysiologically active zones “?'4%2,

The largest cluster 5 of a total of 1,395 genes also had the most significant expression values
in the pNeuroD1+ cell population from E18 onwards compared to the pCAG+ population (Fig.
23). While this trend appeared already at E14, it disappeared in the samples from E16 and
E17. Genes accounting for this cluster were enriched for “activation of immune response”
(G0O:0002253, gvalue: 8.82E-75), "positive regulation of defense response" (G0O:0031349,
gvalue: 3.33E-67), and “leukocyte mediated immunity” (GO:0002443, qvalue: 7.68E-56). The
gene cluster included several members of the complement system (C7qa, C71gb, C1qc), the
colony-stimulating factor (CSF) family, the NLR (NOD-like receptor) family, the Toll-like recep-
tor (TLR) family, the TRIM-protein family, and the tumour necrosis factor receptor (TNFR)
superfamily, as well as several chemotactic cytokines and clusters of differentiation receptors.
Collectively, these genes target the activation or recruitment of inflammasomes, leading to the
release of proinflammatory cytokines and chemokines. These genes, including members of
the CD family (Cd300a, Cd300If, Cd79b), inflammasome components (Nirp1a, Nirp1b, Nirp3),
GTPases (lgtp, Irgm2), Arrb2, Dhx58, Dusp3, Havcr2, Ifi35, Irf1, Lcp2, Myo1g, Naglu, and

Scimp, have an enriched region on the mm10 genome on chromosome 11 (Suppl. Fig. 9).
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Birth triggered maturation of upper-layer neurons

At E19, gestation is completed in mice, and the birth process is initiated. Significant tran-
scriptomic restructuring occurred during this process, which was evident, for example, in the
exploratory data analysis. The PCA showed a clear difference between prenatal and postnatal
samples in figure parts 13A and C, with a prevalence for pNeuroD1+ samples responsible for
the difference. Remarkably, birth triggered the second most frequent change in the consecu-
tive analysis (Fig. 20). Furthermore, most of the clusters derived by the multivariate analysis
DEG also had their switching points from above- to below-average gene expression or vice
versa around birth (Fig. 21). In particular, when E19 samples were pooled, a large scatter
occurred in the otherwise coordinated transcriptomic landscape (Suppl. Fig. 14), which could
be resolved when ex and in utero samples were handled separately. For further transcriptomic
analyses, the harvest mode was compared between E19_E (in utero) and E19_P (ex utero)
samples as independent samples like a new time point (Suppl. Table 7). Aliquots of the pooled
E19 timepoint were still measured by RNA-seq and validated by RT-PCR (see section “RT-
PCR correlated with RNA-seq counts”).

Within the E19 group itself, the expression of the serine/threonine-protein kinase TAO2 (Taok2
with p-value of 0.001) was upregulated in the in utero samples. In contrast, centrosomal pro-

tein 63 (Cep63 also with p-value of 0.001) was upregulated in the ex utero samples (Fig. 24A).

From E18 to E19_E, with a p.ad}.<0.01, 666 genes were upregulated (IFC > 0) mainly related
to “extracellular matrix organization” (GO:0030198, qvalue: 8.15E-16) and “regulation of mem-
brane potential” (GO:0042391, qvalue: 5.50E-08) (Fig. 24C).

In comparison, greater differences were detectable from E18 to E19_P with a total of 1,505
upregulated genes. In the latter group, many genes related to “gliogenesis” (GO:0042063,
gvalue: 6.87E-23), “cilium organisation” (GO:0044782, gqvalue: 5.30E-19), and “canonical Wnt
signaling pathway” (GO:0060070, qvalue: 8.53E-17) were upregulated (Fig. 24C).

From E18 to P7, with a p.adj.<0.01, 5,855 genes were differentially expressed, 2,022 were
upregulated in utero (IFC > 0), and 3,833 were upregulated ex utero. Again, genes highly
specific for central nervous system development such as “axonogenesis” (GO:0007409,
gvalue: 1.19E-33), “regulation of synapse organisation” (GO:0050807, qvalue: 6.16E-19), and
“methylation” (GO:0032259, qvalue: 7.26E-11) were upregulated before birth, while the “re-
sponse to oxidative stress” (GO:0006979, qvalue: 6.21E-13) and “cilium movement”
(G0O:0003341, gvalue: 2.75E-17; GOBP_CILIUM_MOVEMENT, NES: 1.85) were enriched af-
ter birth (Fig. 24B, C). However, GOBP_MONOCYTE_CHEMOTAXIS (NES: 1.965) was the
most upregulated gene set in postnatal samples (Fig. 24B, D; Suppl. Table 7).
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Figure 24: Direct comparison of biological functions of DEGs between in utero versus ex utero samples

A

3D Volcano plot of DEGs for the three intra-E19 conditions: In utero, ex utero, and pooled samples of the
E19 time point, not split for cell population differences. The plot shows log2 fold changes in gene
expression (x-axis) versus negative log10 p-values (y-axis). The magenta points represent upregulated
genes in ex utero samples compared with the other groups, the blue points represent upregulated genes
in in utero samples, the black points represent the upregulated genes in the pooled condition, and the
grey points represent non-significant genes. Right panel: Representative genes for each of the mentioned
conditons. Expression of the serine/threonine protein kinase Taok2 was enriched in the prenatal samples,
expression of the centrosomal protein of 63 kDa Cep63 was enriched in the postnatal samples, while
expression of the nucleotide binding protein Septin5 was enriched in the pooled condition with a p-value
cut-off of <0.05.

GSEA of representative enriched gene sets in in utero and ex utero conditions with E18 versus P7
contrast, with p.adj. cut-off <0.01.

In utero: Gene set of GOBP_CENTRAL_NERVOUS_SYSTEM_NEURON_DEVELOPMENT (NES: -
2.305) enriched, consisting of genes such as semaphorin 3A (Sema3a), forebrain embryonic zinc finger
2 (Fezf2), microtubule-associated protein tau (Mapt), and ephrin type-A receptor 4 (Epha4).

Ex utero: Gene set of GOBP_CILIUM_MOVEMENT (NES: 1.850) enriched, encompassing genes such
as cilia and flagella associated protein 65 (Cfap65), tektin-3 (Tekt3), and dynein axonemal intermediate
chain 1 (Dnai1).

“Extracellular matrix organisation” and “Notch signalling pathway” were downregulated after birth, whilst
“cilium organisation” and “microtubule-based movement” were upregulated. E19_E and E19_P samples
in comparison with the E18 time point. Wald statistics with ~ Age, p.adj. cut-off <0.01.

» o«

Genes associated with “axonogenesis”, “histone modification”, and “regulation of synapse organization”
were downregulated after birth, while genes responsible for “cilium movement” and “chromosome
segregation” were upregulated upon birth. Right panel: E19_E versus all postnatal samples (P3-P7). Wald
statistics with ~ Harvest mode design, p.adj. cut-off <0.01.

For both C and D: Biological functions derived from clusterProfiler::enrichGO(OrgDb = org.Mm.eg.db, ont
= "BP", pAdjustMethod = "BH", qvalueCut-off = 0.05). Removed redundant GOterms with
clusterProfiler::simplify (cut-off=0.5, by="p.adjust", select_fun=min). Top 10 enriched GO terms shown.
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Proteome analyses

Validation and characterisation of proteomic samples

The data set was generally clustered into treated and untreated samples (Fig. 25), so that the
untreated samples were analysed separately from the treated samples. The untreated sam-
ples were further clustered by age, with E16-E18 samples clustering together and E14, as well
as E19-P7 samples forming another cluster (Fig. 25, 27A). Polyl:C treated samples generally

cluster away from the naive and PBS treated samples (Fig. 25, 40A).
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Figure 25: Treatment and age are the main contributors to differentiate the proteomic data set

The differences in the proteome dataset are treatment and age dependent. The treated samples and in general
time points E18, E19, and P3 are clustered separately from the other samples. PC1 and PC2 together account for
24.5% of the difference when considering the top 100 varying proteins.

The non-significant proteins ([!significant]) in the entire data set, often referred to as “house-
keeping” proteins, provided information not only about the basic biological functions of the cell
populations studied, but also about cell identity. Here, 2,507 proteins were entered into the
mapping, of which 467 were associated with thirteen main biological processes (GO; Fig. 26).
These showed an overall neuronal character with dominant neuronal biological processes
such as “regulation of axonogenesis” (GO:0050770), “neurogenesis” (GO:0022008) and “den-
drite development” (GO:0016358) (Suppl. Table 10). A relatively large group of proteins was
related to RNA splicing and translational regulation, while the smallest group here was related

to signalling and the response to growth factors and hormones.
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Figure 26: The proteomic landscape of all input samples has neuronal character

The Cytoscape::ClueGO network of the stably detected protein set associated with biological processes (GO) has
a neuronal character (Suppl. Table 10). Protein input from both untreated cell populations (“ctrl” and “special”).
Medium network specificity and connectivity (score: 0.4) with GO Term Fusion and at least five genes per cluster.
Only GOterms with p-value <0.05 and GO Trees between the third and fifth level are shown.

Differential proteome analysis

Age-correlating differences

The largest component of variation in the proteomic data set was associated with age (Fig.
25). A closer look at the age-correlated differences in the untreated dataset revealed trends
that shift at the birth stage.
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The age-related contrast at a p-value<0.1 resulted in 258 differentially detected proteins
(Suppl. Table 9). The E16, E17, and E18 samples showed similarities, and the postnatal sam-
ples (P3, P7) clustered together, while the E14 samples were additionally different from the
other clusters. At the same time, samples from the “special” cell population clustered away

from the “ctrl” population in E14 and the postnatal samples (Fig. 27A).

The number of DEPs peaked at birth and shifted with age from predominantly up-regulated to
predominantly down-regulated DEPs (Fig. 27B).

Overall, among the 258 DEPs, the proteins were associated with biological processes (Fig.
28A; Suppl. Table 9, 11), such as “response to stress” (GO:0006950), “neurogenesis”
(G0O:0022008), “cell cycle” (GO:0007049), “RNA splicing” (GO:0008380), “neuron projection
development” (GO:0031175), and “regulation of synapse organisation” (GO:0050807).
“Transport” processes (GO:0006810) dominated the enrichment analysis. Localisations of
proteins to the nucleus (GO:0034504) were downregulated over time, while membrane local-
isations (GO:0090150) and protein localisations to the ER (GO:0072599) were increasingly
enabled (Fig. 28B).
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Figure 27: The postnatal proteome is most different from the progenitor stage

With the chosen log2 fold change cut-off of below and above 0 and a p-value cut-off <0.1, a total of 258 DEPs were
detected.

A. PCA of the naive proteomic landscape shows a cluster of E16 and E17 progenitor samples, while all other
samples are more widely dispersed in a fan-like shape. Samples from the “special” cell population
clustered away from the “control” population, in particular in those of E14 and the postnatal time points.
PC1 and PC2 together account for 28% of the total variance.

B. The number of differentially detected proteins initially shows an upward trend towards birth, and thereafter
more proteins are downregulated than upregulated. Consecutive differential analysis of the untreated
proteomics dataset was performed.
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Figure 28: Overview of the biological processes (GO) of the DEPs over time

A. The proteins most different between E14 and P7 are shown as dots in circles connected to the respective
GOterm derived from STRING analyses (Suppl. Table 11). Smaller circles have a continuously lower
protein number and are mostly part of the next larger circle. The network represents 149 DEP, represented
by nodes filled with P7-centred enrichment (blue gradient = negative ratio, red = positive ratio); nodes
without GO annotation (123 DEPs) have been removed from the representation.

B. Postnatally, RNA splicing is downregulated, while translation is upregulated at synapses. GO annotation
reveals biological functions of DEPs from E14 to P7 time points. Analogous to the RNA-seq dataset, “RNA
splicing”, “postsynapse organization”, and “mitotic cell phase transition” are responsible for significant
changes in the upper-layer neuronal proteome. The top ten GOterms were derived with
clusterProfiler::compareCluster with the parameters “BP”, “BH”, and qvalue = 1.
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Cell population-related differences

At a moderate alpha of 0.5, 45 possibly biologically relevant DEPs were detected between the

“control’/pCAG+ and the “special’/pGlast1/pNeuroD1+ cell population (Fig. 29A; Suppl. Table

9). The associated biological processes (GO) were predominantly attributed to synaptic pro-

cesses in both cell populations (Fig. 29B).
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Figure 29: Sparse differences between the pCAG+ and the pGlast1/pNeuroD1+ cell populations are re-

lated to synaptic processes

A. The volcano plot compares protein detection between the “ctrl” and “special” populations. The highlighted

proteins in the volcano plot represent DEPs with a p-value cut-off of 0.5. More proteins are associated
with the special population.

The biological functions (GO) of the different proteins between the “ctrl” and “special” populations mostly
relate to synaptic processes. “Spindle organisation” (GO:0007051) and “regulation of microtubule
polymerization or depolymerisation” (GO:0031109) were specific for the “special” cell population.
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Integration of transcriptomic with proteomic data

Here, the resolution of protein abundance was subject to the detection limit of LFQ mass
spectrometry. After filtering out duplicate gene symbols and NAs, 4,295 proteins remained for
alignment with the RNA-seq data. Among them, 4,147 detected proteins matched mRNA tran-
scripts detected by RNA-seq. Twelve samples, mostly pCAG+ samples, present in the prote-
omics dataset were not present in the RNA-seq dataset (P7_c 2, P7_pNeuroD 2,
E18 MIA_PBS c 3, E19 _MIA_PBS Embryo _c 1, E19 MIA_PBS Embryo_c 2,
P3_MIA_PBS ¢ 1, P3_MIA_PBS c 2, P3_MIA PBS c 3, E19 MIA Poly Embryo c 2,
P3_MIA Poly c 1, P3_MIA Poly ¢ 2, P3_MIA_Poly c_3). The proteins/genes that did not

match were mainly histone variants and predicted genes.

More than half (68.68 %) of the detected proteins were predominantly mRNA transcripts with
high abundance (Fig. 30A).

The up- and downregulation of differentially detected proteins over the time course primarily
overlapped with the trend of the differentially expressed genes, considering the contrast be-
tween age and cell population (E14_ctrl versus P7_special, Fig. 30B). Yet, some of the up-
regulated proteins were down-regulated at the transcriptomic level (480 proteins). They were
mainly associated with “RNA splicing”. In the opposite case, genes, which were upregulated
over the measured time course but whose respective protein was downregulated (444 pro-
teins), were predominantly associated with “actin filament organisation” (Fig. 30B, Suppl. Fig.
20).

Despite the detection limit, samples from both modalities clustered well together (Fig. 31A).
The PC1 axis varied mainly along the progressing age. Age was also the discriminating com-
ponent to separate the samples in the treated condition. The PC2 axis was clustered fan-wise,
with the E17/E18 samples being the farthest apart. In the prenatal samples, the proteomic
samples pointed to the next day cluster along the age-associated PC1 axis, indicating a delay

of one day in the proteomic samples compared to the transcriptomic samples.

Both modalities had a correlation coefficient of the first component between 72% and 79 %,

depending on the time frame input (Fig. 31B).
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Figure 30: RNA transcript abundance overlap with the detected proteins by mass spectrometry

A. The detection limit of mass spectrometry is visible when comparing protein abundance across the
quartiles of the respective sample aliquots from RNA-seq. In total, 121 proteins are detected from low
count RNA transcripts, 1,178 proteins from between the 25th and 75th percentile, and 2,848 proteins
represent RNA transcripts with high transcript per million (TPM) counts.

B. Among the large transcriptomic and proteomic map created here, only a part of genes and proteins are
differentially detected. The Sankey diagram shows overlaps between the up- and downregulated mRNA
transcripts versus detected proteins. A total of 480 proteins are generally upregulated, even if detected
downregulated at transcriptomic level, while 444 proteins are downregulated, even if upregulated in the
RNA-seq dataset. Based on Wald test with E14_ctrl vs P7_special contrast with a p.adj. cut-off <0.01.
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Figure 31: RNA-seq and mass spectrometry data correlate and show an age bias

A. PCA relationships of treated and untreated conditions in detail. The triangles represent protein samples,
the circles the corresponding transcriptome samples and the stars are the centroids between the two
modalities. Arrows further away from their centroid indicate a greater degree of inconsistency or

divergence between the modalities. See Suppl. Fig. 19 for more details.

B. Despite limiting factors, both modalities correlate with each other and show similar dynamics with
progressing age and among treated conditions. Mix:Omics::DIABLO Co-PCAs of RNA and protein
samples with all matching 4,147 mRNA transcripts and respective proteins show a close relationship

between the modalities and based on the first component.
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Time course integration of transcriptomic and proteomic
layer

The time frame measured here from E14 to P7 covered the course of indirect neurogenesis.
During this narrow time frame, key events were derived by clustering DEGs over time. Major
cellular restructuring occurred, as indicated by the number of DEGs with enhanced time con-
trast (Fig. 22). These clustered changes at the mRNA transcript level followed different

translational timetables as suggested by the scaled log2 abundances in Fig. 32 below.

Genes of cluster 1, which were abundantly related to “RNA splicing” (GO:0008380), changed
their expression between E16 and E17, while the translational response followed two days
later with the same downregulation trend. This trend was in contrast to cluster 5, in which
genes related to “regulation of membrane potential” (GO:0042391) showed a delay of two
days at the protein level compared to the transcriptome data with an upward trend (Fig. 32).
DEGs of cluster 2 changed their translational level one day after the change at the mRNA
level. Most of these genes were functionally linked to “axonogenesis” (GO:0007410).

In cluster 3, the corresponding protein levels were heterogeneous and showed a relatively
uncertain trend, in contrast to the RNA-seq data. These were distinctly upregulated between
E17 and E18, e.g. for the membrane-bound “store-operated calcium entry” (GO:0002115),
which onset is triggered by a depletion of [Ca?']; stores in the endoplasmatic reticulum.
Contrary to all other clusters, the changes in gene expression in cluster 4 were anticipated by
a change in protein detection levels one day earlier. This cluster included genes for “cilium
organisation” (GO:0044782) in particular.

The translation from mRNA transcripts to protein was immediate in cluster 6. This cluster was
mainly associated with the “fatty acid metabolic process” (GO:0006631) that encompasses
genes responsible e.g. for the hydrolysis of fatty acids. This biological process was elevated
congruent to the RNA-seq data at E19 (Fig. 32).
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The circular heatmaps show scaled log2 fold changes for the transcriptomically distinct clusters (DEGs) and the
respective proteomic average log2 fold changes, scaled with the protein-wise centred data by age and cell
population. The transcriptomic data corresponds to figure 22. A change in proteome levels is for the second cluster
e.g. noticeable a day later, whereas for the first cluster a change is visible two days later than in the transcriptomic
level. The proteomic data were further filtered as gene symbols were to be matched with the RNA-seq data. For
clarity, the first cluster is shown individually at the top and only one representative GO term among the five most
important GO terms is annotated for each cluster on the right-hand side.
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Extreme gene expression contrasted with corresponding
protein levels

The Sankey plot in Figure 30B showed that not all gene expression levels could be converted

into protein levels accordingly.

For example, the upper-layer neuronal marker special AT-rich sequence binding protein 2
(Satb2) was initially transcriptomically upregulated up to E18. Then its expression decreased
but was instead consistently upregulated in the protein layer. Satb2 as a commonly used
marker of upper cortical layer identity was downregulated in the Polyl:C treated cells com-
pared to the naive cells at E18 in both modalities. In the transcriptomics this trend reversed
during birth stage, but in the protein level it remained low in the Polyl:C samples (Fig. 33A, B,

upper panels, respectively).

In contrast, the transcription factor and IPC marker Tbr2 (Eomesodermin, EOMES) reduced
its expression in two steps: just before migration (E17) and after birth (P3), which was followed
at the protein level (Fig. 33A). Nestin (Nes), as a neuroepithelial intermediate filament, was
oppositely regulated to Satb2. Synaptotagmin-1 (SYT1) and B-Tubulin class [IA (TUBB2A)
were the proteins that were most down- and upregulated, respectively. TubbZ2a followed this
trend in the transcriptomic layer, while Syt1 was upregulated again as mRNA transcript after
birth (Fig. 33A).

The microglial marker Iba1 (Allograft inflammatory factor 1, Aif1) was among the 444 genes
that were upregulated in the RNA layer but downregulated in the protein layer (Fig. 33B). ‘'SH3
and multiple ankyrin repeat domains 2’ (Shank2) was among the genes most downregulated
in MIA samples compared to their untreated counterpart. SHANK2 was also detected as a
protein at lower levels than in the naive state, at least in E19 and P3. Only a few samples left
in the E19 cohort, so a comparison with the transcriptomic layer was inappropriate. In addition,
SHANK2 had an increasing trend in the proteome but a decreasing one in the transcriptome.
Shank2 belonged to the red module identified by WGCNA analysis below (Fig. 38C), as did
synaptic Ras GTPase activating protein 1 (Syngap1). They also showed a similar profile in
both modalities. SMAD family member 4 (Smad4) also resembled this profile but its mRNA

transcript was more highly expressed in the Polyl:C samples than in the naive state (Fig. 33B).

Van gogh-like 2 (VANGL2) was steadily upregulated in the pNeuroD1+ cell population at the
protein level over time. The corresponding mRNA transcript showed reverse regulation. Ribo-
nuclease H2 (RNASEH2A) was the most upregulated protein in the pCAG+ population in con-
trast to the pNeuroD1+ population, and a similar trend was seen at the transcriptomic level
(Fig. 33C).
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Figure 33: mRNA expression and protein abundance profiles of selected genes and proteins
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A. Satb2 has a peak at E18 in the RNA-seq data, but is steadily upregulated at the protein level over the
time course of neurogenesis. Tbr2/Eomes is downregulated at transcriptomic level in two steps and is
downregulated at protein level after E19. Aif1 is upregulated at the transcriptomic level, but downregulated
at the protein level after birth. Nestin has a local minimum at E18 at the transcriptomic level, and has
otherwise oscillatory protein levels. Syt1 was upregulated at both modalities over time, but was
downregulated at P7 only at the proteomic level. Tubb2a was constantly upregulated in both modalities.

B. Profiles of Satb2, Shank2, Syngap1, and Smad4 as four representative genes/proteins differentially
regulated between the MIA conditions and modalities.

C. Two representative genes/proteins differentially regulated between both cell populations: Vangl2 and
Rnaseh?2a.

DESeqg2-normalised, log2-transformed (plus a pseudocount of 0.5), and scaled values for the transcriptomic layer
and harmonised, log2-transformed, and scaled (basic R; (x - mean(x)) / sd(x)) values for the proteomic layer.

Basic upper-layer neuronal functions

During neurogenesis of the upper layers, extensive restructuring of the ECM, metabolic adap-
tations, and changes in the transcriptional landscape occurred. However, transcriptional out-
put did not necessarily correspond to protein output, especially in developmental systems with

an immediate need for translational adaption 4%,

Typical transcription factors of neurogenesis showed a substantial decrease in expression
after birth, while the protein level of SATB2 increased (Fig. 34; Suppl. Fig. 18).

Genes related to the establishment of membrane potential and excitability followed a strict
sequential expression, which was also reflected at the proteomic level a day or two later. Ini-
tially, genes contributing to polarity formation and axonogenesis created the conditions for
further expression of e.g. ion channels. Robo1,2 and Dpysl5 had the most pronounced ex-
pression change with a peak expression at E17/E18. Here, AMPA receptors such as Gria2
were involved in the initial establishment of the membrane potential, followed by the expres-
sion of Ca?*-sensitive proteins such as Camk2b. The expression of NMDA receptors such as

Grin2b were the most differentially upregulated genes in this data set (Fig. 34).

Signalling factors, such as Wnt7b, were not detected at protein level, in contrast to growth
factors (Fig. 34).

A more detailed overview can be found in supplementary figure 18.
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Figure 34: Selected neuron-specific biological processes compared between RNA-seq and mass spec-
trometry data of untreated samples over time

Six representative genes and proteins for each relevant biological process are shown as harmonised and log2-
transformed values for the proteomic layer and as DESeq2-normalised and log2-transformed values plus a
pseudocount of 0.5 for the transcriptomic layer. Both consistently and differentially expressed genes/proteins are
included from the untreated data sets only. Heat maps are sorted from high to low abundance in the respective
modality. Note that Wnt7b was not detected at protein level, representative for most of the secreted signalling
factors.
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» Neurogenesis upon maternal immune acti-
vation

Developing neurons showed already an enhanced response to the environment in the un-
treated transcriptomic landscape (see GOterm "activation of immune response"
(G0O:0002253) in population enhanced contrast analysis, Fig. 23), which prompted the intro-
duction of a controlled extrinsic stimulus to compare it with the naive acquisition of upper-layer

neuronal fate.

In collaboration with Gulsah Gabriel at the LIV, the two-hit mouse model was established and
applied here with slight modifications. Unlike in Jacobsen et al., 2021 2%, mice were adminis-
tered Polyl:C and PBS twice directly before acute neurogenesis of the upper layers at E10
and E12 (Fig. 9A, with Maternal Immune Activation (MIA)).

The aim was to gain insights into how immunogenic perturbations particularly affect the upper-

layer neuronal population across three layers of biological complexity.

Cytokine levels in placental tissue indicated suc-
cessful injections

The organs and sera of animals subjected to MIA were tested for elevated cytokine levels, as
these are indicators of actual immune activation. The experimental mice similarly gained
weight, as did their tested organs (Polyl:C, PBS, and untreated condition, Suppl. Fig. 10). For

comparison, brains from thirteen embryos were also included.

The custom BioRad multiplex panel considered eight major cytokines for inflammation in ma-

ternal and embryonic tissues.

The cytokine profile showed statistical differences between the treated conditions (PBS and
Polyl:C) and the untreated/naive condition (Fig. 35). In general, the PBS condition was inter-
mediate between the naive and the Polyl:C conditions; it usually had cytokine levels interme-
diate to the other conditions. Also, the rate at which it differed from the other conditions meas-

ured was similar for all measured cytokines.

MCP-1/Ccl2 had the highest cytokine concentrations, with the highest measured value in the
assay being 7,746.66 [ng/uL]. IL-1b was generally detected at low concentrations, with the
highest value of 3.4 [ng/uL] in embryonic brains and placenta. In contrast, IL-1b was detected

in maternal serum up to 220.29 [ng/pL] (Fig. 35A).

Two mice injected with Polyl:C showed particularly deviating values for IL-1b, IL-10, and MCP-

1/Ccl2 from the other treated samples, which did not influence the overall statistical trend of
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the condition. These mice (#21181 and #29599; details deposited on github) were the heaviest
among the Polyl:C-treated mice and had the most embryos. The concentrations of the sam-
ples (embryonic brain and placentae) from the same mother mice were otherwise within the

range of the other samples for the respective cytokines and not statistically different.

Moreover, the cytokine profile showed increased levels in sera for all measured cytokines in
the Polyl:C condition (Fig. 35A). However, the confidence interval was higher than in the other
conditions. IFN-y was detected significantly more frequently in the sera of PBS samples than
in those of the naive counterpart (*, after multiple-testing correction with Holm-Bonferroni (HB)
method: p.adj.: 0.087), and IL-2 was detected significantly more frequently in the Polyl:C sam-
ples than in the naive samples (*, p.adj.: 0.039). Even the difference between PBS and Polyl:C
was significant with a p-value of 0.0167 and an adjusted p-value with HB of 0.05 (Fig. 35).

Placental tissue showed a more stable cytokine profile with a significantly lower level of IL-1b
in the Polyl:C placentas than in the naive placentas (**, p.adj.: 0.023), similar to IL-10 (*, p.adj.:
0.13) and TNF-a (*, p.adj.: 0.12). IL-6 was the lowest cytokine detected in PBS placentae (*,
p.adj.: 0.11).

No statistical test could be performed for the embryonic brains, as only one observation was

left in the naive state. However, the Polyl:C samples mostly had the lowest cytokine levels.

The gene expression levels for the cytokines tested here did not differ between conditions
(Fig. 35B). The samples yielding the RNA-seq data did not directly match the mother mice

tested for the cytokine panel.
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Figure 35: Maternal Inmune Activated (MIA) mice show elevated cytokines in maternal sera

A. Tissues (Maternal sera, placentae, and embryonic brains) were collected from MIA mother mice with E18
FACSed offspring.The cytokine profile of the samples examined shows maternal immune activation,
especially in the sera of the mother mice. Stars report p-values and indicate statistical significance
according to a Welch’s t test with the naive condition as reference group (*p < 0.05, **p < 0.01, ***p <
0.001). Error bars are confidence intervals calculated with "smean.cl.normal" from the R package Hmisc.
It calculates the sample mean together with lower and upper Gaussian confidence limits (quantiles) based
on the t-distribution.

B. The RNA expression levels of all cytokines studied are comparable among the treated and untreated
conditions. RNA-seq values as DESeq2 normalised log2 counts. Same Welch'’s test used as in A.
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Transcriptomic treatment-based differences

WGCN analysis of the entire dataset filtered for E18, E19_E, E19_P, and P3 time points al-
lowed the identification of regulatory signalling pathways with a particular contrast to the MIA
treatment. Samples were hierarchically clustered (Fig. 36A). The identified gene expression
clusters, so-called “modules”, correlated functionally and dynamically to the developmental
stages and different conditions (Fig. 36B, 37A). With this, WGCNA provided valuable insights
beyond the degPatterns approach.

With the statistical thresholds chosen, WGCNA identified fourteen colour-coded modules sta-
tistically differentially associated with the four conditions (Age, cell population, harvest mode,
and MIA/Treatment).

Overall, almost all modules, except the yellow, pink, and greenyellow ones, were significantly
different regarding age. The samples collected in utero significantly differed from those col-
lected ex utero. In general, harvest mode and age were the most correlated conditions (Fig.
37A). The turquoise and brown modules contained the most positively correlated genes, while
the green and purple modules contained the most negatively correlated genes. The turquoise
module was the second largest module containing 3,933 genes. It was significantly enriched
for “positive regulation of defense response” (G0O:0031349, qvalue: 3.89E-46) and “activation
of immune response” (GO:0002253, qvalue: 9.65E-46). The brown module was enriched for
“‘chromosome segregation” (GO:0007059, gqvalue: 4.10E-44) and “mitotic nuclear division”
(GO:0140014, qvalue: 1.10E-34) (Fig. 37B; Suppl. Table 6).

The grey module, the largest module, consisting of 4,132 genes, included all genes that could
not be integrated into any other module (Fig. 37A). This module showed a significant positive
correlation with in utero and the pNeuroD1+ population, but not as strong a correlation as
other modules with the conditions tested here. The genes in the grey module were enriched
in functional categories related to nuclear cellular functions such as “mRNA processing”
(GO:0006397, gvalue: 9.61E-25) (Fig. 37B; Suppl. Table 6). This suggested the identified
module mainly comprised genes involved in basic molecular processes essential for cellular

homeostasis (Fig. 37B).
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Figure 36: Overview of WGCNA metrics for the here associated conditions
A

In this WGCNA, ages of E18 (white, in utero), E19_E (blue, in utero), E19_P (grey, ex utero), and P3
(black, ex utero) are covered in both cell populations (pCAG+/white, pNeuroD1+/black). The treatment is
the extended version of the MIA treatment with Polyl:C (Polyl:C/black, PBS/grey, untreated/white). The
initial classification of the dendrogram primarily corresponds to cell population association, but the
clustering is also age-biased.

The cluster dendrogram shows the association of gene expression to specific modules (more detailed
presentation of TOM plot in the Suppl. Fig. 12). After clustering, modules whose eigengenes correlated
above the soft threshold of 12 are merged (mergingHeight: 0.25). This way, gene modules are neither
over- nor underclustered. Right panels: Power metrics — The arbitrary soft threshold is set here at the
power of 12 with a scale-free index R? of above 0.85 as WGCNA authors suggested 374, where the R?
values firstly reaches an inflection point and the mean connectivity enters a stationary phase. The two
plots mirror the natural trade-off of the maximised fit (R?) and the maintenance of a high mean number of
connections.
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Cell population differences were revealed by the contrasting green-yellow and magenta mod-
ules, which were positively correlated with the pCAG+ population and the pNeuroD1+ popu-
lation, respectively. The green-yellow module was enriched for “cell fate commitment”
(GO:0045165, qvalue: 3.52E-07), which was inversely correlated with age, while the magenta
module was overrepresented for biological processes, such as “ameboidal-type cell migration”
(GO:0001667, qvalue: 6.66E-21) (Fig. 37B; Suppl. Table 6).

Treatment was here the more specific version of the binary “MIA” (FALSE or TRUE) condition;
it encompassed all three conditions (Polyl:C, PBS, and naive). This way, the construction of
a WGCNA identified modules associated with specific developmental regulation processes

under treatment (Suppl. Table 6).

The MIA condition, especially the Polyl:C treatment, correlated mainly positively with the pink
module and negatively with the red module. In particular, the pink module consisting of 312
genes was significantly positively correlated with MIA treatment. In contrast, the red module
with 426 genes was positively correlated to the untreated cohort, particularly negatively cor-
related to the Polyl:C treatment. Both modules were also positively correlated with the pNeu-

roD1+ cell population (Fig. 37A).
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Figure 37: Module-condition relationships shows a positive correlation of MIA treatment with the pNeu-
roD1+ cell population
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A. At a power of 12, the heat map shows WGCNA derived and Pearson correlated gene modules at the
respective time points, while the modules have highly significant Pearson scores that correlated with age
(*p < 0.05, **p < 0.01, ***p < 0.001). Modules are sorted by module pseudo-age, while a positive age
correlation/Pearson score represents increasing gene expression with progressing age. The green
module included the most negative Pearson score of -0.75*** and the brown module included the most
positive Pearson score of 0.74***. Along this pseudo-age, the MIA conditions showed significant positive
and negative correlation with the pink and red module, which were analysed in detail below. Additionally,
MIA treatment correlates positively with the pNeuroD1+ cell population. The respective overrepresented
biological functions for each module are shown in figure part B. Apart from the unassigned gene module
(grey), the turquoise module gathered most of the clustered genes (3,933 genes).

B. Dot plot shows the top three overrepresented biological functions of the fourteen WGCNA derived gene
modules.

The pink module was functionally associated with "cell-cell signaling by Wnt” (GO:0198738,
gvalue: 2.13E-07), "Ras protein signal transduction" (GO:0007265, qvalue: 3.28E-06), and
"proteasome-mediated ubiquitin-dependent protein catabolic process" (GO:0043161, qvalue:
3.93E-06) (Fig. 38C, 39). Among these genes were the activity-dependent neuroprotective
protein (Adnp), the tumour suppressor SMAD family member 4 (Smad4), and its SMAD spe-
cific E3 ubiquitin protein ligase 2 (Smurf2), and the histone deacetylase sirtuin 1 (Sirt1). Be-
sides, typical neurogenic differentiation factors, such as neuregulin 2 (Nrg2), insulin-like
growth factor-binding protein 3 (/gfbp3), protein kinase B (Akt7), guanine nucleotide-binding
proteins (Gna 12 and q), calsyntenin 1 (Clstn1), several F-box proteins (Fbxo33, 45, FbxI14,
17), and the Rho-associated coiled-coil containing protein kinase 2 (Rock2) were upregulated
in the MIA cohort. Furthermore, typical Wnt pathway associated genes, such as the dishev-
elled segment polarity protein 1 (Dvi1), frizzled class receptor 8 (Fzd8), catenin delta 2
(Ctnnd2), and transcription factor 7 (Tcf7) had elevated gene expression in Polyl:C treated
animals (Fig. 38C).

The genes of the red module were functionally related to “regulation of membrane potential”
(G0O:0042391, gvalue: 6.05E-08), “dendritic spine organization” (GO:0097061, qvalue: 5.35E-
08), and “postsynapse organization” (GO:0099173, qvalue: 4.08E-12) (Fig. 38C, 39A). They
encompassed genes encoding the ASD-associated gene ‘SH3 and multiple ankyrin repeat
domains’ Shank1, 2, 3, as well as typical synaptic proteins such as piccolo presynaptic cy-
tomatrix protein (Pclo), bassoon (Bsn), and postsynaptic density protein (Psd), and synap-
tojanin 1 (Synj1), synaptotagmin 7 (Syt7), and the synaptic Ras GTPase activating protein 1
(Syngap1). Many ionotropic channels such as calcium voltage-gated channels (Cacna1a,
Cacna1b, Cacnale, Cacnb4) and glutamate ionotropic receptors (Grin1, Grin2b, Grip2), were
also downregulated in the MIA cohort. Additionally, adhesion molecules such as adhesion g
protein-coupled receptors (Adgrb2, Adgrl1, Adgri3), nectin1 (nectin cell adhesion molecule 1)
and Nign2 (neuroligin 2), were less expressed in the Polyl:C treated samples than in their
naive counterpart. Lastly, cyclin-dependent kinase-like 5 (Cdkl/5), insulin-like growth factor 1
receptor (Igf1r), and kinesin family member 1A (Kif1a) were downregulated in MIA samples
(Fig. 38C).
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Figure 38: MIA samples differ in Wnt pathways and synaptic processes from their untreated counterparts

at the transcriptomic level

A. Differential gene expression profiles show the two modules with the highest anticorrelating significance
among all MIA-associated WGCNA modules. Both profiles indicate an age-dependence, biased to E18,

of the differential dynamic.

Caption continued on next page
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B. Two representative genes for the pink module (Adnp, activity-dependent neuroprotective protein) and for
the red module (Shank2, ‘SH3 and multiple ankyrin repeat domains 2’) demonstrate characteristic gene
expression for the Polyl:C treated and untreated conditions at E18. Adnp, and similarly all genes in the
pink module, shows quantitatively distinct expression between both conditions, while Shank2, like all
genes in the red module, is more widely dispersed in gene expression than its naive counterpart, which
is significantly highly expressed.

C. Cnetplots show overrepresentation of the five major biological processes (GO) together with the enriched
genes associated with the pink and red module, respectively. The top ten biological processes are shown
in Suppl. Fig. 13.

D. Likewise, GSEA shows two representative enriched gene sets, which were up- and downregulated in the
stimulated condition, with p.adj.<0.01. Upregulated: Gene set of
GOBP_CELL_CELL_SIGNALING_BY_WNT (NES: 1.584), consisting of genes such as the activity-
dependent neuroprotective protein (Adnp), dishevelled segment polarity protein 1 (DvI1), frizzled class
receptor 8 (Fzd8), and T cell specific transcription factor 7 (Tcf7). Downregulated: Gene set of
GOBP_REGULATION_OF_SYNAPTIC_PLASTICITY (NES: -0.882) enriched, containing genes such as
the glutamate receptor, ionotropic, NMDA1 (zeta 1) and NMDAZ2B (epsilon 2) (Grin1,2b), ‘SH3 and
multiple ankyrin repeat domains’ 1, 2 and 3 (Shank1,2,3), Synaptotagmin-7 (Syt7), and synaptic Ras
GTPase activating protein 1 homolog (Syngap1).

Overall, the enriched gene expression of the pink module that responded to the Polyl:C treat-
ment showed a remarkable increase in gene expression within the Wnt pathway (Fig. 38D;
Fig. 39) and thereby showed a substantial increase in log2 fold change levels (Fig. 38A, B).
In contrast, the expression of the red module was reduced in synaptic genes. These synapti-
cally associated genes showed a wider range of log2 fold change values than their untreated
counterparts (Fig. 38A, B, D). Note that no Wnt gene directly was differentially expressed, and
both pink and red modules were enriched for different biological functions, but also overlapped
in “regulation of synapse organization” (GO:0050807) with each other (Suppl. Fig. 13). Igf1r

and Igfbp3 were oppositely expressed.

In addition, the yellow, purple, and tan modules significantly correlated with MIA, while the red
module was the only significantly negatively correlated module. The modules enriched for MIA
showed an inverse trend with age/harvest mode. That correlated with cell population, sug-
gesting that gene expression dynamics were biased towards in utero pNeuroD1+ samples

rather than ex utero pCAG+ samples (Fig. 37A).
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Figure 39: Canonical Wnt pathway is enriched for MIA treated developing neurons

The enriched KEGG pathway “Wnt signalling” (mmu04310) shows the enriched rlog-transformed RNA-seq counts
in the MIA transcriptomic dataset contrasted for Polyl:C versus the naive state.
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Proteomic treatment-based differences
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Figure 40: At the proteomic level, Polyl:C treatment reduces synaptic translation

A. PCA of E18, E19, and P3 MIA treated and untreated samples. Some treated (Polyl:C and PBS) samples
differ from the large cluster of untreated samples. PC1 and PC2 together account for 25.2% of the total

variance.

Caption continued on next page
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B. The volcano plot compares the 118 differentially detected proteins for Polyl:C vs. the untreated condition
over the three timepoints tested here. With an p.adj. cut-off<0.5 and a log2 fold change cut-off of 1, more
(64) proteins are specifically upregulated in the Polyl:C cohort versus the untreated cohort with 54
upregulated proteins. SMC2, SATB2, and GNAI1 are more abundant in the naive cohort, whereas
CENPV, APEH, and CAMSAP3 are upregulated in the Polyl:C condition compared with the naive
samples.

C. The top 10 GO terms of the small set of DEPs show an underrepresentation of the treated samples for
synaptic translation (G0O:0140241) and “ribosome assembly” (GO:0042255), with an even larger
difference in the Polyl:C condition. Centred values served as input to the clusterProfiler::compareCluster
function. More details can be found in supplementary Table 9.

D. Heatmap comparing the ratios of the 118 DEPs between the three different conditions with Euclidean
clustering. Actin skeleton-associated and centromere proteins such as ROCK1 and CENPV are
upregulated in the MIA treated samples.

At the proteomic level, Polyl:C treatment was contrasted with the PBS and the naive cohort
of E18, E19, and P3 timepoints. Although the initial PCA showed variability attributable to
differences in treatment, these differences were not as pronounced when the analyses were
restricted to the relevant time points tested here (E18, E19 and P3, Fig. 40A). With a p.ad;.
cutoff <0.5, 118 proteins were differentially detected (Suppl. Table 9).

The underrepresentation of proteins associated with “translation at synapse” (GO:0140241)
was prominent in the Polyl:C treated samples. For example, among them, SATB2 was down-
regulated in the Polyl:C samples with a centered log2 fold change of -0.433 compared to the
untreated cohort with 0.68 (Fig. 40B, D). RNASEH2A, RPL5, RPL10, and RPS10, which were
also associated with “translation at presynapse” (GO:0140236) were underrepresented in the
Polyl:C condition (Fig. 40C, Suppl. Table 9).

In contrast, ROCK1, CENPV, APOH, and APEH were more abundantly detected in the Polyl:C
samples than in the untreated samples (Fig. 40B, D), albeit less significantly. In addition, pro-
teins related to “Golgi vesicle transport” (GO:0048193), such as CSK, USO1, YIPF5, and
RAB14, were upregulated in Polyl:C samples compared with their naive counterparts (Fig.
40C, Suppl. Table 9).
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Differences in the DNA methylome

Significantly increased expression of methyl CpG-binding domain protein 2 (Mbd2), deacety-
lase Sirt1 and several lysine methyltransferases in mice treated with Polyl:C and PBS at E18
prompted subsequent analyses for DNA methylation in these MIA samples (Fig. 41). Without
treatment, the expression of DNMT3a, a de novo methylase, increased postmigratory in pNeu-

roD1+ samples (Suppl. Fig. 18).
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Figure 41: MIA animals have altered gene expression levels associated with “DNA methylation” com-
pared with their untreated counterpart

At the transcriptomic level, genes associated with DNA methylation (GO:0006306), such as Mbd2, had higher
expression levels in the pNeuroD1+ cell population than their untreated counterparts, particularly at E18.

DNA methylation is a widespread epigenetic modification closely associated with transcrip-
tional repression, making it an important biomarker for developmental processes and disease
aetiology 33242442 However, it is less clear how DNA methylation relates to the phenotype
of immune-activated offspring. Therefore, the cell type-specific DNA methylation response of
the pNeuroD1+ cell population upon a maternal immune stress was detected here using an

improved DNA methylation protocol called “EM-seq”.
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Enzymatic methyl sequencing (EM-seq) detects both 5-mC and 5-hmC modifications on DNA
at base resolution, which are associated with transcriptional silencing and general develop-
mental processes. Here, EM-seq was performed on DNA from two Polyl:C samples and two
PBS samples at E18 together with one fully methylated (pUC19) and one unmethylated (-
DNA) Spikeln control. The Spikeln controls (Fig. 6) and the library QCs (Suppl. Fig. 22) con-
firmed successful sequencing and that the read depth of 50 million read pairs per sample on
average was sufficient to produce meaningful results. Besides, the partly presence of the

pNeuroD1-ires-eGFP vector was detected (Fig. 6).

In all samples, ~10% of the CpGs were unmethylated, while ~15% of the CpGs in the samples
were fully methylated. Instead of a bimodal distribution, all samples had a local peak at ~25%
methylation (Fig. 42A).

Read coverage indicated no PCR duplication bias for all samples (Fig. 42A). Pairwise corre-
lation between Polyl:C and the respective PBS samples yielded coefficients ranging from 0.92
to 0.93 (Fig. 42B). Likewise, the dendrogram of samples and PCA between these samples
indicated a batch effect rather than a biological difference between methylated CpGs in this
data set (Fig. 42B).

After filtering base pairs with sequencing coverage below 10x and exceeding the 99.9th per-
centile in each sample and normalisation, 7,878 CpG sites remained for analysis. CpGs with
standard deviations larger than 2% were kept. Differential methylation was further assessed
with a p.adj. cut-off <0.5 (BH adjusted). Overdispersion was corrected using the proposed
GLM of McCullagh and Nelder implemented by the methylKit R package v.1.26.0. Gene parts
were annotated with the inferred differentially methylated regions using a GRCm38/mm10 ge-

nome as a GRanges/BED file from the UCSC Genome Browser ¢°.

With the moderate p.adj. cut-off <0.5 applied, six CpG regions were differentially methylated.
These were mainly intergenic (Fig. 42C). The IGV lanes showed a broader methylated pro-
moter region of Shank2 in Polyl:C samples compared with the two PBS samples (Suppl. Fig.
23). Shank2 was one of the genes that were downregulated in the Polyl:C samples at the

transcriptomic level (Fig. 38C).
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Figure 42: The Polyl:C condition resembles the PBS condition at the DNA methylome level at E18

A

The descriptive methylation analysis shows the fidelity of data collection. The distribution of methylation
levels at CpG sites is enriched with fully methylated regions, but unmethylated and partially methylated
regions are also detected, indicated by a bimodal distribution with a peak at 25%. In addition, most bases
in all samples have uniform coverage, indicating no PCR duplication bias.

The Pearson correlation of the CpG bases shows that the samples from both conditions have a high
positive correlation coefficient, indicating no differences. PCA and hierarchical clustering also show a
higher batch effect than the actual biological difference between the PBS and Polyl:C conditions.

DNA methylation changes compared between Polyl:C as treatment condition and PBS as control
condition show statistical significance for six DMRs, two of which were part of chromosome 9. These
differentially methylated CpGs with significant p-values are highlighted in the Manhattan plot. They are
not enriched for either hypo- or hypermethylation and are predominantly associated with intergenic
regions.
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From an evolutionary point of view, upper-layer neurons (ULNs) have created an asset for
mammalian species. The axons of the ULNs are the first emergence of two symmetrically
connected cortical hemispheres via the corpus callosum. This complex connection requires a
highly orchestrated genesis. Disturbed upper-layer genesis can drive aetiologies such as ASD

4 5 or schizophrenia ®,’.

This study sought to uncover the molecular coordination of upper-layer corticogenesis, span-
ning only a few days in mice. In such a narrow time frame, ULNs transition from a neuronal
progenitor cell (E14, E16) through a migratory state (E17, E18) to a differentiated neuron (E19-
P7). Bulk analyses were used to track these neurons throughout their cell fate transitions
across three different levels of biological complexity. The analysis of this particular cell popu-
lation — both its untreated and perturbed genesis — clarified our understanding and revealed

key patterns for tailored further research.

» Specificities of experimental approach

Single cell POPULATION united the advantages of
bulk and scRNA-seq

In this study, bulk analyses of two cell populations were performed across three modalities
and their developmental time frame. The bulk approach was particularly advantageous at the
transcriptional level: Sorting whole cell populations is more coherent and provides a “purer”
method than computational sorting of whole tissue cell populations using marker genes in
single-cell RNA sequencing (scRNA-seq) “?"*? Targeting single cell populations — in con-
trast to whole tissues — was possible by taking advantage of the physiological behaviour of
the cells (here: inside-out, out-side-last migration into the upper cortical layers). By exploiting
this physical dynamic these cells were acutely sorted via flow cytometry (Fig. 10, 11) yielding
enough cell population aliquots to cover at least two, if not three bulk analyses. Thus, cell
population analyses are thus suitable for deep sequencing and even for mass spectrometry
approaches. Additionally, they are advantageous for DNA methylation analyses, as DNA
methylation is cell type specific, but requires relatively large amounts of DNA. Since the Neu-
roD1 promoter was used to specifically target the post-mitotic neuronal cell population, the
presence of the "ori" and the "AmpR promoter" of the pNeuroD1-ires-eGFP plasmid was in-

deed confirmed in EM-seq data (Fig. 4, 6).
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The bulk approach required a robust sample size at the transcript level to allow reliable com-
parisons with upstream and downstream levels of biological complexity. A sample size of six
for both cell populations and each time point in the RNA-seq increased statistical power, while

a sample size of three allowed equally detailed analysis at the proteome level.

The cell populations were sorted by fluorescent constructs. All constructs used in this study
had a similar size of 5-7 kb, guaranteeing that no plasmid was favoured over another in cyto-

plasmic integration.

The developmentally active promoter pNeuroD1 has already been frequently used to target
post-mitotic neurons 820242° |ndeed, the pNeuroD1+ population decreased dramatically in
genes related to "DNA replication", while these genes were oscillatorily regulated in the
pCAGH+ cell population and increased cell cycle activities after birth (Fig. 23, cluster 2; Fig.
43).

The ubiquitously expressed pCAG-driven fluorescent marker was co-transfected to visualise
the transfection site and facilitate isolation of the transfected cortical tissue whilst cell prepa-
ration. Fluorophores under the control of developmentally active promoters were often weakly
expressed in the lower cortical layers where the progenitor cells or immature neurons were.
The pCAG+ cell population consisted of mainly neurons, but also astrocytes and oligodendro-
cytes (Fig. 23, cluster 3; Fig. 13B; Table 4).

Interestingly, the pCAG+ cell population resembled the pNeuroD1+ population more than ex-
pected. Similar DEGs were derived when the special population was analysed alone or to-
gether with the pCAG+ control population (Fig. 21, 22). At the proteomic level, the distinction
between the cell populations was less prominent and mainly showed a progressive, neuronal
landscape (Fig. 26, 29). This strengthens the hypothesis **'°' that neurogenic cell fate deter-
mination occurs at the transcriptional level at the precursor stage and leads mainly to a neu-

rogenic fate at E14.

Here, the strong expression of neuronal precursor genes ruled out the identity of mature cells
in the pGlast1-dsRed2 precursor samples at E14 (Fig. 14). Note that the marker proteins
(pCAG-Venus and pCAG-tDimer) targeted neural progenitor cells that had the capacity to
mainly transform into Satb2+ neurons (Fig. 12). Furthermore, the pNeuroD1+ cell population
showed critical upregulation of marker genes, indicating a successful sorting and sequencing
procedure (Fig. 15, 16; 2°2). However, the definition of marker genes needs to be revised as,
for example, Satb2 was down-regulated towards birth at the RNA-seq level, but it was one of

the up-regulated proteins (Fig. 33).
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Given the differences in cell identity, these results demonstrate the importance of considering
an experimental design that is focused on cell populations and covers narrow time points when
studying developmental processes. Regulatory changes during development are transient
and return to baseline levels after dynamic interventions with other biological levels (Fig. 16,
33; Suppl. Fig. 18). Thus, this study has overcome the reliance of transcriptomic analyses on
so-called “marker genes” and non-stationary tracking over time, highlighting the importance

of considering the multiple biological layers when defining cell types.

Radial glia cell character transcriptomically over-
lapped with post-mitotic neuronal character

Time point E14 was used here for the IUE of all later collection time points. For reference,

cells were also harvested at E14, but with a different, RGC-specific promoter pGlast1 (Fig. 9).

At the transcriptomic level, these E14 samples overlapped with all pCAG+ samples from the
other time points, while samples positive for the post-mitotic neuron-specific promoter pNeu-
roD1 clustered outside the E14 cluster (Fig. 13A). The shared transcriptomic profile might
indicate a shared molecular profile and confirmed that RGCs at embryonic age E14 were not
yet restricted in their cell fate; they had a mixed character and continued to produce both

neuronal and glial outputs.

Additionally, the E16 pNeuroD1+ samples were transcriptionally more similar to the E14
pGlast1+ samples than to the E17 pNeuroD1+ samples, again indicating that the E16 pNeu-
roD1+ cell population was a direct developmental descendant of the E14 pGlast1+ cell popu-
lation (Fig. 13A).

This suggests a potential developmental relationship and that this study has hereby overcome
the usual limit of cell type-specific resolution in bulk RNA-seq and the limitations of progenitor

cell heterogeneity 0408409,
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» How do neurons gradually enter and main-
tain the "post-mitotic" state?

In this study, the question arose how neurons gradually transition into this "post-mitotic" state
and how they maintain it. As “elementi perenni”, ULNs exit the cell cycle very early, shortly

before migration (Fig. 43).

In the multicomparison analysis, the second cluster of figure 23 was differentially regulated
between the pNeuroD1+ and the pCAG+ population. At E16, the genes of this cluster were
associated with “DNA replication” and dropped below average gene expression at the exact
time when the cells targeted with the pNeuroD1-ires-eGFP construct were firstly harvested.
This supported the usage of the NeuroD1 promoter to target specifically post-mitotic neurons.
Corresponding to the decrease in NeuroD transcription factor members (Fig. 16, cluster 1),
the initial high mitotic state during progenitor expansion in the pNeuroD1+ cell population tran-
sitioned to a cell cycle exit, unlike the population driven by the ubiquitous promoter pCAG (Fig.
43). The pCAG+ cell population continued to cycle, which was accompanied by gene expres-
sion typical for “progenitor” transcription factors such as Pax6 and even Thr2 in the pCAG+

population (Suppl. Fig. 18, panel “Transcription factors”).

pNeuroD+ population is post-mitotic, while tDimer+ population is not

Group
E ctrl

E special

Z-score of gene abundance

Figure 43: The pNeuroD1-eGFP+ cell population is post-mitotic, while the pCAG-tDimer+ population is
not

Zoom on cluster 2 in the DEG analysis of figure 23 with enhanced population contrast. Cell cycle dynamics were
actively down-regulated after E16. The pNeuroD1+ population drastically decreases its gene expression
associated with "nuclear division" (GO:0000280) and "DNA replication" (GO:0006260) below average gene
expression.
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As IPCs give rise to ULNs, they undergo another phase of symmetrical mitosis. In general,
IPCs undergo 1-3 symmetric progenitor divisions before exiting the cell cycle "', which they
even transiently suppress 3%2. Delamination processes trigger the suppression of Cdkn1c 3%
and the switch from cyclin D1 to D2 during IPC genesis, which links migration events to cell
cycle dynamics %43 The timing of cell cycle exit itself has been independent of the determi-
nants of cell fate, implying that pure time spent cycling does not lead to IPC- or RGC-mediated
neurogenesis ! 432 However, bio-horological experiments on IPC mitoses have shown that
the transcriptional landscape of the late-born EOMES+ population correlates with the gene

expression of the later upper-layer II/lll neuronal population 34433435,

IPCs invest more time in G1 phase for quality control of mitotically replicated DNA than RGCs
436437 The more the G1 phase was delayed e.g. by calcium induction or by overexpression of
p25 “® the longer IPCs could increase their cell production %42 |PCs delay the acquisition
of laminar fate by resolving poised enhancer states and modulating their cell cycle length and
number within the SVZ %443 Here, the IPC marker gene, Tbr2, was biphasically regulated
(Fig. 33): Its expression was slightly down-regulated just before migration (E17) and then
drastically down-regulated after birth (P3), which was also gradually observed at the protein
level. This sequential decrease could be an indication of different requirements in these
phases. Perhaps, EOMES is part of a feedback loop regarding the exit from the cell cycle that
closed completely after birth. In this way, developing neurons gradually lost retrograde fate
plasticity during corticogenesis, as shown by many heterochronic transplantation and electro-

poration studies 100:444:443,

Terminal differentiation in neurons, to which IPCs gradually transition, differs from qui- or se-
nescence. The involvement of signalling pathways such as Notch/DIl, which suppress cell
cycle dynamics **® permanently, makes the terminal cell cycle exit specific. From E14 on-
wards, neuronal progenitors began to express neogenin *, which triggered terminal differen-
tiation of the just emerging neurons by downregulating E2F1 **¢, thereby impairing CDK5 ac-
tivity “4°. Acetyl-CoA helped regulate the epigenetic status of neurogenic pioneer factors such
as Ngn1 and Neurod1, which had decreased gene expression from E14 to P7, mutually with
the p53-inducible TIGAR complex **°. TIGAR dephosphorylates RB and stabilises its associ-
ation with E2F1 (part of the DREAM complex #514%2) during migration, which is downregulated
here over time, forcing an exit from the cell cycle “4"4%3 However, this does not appear to be
unique to the upper-layer population studied here. Both the upper and deep layer neurons go

through a multipolar state and eventually exit the cell cycle "%,
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Their basic functions, excitability and metabolism seemed to depend on this neuronal "G0"
state. For example, the increasing establishment of the membrane potential influences the
mitotic index via increased receptor expression and responsiveness to neurotrophic stimuli
197.454-4% Dye to the robustness of neuronal cell identity, the “barrier of no return” is probably
not limited to a missing or added factor, but is formed by interdependent, reinforcing parame-
ters at many levels of biological complexity. These levels mutually force progenitor cells into
a highly specific neuronal niche, possibly driven by glutamate. The methods used here ena-
bled mapping the entry and the maintenance of this state, but we still lack the “threads" that

connect the levels of biological complexity.

» What requlatory landscape mediates the ex-
plicit formation of the upper layers?

Upper-layer neurons restrain their developmental competency within a narrow time window of
a few days in mice. The ULN cell population exhibits heterogeneous cell identities, not only
morphologically/histologically seen **, but likewise evident in scRNA-seq experiments 498409,
Their heterogeneous identity is primarily characterised by a catalogue of factors at different
levels of biological complexity rather than by individual marker genes, as figure 16 showed.
The specific upper layer characterisation of the cluster in the representative meta-analysis
was based on individual marker genes that partly overlapped with the here sorted cell popu-
lation (Fig. 19). Despite the lack of comparison with deep-layer neurons here, cluster analyses
performed in this study revealed that important features of upper-layer neurons were over-
looked in scRNA-seq data. Key patterns such as the immune activation and the drastic de-
crease in alternative splicing events in the pNeuroD1+ cell population suggest specific fea-

tures of upper-layer developing neurons.

Below, only selected, important biological functions are discussed, as this is a rich multi-omic
dataset that can be further explored from different perspectives. Comparative consecutive and

cluster analyses, such as degPatterns and WGCNA, helped to derive key processes.
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The pNeuroD1+ cell population physiologically acti-
vated immunogenic factors

In particular, the pNeuroD1+ population appeared to develop in response to environmental
cues during untreated neurogenesis. One cluster derived by multicomparison analysis of the
transcriptomic dataset was strikingly different with 1,395 out of a total of 5,467 DEGs enriched
over time in the pNeuroD1+ compared to the pCAG+ population (Fig. 23, cluster 5; Fig. 44).
These genes also represented the top loadings in the PCA that accounted for PC2 variability
(Fig. 13A; Table 4).

Most different cluster between pNeuroD+ and tDimer+ population

Group
E ctrl

E special

2Z-score of gene abundance

Figure 44: Cluster of most elevated gene expression of pNeuroD1-eGFP+ cell population in comparison with

the pCAG-tDimer+ population

Zoom on cluster 5 in the DEG analysis of figure 23 with enhanced population contrast. From E18, when most cells
have stopped migrating, the pNeuroD1+ population has steadily increased gene expression, while the pCAG+
population first showed increased expression of these genes over average at P5.

Gene expression in this cluster differed most at time points E18/E19 between the “ctrl” and
“special” cell populations. Among these genes were not only those being associated with "ac-
tivation of immune response" (G0O:0002253) but also with an “exclusive” expression by micro-
glia (fractalkine receptor CX3CR1, scavenger receptor FCRL2, purinergic receptor P2RY12,

complement factors C3, C1QA, B, C etc.; Suppl. Fig. 7; 300:3%6:458-460.461)

141



Table 4: Genes (loadings in the PCA, Fig. 13A) segregating the untreated transcriptomic landscape along
the first two PCs

According to the literature cited, the respective biological function of these genes indicates a microglial character
along with known markers for inflammation of the untreated pNeuroD1+ cell population. These genes are marker
genes for both homeostatic and disease-associated microglia as well as for microglial chemotaxis for scRNAseq.
In contrast, genes associated with the pCAG+ cell population suggest a rather oligodendrocytic or astrocytic

character.

Gene Description Biological function (literature) Zﬁi‘:’;
Ccl4 C-C motif chemokine 4 Microglial marker, inflammatory signal- *¢°
ling, blood-brain barrier disruption, ligand
to CCR5, 8
Csfir Colony stimulating factor 1 Neurotrophic role during corticogenesis, 46 3%;
receptor binds CSF1 and IL-34, RTK 302 303
Cx3cr1 | Chemokine (C-X3-C motif) Microglial marker, impacts microglial ac- 39,309 303
receptor 1 tivation, chemokine GPCR, binds Fcrl2
Feri2 Fc receptor-like 2/S Microglial cell surface marker, ligand to “¢°
CX3CR1
Gpnmb | Glycoprotein  (transmem- Inflammation, improves memory, inhibi- 4¢¢ 467
brane) nmb tion of oligodendrogenesis
Laptm5 | Lysosomal-associated pro- Microglial marker, inflammation 468
tein transmembrane 5
Mrc1 Mannose receptor, C type Microglial marker, cell surface receptor ~ “°°
1
Selenop | Selenoprotein P Adult hippocampal neurogenesis 470
Spp1 Secreted phosphoprotein 1 Microglial marker, inflammation
P2ry12 | P2Y purinoreceptor 12 Microglial marker, GPCR, purinergic 333
junction 471 311
Gpr17 G protein-coupled receptor Oligodendrocyte  progenitors, mye- 72
17 lination
Bcas1 | Brain enriched myelin as- Myelinating oligodendrocytes 473
sociated protein 1
Gpr3711 | G protein-coupled receptor Oligodendrocyte progenitors, modulates 7
37-like 1 extracellular glutamate concentration
Gfap Glial fibrillary acidic protein Radial glia cells 403 17
Olig1 Oligodendrocyte transcrip- Oligodendrocyte precursor cells, re- 47°47¢
tion factor 1 presses DIx1/2
Pdgfra | Platelet derived growth fac- Myelinating oligodendrocytes, RTK 475 4Tt
tor receptor, alpha
Cldn10 | Claudin-10 Astrocytes 478
Aqp4 Aquaporin-4 Water channel, Astrocytes 479

Lately, there is more and clearer evidence that the connections between neurons and micro-
glia are complex from the progenitor state onwards. Chemokine-based extrinsic signals, such
as the complement “2 and the Cxcr-Cxcl systems #534643% haye already been well-defined in

the radial glia scaffold. Still, it is unclear how chemokines act on migrating neurons.

However, in this study, there was no evidence that eGFP+ cells had microglial character, as

analyses were performed to exclude microglial contamination in pNeuroD1+ samples:
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Firstly, these suspicious transcripts (Fig. 23, cluster 5) were highly enriched, with e.g. a log2
fold change of ~20 even in the RT-PCR (Fig. 17C, 18C). Considering the mass spectrometry
results here, which primarily detected proteins derived from very abundant mRNA transcripts
(Fig. 30A), both cell populations were purely neuronal (Fig. 26, 29). Post-transcriptional or
post-translational mechanisms could have controlled their protein expression or stability. Ad-
ditionally, these modifications could have caused transcript degradation, or proteases may
also have degraded exactly these proteins immediately after their synthesis. However, as they
were not consistently detected in the mass spectrometry experiments (Suppl. Fig. 8), these

gene products did not crucially contribute to the pNeuroD1+ cell population identity.

Secondly, an anti-CD11b flow cytometry staining (Suppl. Fig. 5, 6) and immunofluorescent
staining (Suppl. Fig. 3, 4) were performed to rule out a potential microglial contribution to the
acquired untreated cell populations. Indeed, a subpopulation positive for the CD11b antibody
was observed, mainly within the pNeuroD1-eGFP+ population, but also in the pCAG-tDimer+
population. The minor contribution of Cd11b+ cells to the pNeuroD1+ population (~5-10%,
Suppl. Fig. 6) would be congruent, if of real microglial character, with Lawson et al. 3. How-
ever, the former observation does not mirror the immunofluorescence staining results against
Iba1/Aif1 (Suppl. Fig. 4). Microglia do not colocalise with the eGFP-transfected cells at this
developmental stage. Moreover, the promoter of NeuroD1 to drive the expression of the fluor-

80.202429 " and microglia derive from another germ

ophore is specific for post-mitotic neurons
layer, the yolk sac. They physically cannot be hit by electroporation 2. The minor presence
of potential microglia in the pNeuroD1+ population therefore has no significant impact on the

study results and does not hinder the efforts made here to improve scRNA-seq methods.

Given that this prominent expression of genes associated with "activation of immune re-
sponse" (G0O:0002253) plays a functional role in the upper-layer post-mitotic neuron popula-

tion (pNeuroD1+), at least three hypotheses arise that need to be investigated in the future:
1. ‘Paracrine signalling orients the migrating neuron pool.’

Interestingly, both ligands as well as their receptors of commonly reported chemoat-
tractants were part of cluster 5 in Fig. 23. For example, the expression patterns of Cx3cr1
and its ligand Cx3cl1 have been extensively characterised between microglia, endothelial
cells and neurons 3#¢. Here, both Cx3cr1 and Cx3cl1 were differentially expressed in pNeu-
roD1+ samples post migration. The same applied to Tgfb1 and Tgfbr2, Tnf and
Tnfrsf11al Tnfrsf13b/ Tnfrsf1al Tnfrsf1b, and Csf1 and Csf1r. Further experimental valida-
tion with RT-PCR of some of these signalling interactions, such as of Csf7 and Csf1r and

Cx3cl1, Fcrl2, and Cx3cr1, confirmed the relevance of these genes, both ligand and
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receptor, to pNeuroD1+ population identity (Fig. 17, 18). This could be indicative of para-
crine signalling that helps the migrating neuron pool orient and perhaps even send stop

signals once the pia is reached.
‘Neuromodulatory signalling guides synaptic integration’

Since 2010, research has particularly focused on microglia-mediated synaptic pruning dur-
ing the establishment of neuronal circuits in early postnatal life *®". Microglia phagocytose
“overextruded” axon fragments as they preferentially accumulate around axons, called
“synaptic pruning” 36482483 |n particular, the complement cascade components C1q and
C3, which otherwise recognise pathogens in the immune system, are secreted by devel-
oping neurons to tag synaptic targets for microglia (CR3/CD11b+) 8248 Also here, C1qa,
C1gb, and C1qc were among those immune-activating genes. Perhaps, synaptic pruning

takes place directly once the first synapses are formed (Fig. 21, cluster 3).

However, the genes upregulated in Fig. 23, cluster 5, are the receptors acting reportedly
on microglia. They receive cues from e.g. the neurons. It cannot be ruled out that these by
gene ontology assigned genes (e.g. to "leukocyte migration") are used for other purposes
than described so far. Their implication of those genes with neurogenesis is rising: For
example, the metabotropic purinoreceptor P2RY12 “%° was among those “immunomodu-
latory” genes, which was also validated by RT-PCR (Fig. 17, 18). P2RY12 is activated by
ADP and adenosine fragments in the extracellular space. During neurogenesis, early K+
depolarisation evokes ATP, adenosine, and glutamate release “®. ATP is a common co-
transmitter that is degraded soon after secretion in the synaptic cleft. Intracellular targets
for P2RY12 are Gai proteins “®’; thus, they are closely related to non-canonical Wnt-me-
diated Ca®* signalling via PLC- and subsequent PKC activation. This purinergic neuro-
modulation pathway is relevant for synaptic transmission and plasticity during neuronal
development “®8. A crucial function appears to be the inhibitory action of P2Y receptors on
presynaptic Ca®* channels, which probably have a general modulatory function to enable
the first orchestrated action potentials and to balance excitation versus inhibition from the

beginning onwards 44",

Another hint could be the enriched cluster of these DEGs on chromosome 11 (Suppl. Fig.
9): Chromosome 11 of the mm10 genome contains many important genes for neurogen-
esis, such as Camk2b, Gria1, Trp53, and Igfbp4, besides the enriched genes in this cluster
5 (Fig. 44). Their spatial proximity on chromosome 11 could indicate a mutual regulatory
network or that they were just co-expressed without any functional significance. The other
differentially expressed receptors in this cluster were more specialised in chemokine and

growth factor ligands, which probably have a pronounced guidance function for ULNs.

144



3. ‘Chemokine receptors trigger primary cilium re-establishment’.

Most of these genes associated with “activation of the immune system" were chemokine
GPCRs and RTKs, which mediate communication between microglia and neurons (Table
4). During ciliogenesis, which was upregulated concomitantly with this gene cluster 5 in

492-495

Fig. 23 (Fig. 21, cluster 4), GPCRs and RTKs play at least as important a role tis

possible that these genes have a novel function in restoring the primary cilium on devel-

oping neurons %6497,

These results suggest an environment-dependent feedback loop crucial for ULNs, which have
to migrate the farthest. Given that the gene expression of immunogenic factors in neurons has
not been reported to such an extend in the past, and given that past studies were based on
whole cortex experiments, | hypothesise that these immunogenic factors are specific for up-

per-layer neurons.

This novel and unexpected finding expands our understanding of the complex biology of neu-
rogenesis and underscores the importance of analysing specific cell populations physiologi-
cally targeted by the study. Since adult neurogenesis has been highly correlated with embry-
onic neurogenesis 823198230 the data obtained here may help to advance their approaches.
One of the main problems of adult neurogenesis is the migration and subsequent integration
of the newly formed neurons. This study shows evidence for chemokine and cytokine recep-
tors that can contribute to the path of e.g. synaptic integration. Further studies are needed to
clarify the exact functions and relevance of these molecules in migratory and post-migratory

neurons.
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Molecular dynamics in developing neurons

Considering that the here used RNA-seq read count summarizer “featureCounts” *° with
build-in reference mm10 genome resulted in 27,179 unique Entrez gene identifiers, and given
that the mouse genome encompasses 22,018 protein-coding genes “8, almost half of it was
differentially regulated during the here mapped time frame (13,314 DEGs with reduced ~Pop-
ulation contrast). The large amount of DEGs across time indicates a substantial rearrange-
ment of the mRNA transcript abundance, mainly visible at the progenitor stage and at birth.

These rearrangements were differently coordinated at mRNA transcript and protein level:

Cluster analyses of RNA-seq counts revealed predominantly synchronised dynamics, but also
anticorrelated gene expressions. RNA splicing and protein association with centro-
somes/chromosomes were inversely regulated to membrane potential and small molecule
catabolic processes (Fig. 21, 22). In addition, axonogenesis was temporally flanked by mitotic
processes. During development, various cellular structures, such as members of the actin
network, were dynamically reorganised, preceding the actual execution of cellular processes,
such as migration (Fig. 21, 22). These preparatory changes facilitate the correct course of
development that cannot be captured by a consecutive analysis alone, even if the consecutive
analysis already well recapitulated in vitro morphological observations ', both in bipolar and
multipolar progenitor cells ', The migratory state had exceptional effects on the pNeuroD1+
cells. So-called “marker” genes for upper-layer neurons were regulated either before or after
migration (Fig. 16), and consecutive analysis (Fig. 20) revealed relatively few genes that

changed their mRNA transcript levels during migration.

Mass spectrometry results revealed a typical development from an early neuronal precursor
cell to a differentiated neuron (Fig. 27, 28). As with RNA-seq, the largest detected fraction of
proteins belonging to “neuron projection development” (GO:0031175), translation at synapse
(GO:0140241), and neurotransmitter transport (GO:0006836) were upregulated towards birth,
while mitotic cell cycle phase transition (GO:0044772) and RNA splicing (GO:0008380) were
downregulated (Fig 28). This generally followed a time-delayed trend (Fig. 31, 32). Here,
biological processes were prepared. For example, axonogenesis and membrane potential fol-
low a sequential expression pattern. They were first upregulated at the transcriptome level
and then, one or two days later, differentially detected at the protein level. This pattern con-
firms the central dogma of DNA to mRNA to protein expression. The discrepancies between
gene and protein levels can be traced back to regulatory mechanisms or post-translational
modifications “23. Overall, the time delay between the transcriptomic and proteomic levels es-
tablishes enable regulatory networks to govern developmental processes. All further de-

scribed rearrangements were subject to the sequential occurrence over time.
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Developing upper-layer neurons underwent drastic
metabolic, cytoskeletal, and transcriptional rear-
rangements

The plastic IPC stage enabled ULNs particularly to redefine molecular pathways and to allow
for specific environmental guidance: In preparation for radial migration, progenitor cells upreg-
ulated disintegrins such as Adam17 '% to detach from the early cell context (Fig. 9B) and
transiently expressed adhesion molecules such as cadherins, laminin, and vimentin, which

t 19812 For example, N-cadherin

then aid in radial fibre attachment and repeated detachmen
and the ‘piezo-type mechanosensitive ion channel component 1’ (Piezo1), which were down-
regulated after migration, mediated radial glia-driven locomotion and durotaxis of young neu-
rons 12198107124 protocadherin-19 5 and cadherin 11 ''>''6 known for their role in neural tube
differentiation, are important regulators in mediating radial migration of multipolar cells and
were downregulated here after E19. These cadherins also play a crucial role in polarity for-
mation, which happens simultaneously with preparation for migration 3%. Neurogenic tran-
scription factors such as Neurod1 and Tbr2 and morphogenic signalling supported their tran-
sient expression and proper laminar formation '%11%11% For example, the canonical Wnt sig-

nalling pathway played a decisive role in transforming RGCs into IPCs "13:494:495.499-501

During migration itself and in the postnatal stage, almost no DEG was detected at the statisti-
cal thresholds applied here. This does not mean these cells have ceased transcription but

have maintained expression levels.

After birth, ULNs further rearranged their ECM (Fig. 22; 34), elongated their axon (Fig. 9B,
prominent fluorescence of axons at P3), repositioned their cilium, and established synaptic

connections.

These processes have already been described and overlap with the results presented here
(%9259, Suppl. Fig. 18). However, this study now provides a more detailed picture of how ULNs

carry out these processes and at what point they prepare for which process.
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Membrane potential-based upper-layer neuronal function-
ality

ULNs mature not only morphologically but also electrophysiologically: By timely regulation of
their ion channel expression and secretion of inhibitory and excitatory neurotransmitters, they
build up a membrane potential that is initially spontaneous and eventually becomes activity-
dependent '%7-15%593 prominently shown by cluster analysis, ULNs gradually upregulate their
excitatory functions opposite to the downregulation of RNA splicing or cell cycle exit (MRNA:
Fig. 22, 23; protein: Fig. 28), which were the main biological functions at the protein level. The
glutamatergic fate of the neuronal populations studied here was initiated during migration,
during which neurotransmitter expression and regulation of synaptic growth began. Transcrip-
tion factor activity prompted the sequential expression of transporters that ensured the bal-
ance of ionotropic neurotransmitters. First, GABA channels, such as Gabra2 and 5 were up-
regulated at the progenitor stage. Interestingly, the kainate family of glutamate receptors, such
as Grik1 and 4, and AMPA receptors, such as Gria7 and 2, which are ionotropic, were upreg-
ulated simultaneously. The kainate family expression was then overlaid by the expression of
store-operated calcium entry proteins such as the transient receptor potential cation channel
Trpc4 and calcium-dependent proteins such as Camk2b and phospholipase C, which also

promoted axonal outgrowth via activation of non-canonical Wnt signalling °%.

Moreover, the expression of several voltage-gated calcium channels (Cacna family) and so-
dium chloride-dependent neurotransmitter transporters (Slc family) peaked at this stage,
marking the “GABA shift” from excitatory to inhibitory function. Potassium channel expression
(Ken family) was differentially upregulated in the postmigratory phase. At the same time,
metabotropic glutamate channels were first differentially regulated (e.g. Grm5, Grm7). Then,
ionotropic glutamate channels such as the NMDA receptors Grin1 and Grin2a followed. Fi-
nally, glutamate transporters such as Glud7 and Sic1a3 were upregulated (Suppl. Fig. 18).
Once settled in their new location, layer Il/1ll, ULNs established connections to the target soma
or dendrites in the other hemisphere (Fig. 9B; '3*13*15") Synaptic connections diversify and
start to release neurotransmitters via synaptic vesicles. Synaptogenesis increased towards
birth, slightly delayed to axon and dendrite formation (Fig. 20, 21, 22), which mutually account

for the characteristic pyramidal shape of projection neurons and their functional activation.

Myelination of the young axons directly occurred by glia cells for which the pCAG+ samples
were enriched, such as oligodendrocytes (Fig. 13B; Table 4). Ensheathed and isolated axons
are metabolically more stable °*° and propagate the action potential faster, depending on the
developmental stage *°°°%”. Neuronal crosstalk with oligodendrocytes begins congruently with

the onset of axon potential and the synchronisation via ionotropic receptors 9-%%,
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Metabolic switch to oxidative phosphorylation strength-
ened neuronal differentiation

The metabolic network fulfils the basic needs of developing neurons. Progenitor cells fre-
quently colocalise with the vasculature to meet their high metabolic demands during differen-
tiation °°°. Angiogenesis ensures the vascular supply of metabolically active transitory cells
such as IPCs. IPCs are tightly associated with a honeycomb-like scaffold of blood vessels that
invade the SVZ from E12 — paralleling the onset of IPC genesis and microglial invasion
37.7651051 Mature neurons are generally metabolically demanding cells, challenged by the

birth process and subsequent oxygen exposition.

Here, the daily changes of key rate-limiting enzymes of the respective metabolic pathways
were followed at both the mMRNA and protein levels. In general, metabolic factors were differ-
entially regulated between the pNeuroD1+ and pCAG+ populations and opposed to the ex-

pression levels of cell cycle genes (Suppl. Fig. 18, panel “metabolism”).

The pNeuroD1+ population showed an integration of mitochondrial oxidative phosphorylation
into energy metabolism. NEUROD1, also called BETAZ2, itself can alter metabolic demands of
developing cells as coactivator of the insulin gene °'2°'*, NEUROD1 controls the promoter of

°12-514 Neurod1 expression is increased at higher glucose availability *'°,

the insulin gene
which is characteristic of a progenitor state rather than a differentiated state. Here, the insulin-
like growth factor 2 mRNA-binding proteins Igf2bp1 and Igf2bp2 were among the most down-
regulated genes across the entire timeframe, suggesting a degradation of target mMRNAs ¢,
During the migration phase, pNeuroD1+ cells downregulated genes related to both glycolysis
and oxidative phosphorylation. The drop in gene expression was explicitly prominent among
members of the mitochondrial respiratory complex | and V (Ndufa2, Ndufa7, Ndufa3, Ndufb2,
Ndufab, Ndufat, Atpbe, Atp5Sk, and Atp5g71). However, they were increasingly expressed

again after the migratory stage.

Moreover, a steady upregulation of genes encoding for enzymes that increase the conversion
of glucose to pyruvate promoted the entry of pyruvate into mitochondria, such as Ldha ®"7,
pyruvate dehydrogenase kinase Pdk4, Gapdh, Atp5c1, and Eno1. Common enzymes sequen-
tially effective in glycolysis such as hexokinase 1 (HK1), phosphofructokinases (PFKL, PFKP),
fructose-biphosphate aldolases Aldoc and Aldoa, and the pyruvate kinase M (PKM) were up-
regulated. While the input for the mitochondria increased, the input for glycolysis gradually

followed this trend.

Besides, fatty acid entry into mitochondria was increasingly enabled through upregulating pro-
tein level of the carnitine-palmitoyl transferase-1A (CPT1A) and genes responsible for “fatty

acid metabolic process” (GO:0006631; Fig. 21) were increasingly expressed towards birth.

149



The lipid metabolism here was linked to catabolic processes such as the mitochondrial B-

oxidation. B-oxidation serves via lipolysis for energy production and stem cell maintenance
518,519

Expression levels related to mitochondrial fission (e.g. Mff, Ppargc1a, and Esrrg; Suppl. Fig.
18) peaked at the migratory stage and were upregulated at the protein level at postnatal stage
221520 The key modulators of mitochondrial metabolism, PGC-1a and ERRy, enhanced glyco-
lytic processes as the demand for pyruvate increased. They shift transcriptional control of
mitochondrial and metabolic genes from a cell-cycling mode to a post-mitotic neuronal pro-
gramme — in proliferating IPCs, MYC and E2Fs (here downregulated) activated the transcrip-
tion of metabolic genes. In contrast, PGC-1a and ERRy were responsible in differentiated

neurons 22",

All these changes in energy supplies over time likely secured the “post-mitotic” state of the

pNeuroD1+ cell population.

RNA splicing was downregulated

Factors associated with "RNA splicing" (GO:0008380) were significantly downregulated in
both transcriptomics and proteomics (MRNA: Fig. 20, 21; protein: Fig. 28) from E14 to P7.
This timely drop was more pronounced in pNeuroD1+ samples than in pCAG+ samples. Re-
markably, this crucial downregulated biological process did not appear in the consecutive
analysis of the transcriptome (Fig. 20). RNA splicing allows eukaryotic cells to produce many
different isoforms of a single mRNA with varying functions by combinatorial removal of introns
— so-called “alternative splicing” **°. Exon skipping is the preferred form of alternative splicing
during neurogenesis **'. These skipped exons have been linked to microtubule cytoskeletal
organisation, cell migration, and synaptic proteins *?-°**. RNA splicing factors such as Ptbp2
and Rbfox2, which are constantly downregulated here, mediate balanced isoform expression

during axonogenesis 3 and the assembly of the axon initial segment 4.

Furthermore, mature neurons translocate their mRNA to their synapses and dendrites ** for

547

local protein synthesis, usually with a low copy number . “Transport” processes

(G0O:0006810) were most abundant in the proteomic dataset. Another effect of alternative

548

splicing is the inherent tendency of neurons to have longer transcripts °*°, so that even an R

package for classification of neuronal identity has been created based on their characteristic

549

longer RNA transcripts
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Suppression of RNA splicing events results in less diversity of translated proteins and pro-
motes stem cell differentiation rather than proliferation. Fewer isoforms of a protein are
formed, reducing its potential to be dynamically regulated. This in turn could be another barrier
to re-entry into the cell cycle, as dynamic interventions in gene expression are required for cell
fate acquisition. Lower alternative splicing events could promote the elimination of develop-

%50-552 and allow for a terminally adapted cell fate. Protein isoforms relevant

mental transcripts
to neurogenic factors were even more specified to a differentiated state rather than a precursor
state. For example, Rbm4/RMB4, which plays a crucial role during neurogenesis and neurite
outgrowth, was downregulated over time °°3. Furthermore, actin itself was not differentially
expressed, unlike actin regulators, such as drebrin 1 (Dbn1), which has previously been re-
ported to change its isoform during neurogenesis >**. Suppression of RNA splicing could lead
to alternative splicing patterns, resulting in aberrant functionality or stability of otherwise

spliced pre-mRNAs.

Thus, the expression of different isoforms was likely to be more important at the precursor
stage. RNA splicing had to be explicitly repressed to develop into a mature ULN. Here, quan-
tification was performed at the gene level, which does not distinguish between isoforms. In-
stead of using featureCounts, tools such as Salmon, designed explicitly for isoform quantifi-

cation, could be used to reanalyse the dataset.

In summary, ULNs adjusted RNA splicing mechanisms over time, focussing on the mature

neuronal translation.

Birth crucially matured upper-layer neurons accompanied
by ciliogenesis

For transcriptomic analyses, the E19 time point was split into in utero samples (E19_E) and
ex utero samples (E19_P), as the pooled samples showed a wide range of variation (Suppl.
Fig. 14). With birth, the transcriptomic landscape ceased neurogenesis-related functions and
upregulated specific functions for mature neurons (Fig. 20). Interestingly, the organisation of
the primary cilium played an important role. “Cilium organisation” and "axoneme assembly"

were enhanced in the postnatal, post-mitotic stage (Fig. 21, cluster 4).

A shift at birth also appeared at the protein level. Initially, more proteins were up-regulated
than down-regulated, which reversed from birth onwards (Fig. 27). This shift could be at-
tributed to biological functions, such as the absence of “RNA splicing” (GO:0008380, qvalue:
2.70E-10) associated DEPs and the increase in “cytoplasmic translation” (GO:0002181,
gvalue: 0.0004) as well as the shift from pre- to postsynaptic organisation (GO:0140238,
gvalue: 5.63E-07; GO:0099173, gvalue: 0.0005) (Fig. 28).
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Remarkably, cluster gene expression for axonogenesis (e.g., Robo1 and 2) and cilium organ-
isation (particularly Cfap expression) peaked at opposite levels at E17/E18. Axonogenesis, a
process highly dependent on microtubules and actin, was reduced at the transcriptome level
after migration, unlike ciliogenesis. At the protein level, axonogenesis-related levels were con-

stantly high.

The neuronal primary cilium has a double role during neurogenesis, representing the inter-
section between cell cycle dynamics and cytoskeletal reorganisation:

521

In RGCs, primary cilia serve as intracellular signalling hubs ' and apical anchorage, which

points perpendicular to the ventricles. Primary cilia are longitudinal microtubule-based struc-

522-524 The two centrioles, as part of

tures that form the central structure of the centrosome
the centrosomal complex, condensate as the basal body of the primary cilium in interphase
RGCs. As a signalling hub, the primary cilium controls 1. proliferation, 2. differentiation, and
3. polarity formation of RGCs, all via GPCR-driven signals transmitted through Shh or Wnt
pathways “°279°_With the help of diverse RTKs and GPCRs that play a crucial role here, es-
pecially in the pNeuroD1+ population, the primary cilia sense their environment, maintain the

binding of aRGCs to the VZ, and thus prevent delamination.

During S phase (IKNM in RGCs, Fig. 2), the centrioles are duplicated and concentrate as
centrosomes at the tip of each spindle pole. The daughter pair of centrioles then re-nucleates

| 525525, which

microtubules to form a new primary cilium with surrounding PCM of the new cel
emerges apically in renewed RGCs or basally in differentiated neurons as a solitary microtu-
bule-based growth process outside the cell soma. How the centrosome segregates and how
the PCM surrounding the primary cilium is distributed °?°, decides over symmetrical or asym-
metrical division and over proliferation or differentiation of the neuronal progenitor cell 326752,
The motility of the centrosome is therefore crucial for the correct extrusion of axonal growth
cones from progenitor cells on their way to becoming neurons: Actin contractility and microtu-
bule mechanodynamics depend on mutual interaction with the centrosome as the MTOC °.
Here, regulation of cell projection was initiated simultaneously with axoneme assembly and
microtubule polymerisation (see e.g. Tubb3 expression), similar to that proposed in vitro "%,
The axoneme is the structural core of the microtubules, which compose the primary cilium.

For mitosis, the primary cilium is retracted for cytokinesis upon RTKs and GPCR signalling
526529 5 that both centrioles are freed from the basal cilium body to form the spindle apparatus.
Interestingly, most of these neurotrophic receptors expressed predominantly in the pNeu-
roD1+ cell population (Fig. 23, cluster 5) were RTKs and GPCRs. Certain neuron-specific
GPCRs, such as serotonin receptor 6 (Htr6) and somatostatin receptor 3 (Sstr3), were down-

regulated after E14 49249 GPCRs help transfer protein cargos along microtubules through
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intraflagellar transport (IFT) components and dynein, whose expression was particularly en-
riched towards birth, such as Cfap, Dnah, and Dnai, encoding ciliary and dynein proteins. They
acted via calcium and cAMP signalling and were co-regulated with Wnt signalling processes
(Fig. 24).

Thus, the centrioles switch their role during neurogenesis from being the basal body of the
primary cilium to a mobile version as part of the spindle apparatus and back to a stationary
function. Moreover, in ciliopathies, it is the centrosome motility that is affected, leading to mi-

cro- or megalencephaly or even to psychiatric disorders 302530-532,

In developed projection neurons, the primary cilium is re-established on their soma "°3, Ulti-
mately, primary cilia integrate mechano-chemical stimuli into cellular responses, which results
in axon formation and subsequent extension. Their role in differentiated neurons is yet unclear.
Perhaps, they help secure the location and integration into the cortical circuits, as well as
maintain the post-mitotic state %2'°**, It raises the question of whether it additionally plays a
role in the maturation of the upper layers of premature infants. Further research should focus
on the reorganisation of the primary cilium during corticogenesis and its link to the “barrier of
no return”. In a mouse model using the Zika virus, a virus particularly affecting the develop-
ment of Tbr2+ IPCs, ciliopathy was a common aetiology %*>°%*. The ciliopathy appeared to
originate in immune activation rather than an effect of the birth date. Here, immunogenic acti-

vation by Polyl:C was not particularly correlated with ciliogenesis.

An association between neuronal ciliary reorganisation and oxidative stress was observed in
postnatal samples, particularly in relation to the termination of neurogenesis. Considering that
the main locations of proteins shifted from nuclear to subcellular and membrane regions at the
proteomic level (Fig. 28B) and that early neurons ceased their cell cycle (Fig. 23, cluster 2;
Fig. 43), this reorganisation of the primary cilium after birth may be characteristic of the post-
mitotic state as described in cardiomyocytes 2'°. The birth process may reflect a natural, sys-
temic "stress" response that exacerbated the associated oxidative stress (Fig. 24) and, as a
result, perhaps reinforced the “point of no return” in ULNs. This is consistent with Qiu et al.,
2023 2% and Castillo-Ruiz et al., 2018 ?’", who found birth to be a crucial maturation point for
the developmental system. The HPA axis as well as cytokine levels have been proposed to

underlie preterm-associated and prenatal stressor-associated defects 75373

In addition, the postnatal samples had a higher variance in both modalities here. Perhaps,
gene expression after the end of neurogenesis and at the beginning of the birth phase is more
adapted to the individual organism and follows less of a strict developmental programme.

However, this is only a hypothesis and needs to be further tested.
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The IPC stage the ULNs undergo includes a second symmetric cell cycle and the subsequent
long-distance migration into the upper layers of the CP. During migration, they do not change
their transcription (Fig. 20A), but pull their centrosome upwards to the pial surface (Fig. 2; ’°).
Perhaps the transcriptional information may be interpreted differently, because the centro-
some has to reposition itself and some other polarised organelles, such as the Golgi appa-
ratus. Perhaps this cytoplasmic repositioning of several organelles does not allow re-entry into
the cell cycle. This raises the question: What is the role of the neuronal centrosome and
the primary cilium in terminally differentiated cells and, in the opposite case, during

carcinogenesis >*°?
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» Do prenatal stressors influence upper-layer
corticogenesis?

In utero exposure to e.g. pathogens has multiple effects closely interwoven with “normal” em-
bryonic development, making it challenging to separate acute physiological signatures from
altered development. Recent epidemiological events such as the COVID-19 pandemic and
the Zika virus epidemic highlight the urgency of understanding the mechanistic aspects of
maternal immune activation (MIA). This knowledge is critical for predicting and managing fu-

ture viral challenges and their potential impact on maternal and foetal health.

Here, the focus was on the upper-layer neuronal population (pNeuroD1+) and their suscepti-
bility to immunogenic hits during their development. In particular, these callosal neurons have
been associated with histological and behavioural phenotypes in recent pandemics and re-

lated studies, such as the incidence of microcephalies upon Zika virus infection
292,305,325,335,536,555,556

In the present study, the "stressed” ULN population was examined at three levels of biological
complexity: RNA-seq, mass spectrometry, and DNA methylation assays, and over the time
course from E18 to P3. In this way, the initial settlement of the newly differentiated neurons
(E18) in their “destined” location, the upper layers, was recorded from the time of birth (E19)
to three days after birth (P3) upon immune activation. As a stressor, two injections of the viral
mimic Polyl:C together with PBS as control were administered to the mother mice before sur-
gery. The cells of the offspring were analysed, analogous to the experiments for mapping

unstressed genesis (Fig. 9A).

MIA administration was successful

First, effects on immune activation were confirmed via cytokine level measurements in the
mother mice, which underwent double administration of Polyl:C at the onset of neurogenesis
(Fig. 35). Administered Polyl:C binds to the maternal toll-like receptor 3 (TLR3) and thus stim-
ulates an immune response, which is able to cross the placental barrier, the foetal choroid
plexus, and the foetal blood-brain barrier. The insults, may they be of artificial or viral nature,
reach the foetal brain via a disturbed cytokine balance, affecting the offspring also sustainably

until postnatal age 286:332:57:5%8,

Here, maternal serum levels were indeed elevated, but the trend decreased on the way to the
embryonic brain: In the placenta, cytokine levels were already relatively low in the treated
conditions (PBS and Polyl:C) compared to the untreated conditions. In the embryonic brains,

all cytokines measured were underrepresented in the treated groups, although this should be
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viewed with caution as only one observation was made in the naive state. In contrast to other
studies (26290:557:5%9) "cytokine levels were not checked a few hours after injection, so an earlier
influence on the developmental system cannot be excluded. It is possible that the measured

cytokine levels were merely equilibrated a few days later, in particular in peripheral tissues .

Still, Polyl:C increased the IL-2 concentration in the maternal serum. IL-2 is the ligand for IL-
2R, which activates T-cell responses upon pathogen invasion. Its immunoregulatory role bal-
ances the adaptive and innate immune systems, making it a universal mediator of enhanced
immune responses *®°. The two proinflammatory cytokines IFN-y and TNF-a are the first cy-
tokines released during immune activation, and both can cause neural tube defects when
elevated during pregnancy *®'. They were not significantly increased in the sera of mother
mice treated with Polyl:C and were even significantly decreased in the placenta, as were IL-
1B and IL-10 (Fig. 35).

The PBS condition had a medium effect on cytokine levels, suggesting neither an effect
that was not unique to the Polyl:C cohort nor the expected similarity to the completely un-
treated group. In fact, the PBS treatment showed an intermediate profile between the un-
treated and Polyl:C cohorts at all biological levels of complexity. All samples for all conditions
were randomly collected between 2021 and 2023 to avoid sampling bias. Certainly, litter-to-
litter variability may cause these differences; however, the daily handling of the MIA mice (PBS
and Polyl:C) to document the weights likely triggered a general stress response. Both handling

and anaesthesia have been reported to affect neurogenesis 26275,

Interestingly, these differences were observed at E18, a few days later than the actual ad-
ministration of PBS or Polyl:C. Meanwhile, mice of all conditions underwent surgery (in utero
electroporation) with anaesthesia lasting about half an hour at E14, two and four days after
injections. Under non-pregnant circumstances, cytokine levels in the peripheral blood of mice
returned to baseline after only 1-3 days following viral infection. The lasting elevated cytokine
levels in the peripheral blood sera might have been a pregnancy-specific response to the MIA

treatment.

In conclusion, the significantly different serum levels in mother mice treated with Polyl:C report
successful administration of the viral analogue Polyl:C. MIA was induced so further results

can be reliably evaluated.

The number of microglia or their activation mode did not differ from their untreated counter-

part (data not shown), not even in acute brain slices (data not shown, °%°)

. Microglia disappear
temporarily from the cortical plate *° within a specific time window between E17 and E18,

precisely during the migration phase of the ULNs, and this did not change with MIA. However,
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290,335

upper layers have been reported to be slightly thickened in Polyl:C offspring , suggesting

that MIA nevertheless had a substantial effect on upper-layer neurogenesis.

Changes in DNA methylation were anticipated upon stimulation with Polyl:C, as some DNA
and histone methyltransferases that function biologically as epigenetic silencing signals ap-
peared higher expressed in MIA treated animals (Fig. 41). Other studies reported global hy-
pomethylation events in MIA treated C57BL/6J mice %%, DNA methylation often contributes
to neuroinflammatory responses reflected by DNA methylation of the Grm2 *" or the /I-18
promoter region ¢, DNA methylation of pro-inflammatory gene bodies served as an indicator
of neurodegenerative diseases °%°.

Here, EM-seq was used to reveal these potential effects of maternal immune activation in both
Polyl:C- and PBS-treated embryos, along with pUC19 as a fully methylated Spikeln control
and the unmethylated A-DNA Spikeln control. In previous studies, EM-seq has outperformed
standard bisulphite sequencing methods by preventing DNA depyrimidination and damage to
unmethylated cytosines, also covering 5ShmC modifications and working at lower DNA con-
centrations without affecting sequencing results 3*°. Here, the sequencing depth of 50 million
reads per sample yielded sufficient coverage to draw conclusions on differential methylation
(Fig. 42, Suppl. Fig. 23). The unusual peak of 25% CpG methylation (Fig. 42A) should not

interfere with the interpretation of the results.

No conclusive difference could be found between the PBS and the Polyl:C cohorts (Fig. 42).
This resembles the RNA-seq outcome, where only subtle differences to the PBS group could

be detected, whereas the difference to the naive samples is prominent at E18.

MIA cohort differed in canonical Wnt pathway and
synaptic processes

At the transcriptomic level, WGCNA was used to explicitly test the impact of MIA on the
physiological landscape as it not only assessed DEGs, unlike degPatterns, but incorporated
the entire data set (E18-P3) to provide an unbiased analysis. WGCNA tested the effects of
MIA on all other conditions tested (e.g. cell population association), allowing for a holistic eval-
uation. MIA treatment correlated with the pNeuroD1+ cell population, which may be attributed
to the unequal ratio of 32 pNeuroD+ to 9 pCAG+ samples within the MIA cohort (Fig. 36A,
37A).

Five modules were mainly associated with MIA. The pink and red modules strongly correlated
positively and negatively with MIA treatment. They comprised a small number of a few hun-

dred genes (Fig. 37A), but these genes targeted signalling pathways essential for the function
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of upper-layer neurons (Fig. 37B). Also, these genes overlapped with markers of ASD (Fig.
38C).

Gene expression of the pink module — related to “Wnt signalling” and “Ras protein signalling”
— was enriched in the MIA progeny and even more in the Polyl:C-treated group (Fig. 38). In
contrast, the Polyl:C-treated samples were underrepresented in red module genes related to
the regulation of synapse organisation and dendritic spine organisation, compared to the un-

treated group.

Whnt signalling is an evolutionarily conserved signalling cascade that accompanies neuronal
differentiation from the initial specification of neuronal progenitors, through their radial migra-

80499501 |0 unstressed corticogenesis, the

tion, to their transition into differentiated neurons
Wnt signalling pathway specifically controls the development of callosal layer II/Ill neurons °7°.
Again, in the untreated context, genes of the Wnt signalling pathway were expressed pre- and
postnatally, which in turn was related to neuronal maturation (Fig. 24, 37A). At the protein
level, only a few signalling factors were detected, and several values were missing for these

factors (Fig. 34; Suppl. Fig. 18).

Whnt signalling can be divided into a B-catenin-dependent (canonical) and a B-catenin inde-
pendent version (non-canonical). During neurogenesis of cortical projection neurons, the ca-
nonical pathway is increasingly replaced by the non-canonical pathway to meet different de-

velopmental hallmarks °"'=°73;

The canonical version was mainly responsible for the neuronal progenitor pool’s expansion,

migration, and first differentiation due to transcriptional activity triggered by [-catenin
184,495,574,575_

Once secreted, Wnt ligands form a transmembrane heterodimer with a frizzled receptor (here:
Fzd3. Fzd1 and 2 were downregulated after the progenitor state) and its co-receptor Lrp5/6.
Here, Lrp3 was upregulated in the Polyl:C treated condition instead of Lrp5/6 ''°, together with
Ryk °**. They recruit the mediator proteins DvI1 (here present: Dvi1,2,3, Fig. 38C) and Axin
(here present: Axin1), respectively, which then stabilise the otherwise constantly degraded B-
catenin output and enable its translocation into the nucleus °°,°”’. Intranuclearly, B-catenin
associates with Tcf transcription factors (here present: Tcf7), eventually triggering the tran-
scription of Wnt target genes 00504578579 The transcription factor NEUROD1, for example,
regulates calcium-dependent delamination as a target gene of Wnt 81183184 Qther proneural
transcription factors are likewise target genes of this canonical Wnt signalling '®',°%° to activate
cell cycle dynamics '881:%82 Gene expression of &-catenin (Ctnnd1), first expressed in neu-

ronal progenitors and later in dendritic structures %%, was upregulated in the pink module.
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In contrast, the non-canonical version consists of two B-catenin-independent pathways with
different biological implementations: a Wnt pathway with calcium as a second messenger that
triggers cell proliferation and the planar cell polarity (PCP) pathway, which is primarily asso-

ciated with neuronal polarisation and axon guidance.

Already in the untreated state, the pNeuroD1+ population showed unique properties in terms
of forming synaptic connections and exploiting the activity of small GTPases (e.g. CDC42,
RND2, RYK/Ras proteins) during migration. Interestingly, GTPases and guanine nucleotide
exchange factors played an elevated role in the MIA condition (pink module), which can be
attributed to enhanced expression of microtubule genes and increased utilisation of G-proteins
and GTPases in conjunction with e.g. Wnt and purinergic signalling transductions, which are
worth investigating their modulatory function. For example, Ras-related proteins were upreg-
ulated in Polyl:C treated samples. These GTPases control vesicle transport and movement
within neurons and play a central role in the non-canonical Wnt-PCP pathway. Ras proteins
are closely associated with polarised cellular organelles such as the Golgi apparatus, endo-
somes, and lysosomes 8¢, and this way ensure that synaptic vesicles reach the presynapse.
The PCP proteins disheveled 1-3 (DvI1-3), Fzd3, and frizzled coreceptor Ryk, modulate ax-
onogenesis °*° and the synaptogenic activity of Wnt %, The unphosphorylated version of Dvl
binds small GTPases such as the Ras-related proteins, RhoA, Rnd2 and 3, which is typical

for emerging projection neurons 5¢7:°8¢

as they in turn are mutually controlled by neurogenic
transcription factors such as neurogenin 2 (Neurog2) and achaete-scute homolog 1 (Ascl?)
340408589 Djsruptions in the PCP pathway can lead to impaired distribution of polarised cell
organelles such as the Golgi apparatus and have ultimately led to aberrant lamination °%° and

have been linked to increased susceptibility to schizophrenia >°'.

The relationship between the three major Wnt signalling pathways is fluid and context-de-
pendent °%2, For example, in the physiological context, Wnt manipulates polarity and promotes

500,593 and cortical

the multipolar-to-bipolar transition through the association of N-cadherin
plate lamination through the stabilisation of B-catenin °741235705% '|n gddition, Wnt and gluta-
mate receptors also orchestrate asymmetric cell division **®. The target genes of Wnt signal-
ling differ depending on the stage of development, and the components of the signalling cas-

cade are shared between Wnt signalling pathways.

Here, however, the pink module genes were more associated with canonical rather than with
non-canonical Wnt signalling (Fig. 38, 39). Expression levels for Wnt signalling were asyn-
chronously increased after Polyl:C administration compared to the untreated condition. In con-
trast, gene expression related to synaptic organisation was variable, covering a wide range of
expression levels across replicates. These significant changes induced by treatment were

pronounced at E18 and then disappeared at birth, suggesting a potentially vulnerable time
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window at E18. Given that synaptic plasticity seems to be disrupted in MIA offspring at the
protein level, impaired connectivity in the postnatal period cannot be ruled out. This is con-

325,595-598

sistent with studies by , Which suggest that MIA leads to transient dysregulation in

cytoarchitecture when occurring during a crucial window of late gestation.

Here, Polyl:C treatment modulated expression patterns that are likely cumulative for the same
biological process: synaptic processes (Suppl. Fig. 20). Polyl:C administration primarily in-
creased gene expression of the Wnt signalling pathway compared to its untreated counterpart
(Fig. 37, 38, 39). Conversely, Polyl:C treatment also subtly downregulated synaptic gene ex-
pression. These otherwise did not overlap with those genes related to immune activation from
cluster 5 (Fig. 23). Instead, they exhibited a different range of log2 fold changes in the tran-
scriptome of Polyl:C treated animals, which deviated from the consistent log2 fold changes of

their untreated counterparts.

The applied immunogenic hit also revealed differentially regulated postsynaptic- and dendritic-
associated genes, recapitulating previous studies linking these genes to ASD-like behaviour.
It is already known that MIA impacts the upper cortical layers ?*° and causes the loss of cog-

556

nitive flexibility °*° measured in the prefrontal cortex of MIA offspring °%°. The influence of MIA

on dendritic development is largely unknown %°. In murine Zika offspring, ciliopathies contrib-

535536 and in a recent collaboration with Prof. Gabriel, we found more

uted to microcephaly
basal dendritic spines than the untreated cohort (data not shown).

Together, these results suggest that neurodevelopmental deficits in MIA are not primarily me-
diated by microglia but are likely mediated by activation of the canonical Wnt pathway of glu-
tamate projection neurons. This had implications for synaptic processes, also at protein level.
The effects of Polyl:C treatment on synaptic circuitry are supported by a range of studies,

some of which even link it to behavioural abnormalities on this basis.

For example, synaptic Ras GTPase activating protein 1 (Syngap1), downregulated or unreli-
ably expressed in the MIA condition, plays a vital role in mediating synaptic connectivity and
maintaining excitatory and inhibitory potentials (E/I balance). Mutations of the SYNGAP1 locus

have been associated with epilepsy and deficits in working memory and motor function .

Members of the Shank genes were likewise downregulated in the Polyl:C cohort compared
with their naive counterparts at the transcriptomic level. Even the EM-seq analysis showed
more methylation percentage for the promoter region of Shank2 in Polyl:C than in PBS sam-
ples, indicating that the promoter of Shank2 was more silenced and the transcription impaired
(Suppl. Fig. 23). Mutations in any of the Shank (SH3 And Multiple Ankyrin Repeat Domains

602,603

Protein) genes often caused shankopathies — neurodevelopmental disorders closely

linked to the postsynaptic NMDAR/glutamate signalling pathway. Thus, Shank genes play a
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central role in the development and function of the upper layers of the prefrontal cortex. Dif-
ferential gene expression of previously identified risk factors for ASD, such as Shank 1-3 and
Syngap1, may provide a plausible explanation for the subtle ASD-like phenotypic changes,
even if the underlying cause was different °7%%_Thereby, early enrichment measures could
counteract this process, which thus seems to be partly reversible. Early life stress in general

162,605

disrupted E/I balance and accelerated neuronal maturation ¢%.

Rho-associated coiled-coil containing protein kinase (ROCK1) 57

and centromere protein V
(CENPV) were among the proteins that were upregulated in the Polyl:C condition at the pro-
teomic level (Fig. 40). CENPVs regulate dendrite development, support microtubule formation
through association with SH3 domains and reflect post-transcriptional stress responses, but
also highlight the potential for intervention . In contrast, the upper-layer neuronal marker

SATB2 was downregulated (Fig. 40).

Even though the Wnt signalling pathway plays a crucial role in shaping the architecture and
functionality of emerging neural circuits, its specific effect during immune stress has not yet
been demonstrated. The activity-dependent neuroprotective protein Adnp was among the
“pink” module genes, whose gene expression were upregulated in the MIA-treated cohort (Fig.
38). Perhaps, the Wnt signalling pathway had a compensatory function to balance the im-
paired synaptic function, which is essential for the identity of an upper-layer neuron. Here, Wnt
signalling could even be one of the drivers of MIA-induced loss of synaptic processes/plastic-
ity. To clarify the role of Wnt signalling in MIA corticogenesis, optogenetic manipulation of this
Wnt morphogen gradient can be conclusive ®'°'". It has already been discussed in another
context '? to target Wnt signalling to correct this abnormally upregulated canonical pathway.
There, B-catenin is more suitable as a target than Dvl, since the latter is a mediator of all Wnt

pathways.

Overall, maternal immune activation triggered subtle changes in pathways critical for cell dif-
ferentiation and synaptic connectivity in the upper-layer neuronal population. These effects
were likely independent of microglial activation, but rather dependent on the neuronal popula-
tion itself, which subtly shifted its innate developmental programme upon immune activation.
Subtle effects of the neurodevelopmental program can have long-term effects manifesting in

neuropsychiatric symptoms 97,5,

Besides, WGCNA showed signatures other than MIA-associated, which were age- and cell

population-specific:

Intrinsically, the module clustering was biased to in utero vs. ex utero samples, highlighting
the relevance of birth as a transition point 2°3. This transition was even relevant to consider for
the MIA treatment (Fig. 37). With respect to the four time points measured (E18, E19_E,
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E19_P, P3), the expression of genes related to axonogenesis, and Wnt signalling showed a
negative correlation over time; initially high and then decreasing with age. Inversely, the gene
expression of chromosome segregation showed a positive correlation over time, which was
initially low and then increased with age. Among these genes were e.g. several Kif and other
mitosis-associated genes. Postnatally, this “recycling" of mitotic factors may be crucial not for
nuclear but for subcellular functions such as synaptic plasticity and dendrite formation at the
mature stage, as shown by previous studies 6'*%'5. Genes generally associated with axonal
functions often played concomitant roles in cell cycle regulation 6'®®'”. Considering that these
projection neurons are still searching for target cells in the other hemisphere several days

after birth, they could re-use these cell cycle genes for this purpose.

The previous prominent annotation of "immune activation" with the progressing age in the
untreated cohort was indeed associated with the postnatally biased turquoise module in the
WGCNA. This module was likewise strongly associated with the higher pNeuroD1+ sample
size compared to the pCAG+ population. Generally, association with cell population was also
clearly represented. While the pCAG+ samples showed more of a general biological associa-
tion (see grey, turquoise, and magenta gene modules, Fig. 37B), the pNeuroD1+ samples

contributed to specific neuronal functions, such as neurogenesis and learning.
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» Limitations

First, in this study, only the upper layers of the neocortex were examined, while the deep
layers could also be of major interest. Perhaps, a bioinformatic subtraction method could be

implicated to investigate this further.

Secondly, IUE is an invasive method that can itself affect measurements, and Rosin, J. M. &
Kurrasch, D. M. et al. 2018 '8 indeed reported an increase in proinflammatory cytokine and
chemokine levels after IUE. IUE was nevertheless used here to express a fluorescent protein
foreign to the system reliably. Also, the fluorophores introduced were expressed little to not at
all one day after IUE, which is why the time point E15 was omitted in the experiments. This is
a well-known conundrum of foreign vector expression, and can be ameliorated by e.g., imple-

menting protocols based on a transposable-mediated gene expression switch ©'°.

Third, the postnatal samples had varying sample sizes due to difficulties in rearing the mice
during the COVID-19 pandemic. This forced me to negotiate some cohorts but could be reas-
sessed in the future. The long-term effects on the stressed offspring could provide new insights
into the development of sporadic neurodegenerative diseases. These experiments can be
performed in the future, as the fluorophores are stable within the murine brain for at least 4

weeks (Suppl. Fig. 2).

Moreover, flow cytometry can result in impurities, even though the proteomic analysis revealed
a rather pure, neuronal cell identity. However, it is strongly recommended to use an anti-stain-
ing approach for e.g. microglia in future studies. This will help clarify and further understand
these complicated cellular interactions. Furthermore, ATACseq was not possible to implement
because the fluorophores were present in the cytoplasm. Thus, the FACS method could not
be used, since the cells had to remain complete and healthy. To date, no cell sorter (BD de-
vices) can guarantee neuronal viability during sorting; even the chip-based method (Sony de-

vice, SH800) did not work for the purposes of the present study.

MIA modelled an external stressor to interrogate the limits of physiological corticogenesis.
Generally, the usage of Polyl:C in mouse models is conclusive, but the possible translation to
human infection should be further investigated. Polyl:C can indeed mimic dsRNA viral infec-
tions. However, it has been found to produce different, not as sustainable phenotypes as, for
example, H1N1 infection 2%. No prior baseline immunoreactivity was determined for the MIA
experiments; therefore the samples were not selected accordingly as suggested by Estes et
al., 2020 52°. The general high variation of cytokine levels and sample loss in the sera can be
attributed to the general detection limit when measuring concentrations in body fluids. Since

only half of each sample was actually measured in the assay, the remaining samples could
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be repeated to enhance the resolution using a more sensitive method, e.g. novel FACS-based

cytokine measurements as currently being set up in the RG of Prof. Gabriel.

A comparison between the naive and Polyl:C conditions would perhaps have been more
meaningful for the DNA methylome analyses, as the PBS administration showed an interme-
diate effect here and in all other assays. New experiments that include the naive condition are
already in preparation. The pooling of samples to achieve the DNA concentration required for
EM-seq could have diluted the result due to biological variation. In addition, DMR analyses

could in future be performed tile by tile rather than base pair by base pair.
Mass spectrometry presented additional methodological challenges:

- Missing values (dropouts) are common in mass spectrometry data because they imply
multiple detection limits. The data cannot be amplified as in the RNA-seq library prepara-
tion, although the bead-based method implemented here has already improved the reso-
lution. Furthermore, only half of the proteomics samples came from the same FACS ex-
periment as the RNA-seq sample for the respective condition. The harvest dates of some
samples were a year apart. Nevertheless, the correlation ranged from 70-79%, indicating

methodological consistency and robustness of the experimental procedures (Fig. 31).

- The chosen threshold for DEP testing here was moderate, but given the limitations of mass
spectrometry and the dynamics of the large time frame covered, probably no DEP was
missed. Also, the first two principal components could never account for half of the vari-
ance in the contrasts tested, so further PCs would be needed to explain the sources of

variance.

- Due to pooling problems, which was particularly necessary for the E19 samples, not all
samples could be successfully recovered from mass spectrometry. These two groups were
based on splitting the embryos from one litter, which reduced the cell count for these sam-
ples. Pooling of the samples reduced the total protein concentration, resulting in autotryp-
sinisation of the samples and thus increased “contamination” with keratin fragments.

These samples were excluded from the analysis.

Finally, the samples were not separated by sex. About two-thirds of the postnatal mouse sam-
ples were male, based on eye checking of postnatal P3-P7 pups (low black pigment spot on
the scrotum). However, sex-dependent effects of MIA at this early stage of development are

still discussed (**° vs. #2").

These limitations should be considered when interpreting the results of this study.
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Conclusion

“The property of a developmental process, of being to some extent modifi-
able, but to some extent resistant to modification, has been referred to as
its “canalization” (Waddington, 1940a). This notion can be applied whether
the agents which tend to modify the course of development arise from ge-
netic changes or from changes in the environment. [...]

Embryos tend to regulate, that is to say, to produce their normal end-result
in spite of external accidents which may occur to them as their develop-
ment proceeds. [...]

One possible mode of approach to the topic would be to draw attention to
the fact that development is usually easier to modify at early stages than
late. [...]

The determination of the direction taken by a canalized pathway has been
referred to as the “tuning” of it. (Waddington, 1957a)” %%

With this background, the question arose whether the developmental system described here
can be influenced by external factors to produce alternative “canalized” paths 52262%, “Stress”
during gestation is known to cause neurodevelopmental deficits ®2*. It may even affect later

287

life 27, even though embryonal cortices are protected by a placental barrier ®%°, the choroid

plexus %% and the blood-brain barrier %7,

Here, | have focussed on the indirect neurogenesis of the upper layers, a developmental pro-
cess that takes place in mice in a very narrow time window of only a few days. Its onset begins
at the last third of gestation. During indirect neurogenesis, the upper-layer cell population is
already set in an established microenvironment from the deep layers. Yet, it is a system with
extended flexibility going through a plastic intermediate stage that includes a migratory event

driven by cues from surrounding cells.

| applied a very common stressor on this system that is often not even noticed by the mother
but is suspected of contributing to several aetiologies: a (here: artificial) viral infection. This
externally applied stressor is an additional factor affecting the interdependent processes

and can tune/undermine the buffering inherent in developmental systems.

Indeed, | have shown that the system of upper-layer corticogenesis has intrinsic capabilities
that are subject to external forces. Their at first multipotent nature was “canalised” by the other
layers of biological complexity, making it difficult to determine the respective contribution to
constrain the spatio-temporal dynamics of the system '**%. Immunoregulatory factors were
intrinsically key for establishing ULN cell identity, configuring membrane potential, and forming

an axon. Especially those late-born neurons that prolong their time to differentiate with a

165




second phase of cell-cycle and that squeeze past older neurons in the outside-last migration
into the cortical plate afterwards are particularly prone to be guided by external factors. They

must exchange neurotrophic factors with their environment.

This study raises new perspectives: Even if the effects of the external stress upon the physi-
ological system applied here were subtle and were based on an underrepresentation of bio-
logical processes that might not have been registered in the absence of the untreated cohort,
stress itself is a potent tool to “tune” cell identity. The resulting signatures of immune activation
indeed overlapped with markers of ASD. Further research is needed to accurately explore the
capacity of progenitor cells to respond appropriately to inductive cues and, generally, the limits

of cell fate buffering.
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Appendin

Fluorescent images

Constructs tested in embryonic brains
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Supplementary Figure 1: Representative coronal murine brain sections show the tested constructs at
E14 (IUE at E12)

All constructs contain a developmentally active (pHes5, pGlast1, Talphalp, pNeuroD1) and a ubiquitously
expressed (pCAG) promoter cassette to drive expression of a fluorophore for subsequent flow cytometric detection.
pHes5 labels neural progenitor cells with stem cell character, pGlast1 labels radial glia cells, Talpha1p labelled
both neural progenitor cells and early neurons, and pNeuroD1 labelled early neurons. The first three plasmids were
derived from 82, pNeuroD1 from 330, For this study, pHes5 had too strong a stem cell character and Talphalp
overlapped too much both intermediate progenitor cell as well as early neuronal character. pNeuroD1 was only
used from E14 onwards due to its low transfection rate if electroporated at E12.

Stable detection of fluorophore

pNeuroD-eGFP

pNeuroD-eGFP

Supplementary Figure 2: The fluorescent signal of eGFP and tDimer is stable for at least four weeks in
the murine brain

Even if expression for the particular gene targeted by the promoter of NeuroD1 has long since terminated,
fluorescence can still be observed weeks after electroporation at E14. A) tDimer signal, B) eGFP signal, C) UV
light. Scale bar: 1 cm.

Upper panel: P3 murine brain (IUE at E14, harvested at postnatal day 3).

Lower panel: One month old murine brain (IUE at E14, harvested four weeks after surgery).

Iba1+ cells in the young murine cortex

lonised calcium binding adaptor molecule 1 (Iba1, also called Aif1) is expressed on the surface

of microglial cells 3%53%7

. Iba1+ cells begin to invade the mouse brain in early neurogenesis
and initially accumulate in the meninges, choroid plexus and ventricular zone (Suppl. Fig. 3),
305307.626 The same observations were made here. However, they temporarily disappear from
the cortical plate at E15/E16 ** and do not cross the accumulating axonal fibres before E16

(Suppl. Fig. 3).
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Hoechst

Supplementary Figure 3: lba+ microglial cells localise to the choroid plexus and the subventricular zone
in the developing murine cortex

A. A representative coronal section shows both the cortex and choroid plexus of an E14 brain. Note the
accumulation of Iba1+ microglial cells in the choroid plexus, while the cortex is not yet occupied by
microglial cells.

B. Representative coronal section of an E16 cortex. Note that Iba1+ cells are localised on the outer surface
near the pia, in the ventricular zone, and also mainly in the subventricular zone, but rarely cross the border
to the cortical plate. For a comparison with rat cortex, please refer to Cunningham et al., 2013 305,

Magenta staining represents anti-lba1 staining, and the nuclei are stained in white with Hoechst. Scale bar: 100
pm.

eGFPM T
‘Hoechst:

Supplementary Figure 4: pNeuroD1-eGFP+ cells do not stain for microglial marker Iba1

Representative coronal section of a somatosensory cortex of an E18 mouse. The green transfection represents
eGFP fluorescence, the white staining shows Hoechst to stain for nuclei and the magenta staining represents anti-
Iba1. Most pNeuroD1-eGFP+ cells have already terminated their migration and integrate into their new niche in the
upper layers lI/11l. pNeuroD1-eGFP+ cells are not stained for Iba1, nor do they specifically colocalise with microglial
cells at this stage. Scale bar: 100 ym.
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Flow cytometry

Workflow for sorting transfected cortical tissue

After harvesting and dissociation of transfected cortical tissue:

O

Transfer dissociated cells in 1x HBSS in a 15 mL Falcon tube at 4°C to the FACS

facility. Work at 4°C under sterile conditions (also pre-cool the centrifuge).

Collect the sorted cells in pre-made 1.5 mL Eppendorf tubes containing 0.5 mL

FACS buffer (1x DPBS without CaCl, or MgCl, but with additional 2 mM EDTA).

Sort the respective cell numbers in the labelled Eppendorf tubes with at least 100 um nozzle,

low flow rate, and preset gates (see below).

10,000 cells

25,000 cells

50,000 cells

100,000 cells

200,000 cells

I I EE I N N
oA WN=

“leftover”

Control cells
(positive for
pCAG-Venus

or pCAG-tDimer)

2.1 10,000 cells
2.2 25,000 cells
2.3 50,000 cells
2.4 100,000 cells
2.5 200,000 cells
2.6 “leftover”

“Special” cells
(positive for
pGlast1/dsRed2
or pNeuroD1-
eGFP)

Note: 2.x tubes are often cotransfected, and thus double positive (e.g. eGFP+ and tDimer+)!

e After sorting, centrifuge the Eppendorf tubes at 150xg for 10 minutes at 4°C.

o Remove the supernatant by gently pipetting without disturbing the cell pellet.

Note: The cell pellet will not be visible —

leave 10-20 uL FACS buffer at the bottom of the tube; it will contain the cell pellet.

e Immediately freeze the cell pellet on dry ice, transfer them back to the lab, and freeze them

at -80°C for long-term storage.
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Additional FAC sort identifies a Cd11b+ subpopulation in
transfected cells

The purity of the pNeuroD1+ cell population was additionally assessed by anti-CD11b FAC
sorting. The antibody was added to the usual transfected cell suspension, with a gating strat-
egy for the transfected cells consistent with the one described in the method section for the
conventional FACS experiments.

Staining against CD11b was used to detect potential microglial contamination of the sorted
cell population. CD11b is a common surface marker to detect microglia in suspension®“. The
CD11b monoclonal antibody was coupled to APC (M1/70, APC, eBioscience™, CatNo. #17-
0112-82) to avoid spill-overs into the filters used for sorting the pCAG-tDimer+ and pNeuroD1-
eGFP+ cell populations. The red laser that excites at 633 nm was used to detect the APC,
and the emitted light (emission maximum 660 nm, Suppl. Fig. 5) was detected by a band pass
filter 660/20. To begin the staining process, 1ug/1mL of antibody was added to the triturated
cell suspension and left on ice in the dark for 30 minutes with occasional gentle agitation every
5 minutes. The staining was then stopped by adding 4mL of HBSS buffer, and centrifuging the
sample at 150xg for 15 minutes. The supernatant was removed, and the cell pellet was resus-
pended in 1 mL of 1x HBSS buffer before being transferred to the FACS facility. The sort
strategy is shown in Suppl. Fig. 6.

® EGFP EM ® tdimer2(12) EM ® APC (allophycocyanin) EM
© Semrock FF01-513/17 Semrock FF01-582/15 ® Chroma ET660/20m

ence intensity (arbitrary unit)

w 05

475 500 525 550 575 600 625 650 675 700 725 750
wavelength (nm)

Supplementary Figure 5: The emission spectra of the fluorophores used overlap with the respective
band-pass filters

The band-pass filters 660/20, 582/15, and 513/17 cover well the peaks of the emission spectra of the fluorophores
used here (APC, tDimer and eGFP, respectively). The plot was generated with FPbase 362,
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Supplementary Figure 6: Representative FlowJo matrices show the gating strategy for the identification
of CD11b+ cells in relation to the transfected cells in E18 cortical tissue

A

Each sort decision begins with identifying the cell population of interest by plotting SSC-area (SSC-A)
against FSC-A to compare the size and granularity of the scatter. Second, duplicates in this scatter were
excluded by matching the width (W) against the height (H) of the FSC. These gated FSC singlets served
as input for the detected cells in the SSC-H versus SSC-W plot. The resulting SSC singlet cell population
was the final input for differential fluorescence detection every time the respective transfected areas were
sorted and was used for detection of the here used antibody against CD11b. Without considering the
addition of the CD11b antibody, the sorting strategy and the compensation is the same as described in
Figure 6B.

Singlets SSC population of cotransfected samples with the construct pNeuroD1-eGFP/pCAG-tDimer
shows the usual gating strategy in the left panel. The middle panels show the APC/Cd11b+ cells within
the respective gated fluorophore (tDimer, eGFP). The right-most panel indicates the proportion of CD11b+
cells in the transfected populations as a histogram.

The same shown as in B), but with another gating strategy. First, the APC/CD11b+ cells were gated, and
from this gate the transfected cells identified. Still, the percentage of CD11b+ cells was doubled in the
pNeuroD1-eGFP+ population compared to the pCAG-tDimer+ population.

Both the pNeuroD1-eGFP+ cell population and the pCAG-tDimer+ cell population showed a
CD11b+ subpopulation; the e GFP+ cells more (4.74%) than the tDimer+ cells (2.42%) (Suppl.

Fig. 6).
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Potential contribution of microglia to pNeuroD1+ popula-
tion limited to transcriptome

In the previous RNA-seq analysis, one cluster was predominant in the pNeuroD1+ population
with a total of 1,395 DEGs, while both pCAG+ and pNeuroD1+ populations were otherwise
very similar. This cluster was enriched for “activation of immune response” (GO:0002253),
suggesting that the immune system fundamentally contributed to the cell identity of the pNeu-
roD1+ population. Some of these genes have been typically associated with antigen-present-

ing immune cells, often considered as “exclusively” expressed in microglia 300323:3%3

, or with
the recruitment of inflammatory mediators. However, there is evidence that microglia may also
derive from nestin+ neural progenitors, not only through clonal expansion of the myeloid line-
age ®%. Here, nestin is highly expressed at the protein level at E14, the time of IUE for the

pNeuroD1+ cells, as is Aif1/Iba1 (Fig. 33).

0
/,/////

Supplementary Figure 7: Gene expression with functional annotation of cluster 5 in Fig. 23

GO term enrichments for this specific cluster 5 in figure 23 with the five major biological processes (GO). Terms
related to the immune system GO, dominate; marker genes specific to microglia are marked in black. Association
with microglia-like gene expression according to Pettas et al., 2022 461,
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Here, RNA-seq data was compared with the mass spectrometry data to clarify the cell identity.
For this purpose, the entire data sets (non-MIA) were searched for common microglia marker
genes from “¢' plus Aif1, Cx3cr1, and ltgam, which resulted in 53 proteins as input for the
proteomic level and 123 genes as input for the RNA-seq level (Suppl. Fig. 8).

Indeed, the transcriptomic data showed a prevalence for microglial marker genes at postnatal
age. However, the 55 proteins had partly a positive I2FC (Ctsd, Ctsb, Apoe, Ctss, Mrc1), and
partly a negative one (Aif1, ltgam, Mef2a, C1qa, P2ry12, Ctsc, Mif) with no prevalence for the
age (Suppl. Fig. 8). Otherwise, the proteome suggests a neuronal character of the entire da-
taset (Fig. 26).
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Supplementary Figure 8: Microglia markers are only differentially detectable in the transcriptomic layer

The protein layer shows no differential detection of microglia markers, but one third of the genes tested are
consistently upregulated over the time course. The proteins were presented as harmonised and log2-transformed
values, the RNA-seq data as DESeqg2-normalised and log2-transformed values plus a pseudocount of 0.5.
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Supplementary Figure 9: Coverage on mm10 chromosomes for DEGs of cluster 5 (Fig. 23) with enhanced
cell population contrast

The DEGs of cluster 5 (Fig. 23) are represented by purple dots across the mm10 chromo-
somes. An enriched region of DEGs (p<0.01) was found on chr11 with eighteen genes.
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Metrics of MIA animals
A Weights of mother mice subjected to MIA B Weights of MIA organs
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Supplementary Figure 10: The weights of treated and untreated mice are similar
A. The mice of both experimental groups for MIA (Polyl:C and PBS) similarly gained weight until the harvest

time point. After the IUE, the weights dropped, but recovered immediately afterwards. Only animals with
FACSed offspring were considered in the calculation.

B. Weights post-freezing of embryonic brains and placentae were similar between the tested conditions.

Supplementary Table 1: Metrics of MIA animals, including raw and transformed data for plotting

Preview of the uploaded data, which is available under the name “MIA_TabithaRuecker.xlsx” in the repository on
github: https://github.com/TabithaRuecker/NeuroDev.git.

MaternalimmuneActivation experiments
Tabitha Riicker, 2023

This ExcelFile contains all metaData used in MIA experiments
for the project

"Multimodal perspectives on

the upper-layer neurogenesis in the murine cerebral cortex"

Sheet 1: Weight_All_MIAanimals_FACS Corresponding to Suppl. Fig. 10 in manuscript
Sheet 2: MIAanimalsCytokinelevels

Sheet 3: OrganWeight_CytokineMIA Corresponding to Suppl. Fig. 10 in manuscript
Sheet 4: RawData_Cytokine

Sheet 5: Standard Curve_Cytokine

Sheet 6: Input to R_Cytokine

Sheet 7: PlotDataSignificance_Cytokine Corresponding to Fig. 35 in manuscript
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RNA-seq

RNA extraction’

Adapted manual for <10° cells with RNeasy® Micro Kit (#74004)

1. Remove the tube/eppi with the FACsorted 10,000 cells from dry ice, immediately
add 75 ul , and VORTEX for 1 min to homogenise the lysate.

2. Add 1 volume of 70% ethanol. Mix well by PIPETTING. Do not centrifuge!

3. Transfer the sample to an RNeasy MinElute spin column placed in a 2 ml collection
tube.
~—~ Centrifuge for 15 s at full speed.
KL) Discard the flow through.
Place the spin column in a new 2 ml collection tube.

4. Add 350 pl Buffer RW1 to the spin column. Q

5. Add 10 pl DNase | stock solution (frozen at -20°C) to 70 ul at
RT.
Mix well by GENTLY PIPETTING. Do not vortex!

6. Add the DNase | incubation mix (80 ul each) directly to the spin column membrane and
place it on the benchtop (at RT) for 15 min.

7. Add 350 pl Buffer RW1 to the spin column. Q
8. Add 500 pl Buffer RPE to the spin column. Q

9. Add 500 pl of 80% ethanol to the spin column.
Centrifuge for 2 min at 13,400 rpm.
Discard the flow through.
Place the spin column in a new 2 ml collection tube.
Repeat this step twice.

10. Open the lid of the spin column.
Centrifuge for 5 min at 13,400 rpm.
Discard the flow through.
Ensure that no ethanol is carried over during RNA elution by drying.
Place the spin column in a new 1.5 ml collection tube.

11. Add 14 pl RNase-free water directly to the centre of the spin column membrane and
place it on the benchtop (at RT) for 5 min.
Centrifuge for 1 min at 13,400 rpm to elute the RNA.
Reelute the flow through.

12. RNA is caught in 1.5 ml collecting tube! Store at -80°C.

' Before you start: Prepare DNase | stock solution before using the RNase-Free DNase Set for the first time.
Dissolve the lyophilized DNase | (1500 Kunitz units) in 550 pl of the RNase free water provided. To avoid loss of
DNase |, do not open the vial. Inject RNase free water into the vial using an RNase-free needle and syringe. Mix
gently by inverting the vial. Do not vortex. For long-term storage of reconstituted DNase |, remove the stock solution
from the glass vial, divide it into single-use aliquots, and store at —30 to —15° for up to 9 months. Thawed aliquots
can be stored at 2—-8°C for up to 6 weeks. Do not refreeze the aliquots after thawing. Prepare daily fresh 70% &
80% ethanol dilutions with the RNase free water supplied with the kit.
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Quality control for RNA-seq

FastQC: Per Sequence GC Content
FastQC: Sequence Counts

FastQC: Sequence Duplication Levels
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Supplementary Figure 11: Metrics for RNA-seq quality control

A

Important metrics for evaluation of the base calls are their mean quality scores and their per sequence
quality scores (Phred score >30 meant base calling occurred at a correction rate of >99,9%), GC content
of ~50% since PCR favours GC rich genomic regions, n content/undetected bases as low as possible,
adapter content (Nextera adapter are shown as well as a 3’ prime bias due to Poly-A enrichment during
library preparation), low duplication rate (on average 25% of sequences are unique, some sequences
peak at 10 times duplication due to PCR artifacts, which are not of concern and can be filtered in the next
analysis step). Example of fully and partially sequenced RNA samples. Reads from the latter samples
were filled up to 20 million reads with the next sequencing run.

Representative RNA and cDNA BioAnalyzer tracks of a sample with a high RNA integrity (RIN) value of
9.2 (Sample 4/ E14_pGilast_1), and a sample with a low RIN value of 4.4, that was still sequenced as an
exception (mr260/ E19_E_pNeuroD_4).
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Evaluation of DEG analyses and annotated GOterms

Supplementary Table 2: Annotated biological processes for the consecutive DEG analysis of the “spe-
cial” cell population

Only the top five biological processes (GO) for each condition are shown, corresponding to figure 20. Preview of
the data available under the name “ConsecutiveAnalysis_special.xIsx” in the repository on github:

https://github.com/TabithaRuecker/NeuroDev.git.

Cluster ID Description qvalue Count genelD

E14 E16_up GO:0034329 cell junction assembly 0.00058648 17 Cldn3/Epb41I3/Flotl/Lrrnl
E14 E16_up GO:0007409 axonogenesis 0.002344615 16 Ephb6/Flotl/Lama2/Nfix/!
E14 E16_up GO:0098742 cell-cell adhesion via plasma-n 8.93E-06 14 Cldn3/Dsg2/Pcdh8/Lrrcd/P
E14 E16_ up GO:0007264 small GTPase mediated signal 0.003423904 14 Flotl/Nfix/Nrpl/Rasgrfl/F
E14 E16_up GO:0031346  positive regulation of cell proje  0.00596991 14 Cux1/Fgfrl/Itpr1/Nrpl/Ntt
E14 E16_down GO:0001667 ameboidal-type cell migration 5.71E-21 71 Kankl/Acta2/Acvrl1/Angpt
E14_E16_down GO:0050678 regulation of epithelial cell prc 6.47E-21 67 Lims1/Acvrll/Nr2f2/Arx/B
E14 _E16_down GO:0042060 wound healing 9.67E-22 66 TafaS5/Kankl/Mylk/Acta2/}
E14_E16_down GO:0007389  pattern specification process 2.34E-17 66 Pifo/Acvrl1/Nr2f2/Bmp4/C
E14 E16_down GO:0003002 regionalization 2.47E-16 61 Pifo/Acvrl1/Nr2f2/Bmp4/C
E16_E17 up GO:0042391 regulation of membrane poten 6.97E-21 58 Foxpl/Nr3c2/Scn2a/Gabra
E16_E17 up  GO:0050890 cognition 6.50E-21 51 Synpo/Grm5/Grm7/Scn2a,
E16_E17 up  GO:0034765 regulation of ion transmembra 9.67E-16 51 Grm5/Nr3c2/Scn2a/Asic2/
E16_E17 up GO:0007611 learning or memory 6.97E-21 48 Synpo/Grm5/Grm7/Scn2a,
E16_E17 up  GO:0034329 cell junction assembly 1.86E-14 48 Dnm3/Asic2/Apod/Cavl/Ci
E16_E17_down GO:0007059 chromosome segregation 2.99E-09 20 Tubgl/Cdc20/Rad51c/Bub:
E16_E17 down GO:0044772 mitotic cell cycle phase transit 3.57E-09 20 Mtbp/Cdc20/Rad51¢c/Bub3
E16_E17 down GO0:1901987 regulation of cell cycle phase t 7.85E-08 18 Mtbp/Cdc20/Rad51c/Bub3
E16_E17_down GO:0000280 nuclear division 8.90E-08 18 Tubgl/Mtbp/Cdc20/Rad51

Supplementary Table 3: Cluster membership, their smoothed polynomial function, and annotated bio-
logical processes for the “special” population

Preview of the data corresponding to figure 21 available under the name “MulticomparisonAnalysis_special.xlsx”
in the repository on github: https://github.com/TabithaRuecker/NeuroDev.git. Here, only one equation is given due
to the focus on the “special” population; only the top ten biological processes (GO) for each cluster are shown.

Note: The applied polynomial fit to each gene expression profile marks the time point at which the profiles change
dynamics according to scaled gene expression: below or above the average gene expression. | make no claim to
optimal fitness or prediction at further times based on these fits. They were only used to derive an estimated time
for the biological processes involved.

Cluster ID Description qvalue Count genelD face root_value equation

Cluster1  GO:0008380  RNA splicing 4.53E-17 38 Rbm4, Ddx39b, Prm 1 0.449, 5.12, 9.811 -1.552962 + 4.4
Cluster 1 GO:0000375  RNA splicing, via transesterifica  1.54E-14 29 Rbm4, Ddx39b, Hnr 2 0.449,5.12,9.811 -1.552962 + 4.4
Cluster 1 GO:0000377  RNA splicing, via transesterifica  1.54E-14 29 Rbm4, Ddx39b, Hnr 3 0.449,5.12,9.811 -1.552962 + 4.4
Cluster 1 GO:0000398 mRNA splicing, via spliceosome  1.54E-14 29 Rbm4, Ddx39b, Hnr 4 0.449,5.12,9.811 -1.552962 + 4.4
Cluster1  GO:0006397 mRNA processing 1.23€-13 35 Rbm4, Ddx39b, Hnr 5 0.449,5.12,9.811 -1.552962 + 4.4
Cluster1  GO0:1903311  regulation of mRNA metabolic|  1.50E-09 24 |gf2bp1, Igf2bp2, RI 6 0.449,5.12,9.811 -1.552962 + 4.4
Cluster 1 GO:0050684  regulation of mRNA processing 3.98E-08 16 Rbm4, Dazapl, Rbn 7 0.449,5.12, 9.811 -1.552962 + 4.4
Cluster 1 GO0:0048024  regulation of mRNA splicing, vi:  1.29E-07 14 Rbm4, Dazapl, Rbn 8 0.449, 5.12, 9.811 -1.552962 + 4.4
Cluster 1 GO:0043484  regulation of RNA splicing 1.42€-07 17 Rbm4, Dazapl, Rbn 9 0.449, 5.12, 9.811 -1.552962 + 4.4
Cluster1  GO0:1904851  positive regulation of establishr ~ 2.83E-07 6 Cct7, Cct5, Cct3, Cct 10 0.449, 5.12, 9.811 -1.552962 + 4.4
Cluster4  GO:0003341  cilium movement 1.87€-12 32 Pla2g3, TtlI3, Drel, 1 0.67,5.147,10.784 1919652 +-3.8
Cluster 4 GO0:0035082 axoneme assembly 3.00E-10 20 Pla2g3, Drcl, Dnah: 2 0.67,5.147,10.784 1919652 +-3.8
Cluster 4 GO:0006631  fatty acid metabolic process 6.16E-10 41 Scdl, Qki, Mgll, Pla 3 0.67,5.147,10.784 1.919652 +-3.8
Cluster 4 GO0:0001578  microtubule bundle formation 6.16E-10 22 Pla2g3, Drcl, Map7 4 0.67,5.147,10.784 1919652 +-3.8
Cluster4  GO:0044782  cilium organization 8.49E-10 38 Pla2g3, Synel, Map 5 0.67,5.147,10.784 1.919652 +-3.8
Cluster4  GO0:0001539  cilium or flagellum-dependent ¢ 4.29E-09 24 Pla2g3, TtlI3, Drcl, 6 0.67,5.147,10.784 1.919652 +-3.8
Cluster4  GO:0060285 cilium-dependent cell motility 4.29E-09 24 Pla2g3, TtlI3, Drcl, 7 0.67,5.147,10.784 1.919652 +-3.8
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Supplementary Table 4: Cluster membership, their smoothed polynomial function, and annotated bio-
logical processes for both “ctrl” and “special” population with enhanced contrast for “Age”

Preview of the data corresponding to figure 22 available under the name
“E14toP7_PopulationAge_redPopulation.xIsx” in the repository on github:
https://github.com/TabithaRuecker/NeuroDev.git. Here, two equations are given for each cluster, one for the
pCAG+/ctrl” population; one for the “special” population and only the top ten biological processes (GO) for each
cluster are shown.

Note: The applied polynomial fit to each gene expression profile marks the time point at which the profiles change
dynamics according to scaled gene expression according to the respective cell population (“ctrl” vs “special”). |
make no claim to optimal fitness or prediction at further times based on these fits. They were only used to derive
an estimated time for the biological processes involved.

Cluster ID Description qvalue Count genelD face Rootvaluesc Root valuessp Equation ¢ Equation sp

Cluster 1  GO:0008380 RNA splicing 4.07€-15 32 Rbm4, Srrmd4, Srpkl, 1-0.163, 6.069,9.76 0.332,4.213,9.811 0.3603238 + 1.9764 -1.139203 + 4.1¢
Cluster 1  G0:1903311 regulation of mRNA metabolic 1.35E-12 25 Igf2bpl, Igf2bp2, Rb 2 -0.163, 6.069,9.76 0.332,4.213,9.811 0.3603238 + 1.9764 -1.139203 + 4.1€
Cluster 1  GO:0006397 mRNA processing 1.35€-12 30 Rbm4, Srrm4, Srpkl 3 -0.163, 6.069,9.76 0.332,4.213,9.811 0.3603238 + 1.9764 -1.139203 + 4.1¢€
Cluster 1  GO:0000375 RNA splicing, via transesterifici 1.35E-12 24 Rbm4, Srrmd4, Srpkl, 4 -0.163, 6.069,9.76  0.332,4.213,9.811 0.3603238 + 1.9764 -1.139203 + 4.1€
Cluster 1  GO:0000377 RNA splicing, via transesterifici 1.35€-12 24 Rbm4, Srrmd4, Srpkl, 5 -0.163, 6.069, 9.76 0.332,4.213,9.811 0.3603238 + 1.9764 -1.139203 + 4.1¢€
Cluster 1  GO:0000398 mRNA splicing, via spliceosomi 1.35€-12 24 Rbm4, Srrmd4, Srpkl, 6 -0.163, 6.069,9.76 0.332, 4.213,9.811 0.3603238 + 1.9764 -1.139203 + 4.1€
Cluster 1  GO:0050684 regulation of mRNA processing 9.65E-09 15 Rbmd4, Srrm4, Srpk1, 7 -0.163, 6.069,9.76 0.332,4.213,9.811 0.3603238 + 1.9764 -1.139203 + 4.1€
Cluster 1  GO:0048024 regulation of mRNA splicing, vi 5.44E-08 13 Rbm4, Srrm4, Rbmx 8 -0.163, 6.069,9.76 0.332, 4.213,9.811 0.3603238 + 1.9764 -1.139203 +4.1¢
Cluster 1  GO:0043484 regulation of RNA splicing 2.33E-07 15 Rbmd4, Srrm4, Rbmx 9 -0.163, 6.069,9.76  0.332, 4.213,9.811 0.3603238 + 1.9764 -1.139203 + 4.1€
Cluster 1 GO:0098727 maintenance of cell number 1.71E-06 15 Igf2bp1l, Bcl7a, Sma 10 -0.163, 6.069, 9.76 0.332, 4.213, 9.811 0.3603238 + 1.9764 -1.139203 + 4.1€
Cluster 5 GO0:0042391 regulation of membrane poten 6.28E-07 22 Gabrbl, Fgf12, Ntsr. 1-0.14, 6.288,9.772 0.457,4.095,9.922 -0.3288297 +-2.12'1.952703 + -5.55
Cluster 5 GO:0071805 potassium ion transmembrane 6.28E-07 15 Slc24a3, Grp, Rgs7, 2 -0.14, 6.288,9.772 0.457,4.095,9.922 -0.3288297 +-2.12' 1.952703 + -5.55.
Cluster 5 GO:0006813 potassium ion transport 6.28E-07 16 Slc24a3, Grp, Rgs7, 3 -0.14, 6.288,9.772 0.457,4.095,9.922 -0.3288297 +-2.12'1.952703 + -5.55
Cluster 5 GO:0034765 regulation of ion transmembra 6.61E-05 19 Grp, Fgf12, Rgs9, Rg 4 -0.14, 6.288,9.772 0.457, 4.095,9.922 -0.3288297 +-2.12'1.952703 + -5.55
Cluster 5 GO0:0007626 locomotory behavior 7.85E-05 14 Cntnl, Fgf12, Egrl, | 5 -0.14, 6.288,9.772 0.457,4.095,9.922 -0.3288297 +-2.12' 1.952703 + -5.55
Cluster 5 GO:0031346 positive regulation of cell proje  0.000326979 17 Serpine2, Cntnl, Pik: 6 -0.14, 6.288,9.772 0.457, 4.095,9.922 -0.3288297 +-2.12'1.952703 + -5.55
Cluster 5 GO:0010959 regulation of metal ion transpc  0.000326979 17 Serpine2, Cntnl, Grg 7 -0.14, 6.288,9.772  0.457, 4.095,9.922 -0.3288297 +-2.12' 1.952703 + -5.55.
Cluster 5 GO:0010976 positive regulation of neuron pi  0.000396658 12 Serpine2, Cntnl, Pac 8 -0.14, 6.288,9.772 0.457,4.095,9.922 -0.3288297 +-2.12'1.952703 + -5.55
Cluster 5 GO0:0016358 dendrite development 0.000396658 14 Ngef, Ache, Pacsinl, 9 -0.14, 6.288,9.772 0.457, 4.095,9.922 -0.3288297 +-2.12'1.952703 + -5.55
Cluster 5 G0:1902075 cellular response to salt 0.000396658 11 Prkeb, Cpne8, Ache, 10 -0.14, 6.288,9.772  0.457, 4.095,9.922 -0.3288297 +-2.12'1.952703 + -5.55

Supplementary Table 5: Cluster membership, their smoothed polynomial function, and annotated bio-
logical processes for both “ctrl” and “special” population with enhanced contrast for “Population”

Preview of the data corresponding to figure 23 available under the name “E14toP7_AgePopulation_redAge.xlsx”
in the repository on github: https://github.com/TabithaRuecker/NeuroDev.git. Here, two equations are given for
each cluster, one for the pCAG+/"ctrl” population, and one for the “special” population and only the top ten biological
processes (GO) for each cluster are shown.

Note: The applied polynomial fit to each gene expression profile marks the time point at which the profiles change
dynamics according to scaled gene expression according to the respective cell population (“ctrl” vs “special”). |
make no claim to optimal fitness or prediction at further times based on these fits. They were only used to derive
an estimated time for the biological processes involved.

Cluster ID Description qvalue Count genelD face Rootvaluesc Rootvaluessp Equationc Equation sp

Cluster 5 GO0:0002253 activation of immune respon 8.82E-75 145 Haver2, Pycard, Lat2, L 1 -1.883, 7.585, 12.40.97, 3.715, 9.766  -0.9594666 + -0.1! 3.600223 + -6.06022
Cluster 5 GO:0031349 positive regulation of defens 3.33E-67 133 Grn, Haver2, Pycard, G 2 -1.883, 7.585, 12.40.97, 3.715, 9.766  -0.9594666 + -0.1! 3.600223 + -6.06022
Cluster 5 GO:0002764 immune response-regulating 2.89E-66 125 Haver2, Pycard, Lat2, L 3 -1.883, 7.585, 12.:0.97, 3.715, 9.766 -0.9594666 + -0.1! 3.600223 + -6.06022
Cluster 5 GO0:0002757 immune response-activating 6.48E-65 122 Haver2, Pycard, Lat2, L 4 -1.883,7.585, 12.40.97, 3.715, 9.766  -0.9594666 + -0.1! 3.600223 + -6.06022
Cluster 5 GO:0002831 regulation of response to bic 1.51E-61 131 Cd37, Grn, Haver2, Pye 5 -1.883, 7.585, 12.40.97, 3.715, 9.766  -0.9594666 + -0.1! 3.600223 + -6.06022
Cluster 5 GO:0045088 regulation of innate immune 6.84E-61 117 Grn, Haver2, Pycard, U 6 -1.883, 7.585, 12.40.97, 3.715, 9.766  -0.9594666 + -0.1! 3.600223 + -6.06022
Cluster 5 GO0:0002443 leukocyte mediated immunit 7.68E-56 124 Hmox1, Jak3, ll4ra, An 7 -1.883, 7.585, 12.:0.97, 3.715, 9.766 -0.9594666 + -0.1! 3.600223 + -6.06022
Cluster 5 GO:0050900 leukocyte migration 4,01E-52 108 Lgmn, Sirpa, F11r, 03 8 -1.883, 7.585, 12.10.97, 3.715, 9.766 -0.9594666 + -0.1' 3.600223 + -6.06022
Cluster 5 GO:0002697 regulation of immune effect 1.84E-51 118 Hmoxl, Cd37, Grn, Jak 9 -1.883, 7.585, 12.40.97, 3.715,9.766 -0.9594666 + -0.1' 3.600223 + -6.06022
Cluster 5 GO:0002833 positive regulation of respon 4.31E-51 100 Grn, Haver2, Pycard, U 10 -1.883, 7.585, 12.40.97, 3.715, 9.766  -0.9594666 + -0.1! 3.600223 + -6.06022
Cluster 4 GO:0001667 ameboidal-type cell migratic  0.009553029 11 Fnl, SlcBal, Semadd, 1 0.357 0.835, 2.383, 9.434 1.044965 + -3.7057 3.08117 + -6.180573
Cluster 4 GO:0048015 phosphatidylinositol-mediate  0.009553029 7 Fnl, Semadd, Pik3cd,w 2 0.357 0.835, 2.383, 9.434 1.044965 + -3.7057 3.08117 + -6.180573
Cluster 4 GO0:0034329 cell junction assembly 0.009553029 11 Fnl, Dst, Semadd, Ma 3 0.357 0.835, 2.383, 9.434 1.044965 + -3.7057 3.08117 + -6.180573
Cluster 4 GO0:0048017 inositol lipid-mediated signa 0.009553029 7 Fnl, Semadd, Pik3cd, | 4 0.357 0.835, 2.383, 9.434 1.044965 + -3.7057 3.08117 + -6.180573
Cluster 4 G0:1903421 regulation of synaptic vesicle  0.010558559 4 Pclo, Synj1, Picalm,Rc 5 0.357 0.835, 2.383, 9.434 1.044965 + -3.7057 3.08117 + -6.180573
Cluster 4 GO:0086065 cell communication involved 0.014735112 4 Slc8al, Cacnald, Jup,” 6 0.357 0.835, 2.383, 9.434 1.044965 + -3.7057 3.08117 + -6.180573
Cluster 4 GO:0051656 establishment of organelle It 0.014735112 10 Stxbp2, Tanc2, Myold, 7 0.357 0.835, 2.383, 9.434 1.044965 + -3.7057 3.08117 + -6.180573
Cluster 4 GO0:1903423 positive regulation of synapt 0.014735112 3 Pclo, Synj1, Picalm 8 0.357 0.835, 2.383, 9.434 1.044965 + -3.7057 3.08117 + -6.180573
Cluster 4 GO:0008593 regulation of Notch signaling  0.014735112 5 Arrdcl, Jag2, Tspanld, 9 0.357 0.835, 2.383, 9.434 1.044965 + -3.7057 3.08117 + -6.180573
Cluster 4 GO:0097091 synaptic vesicle clustering 0.01944354 3 Pclo, Bsn, Picalm 10 0.357 0.835, 2.383, 9.434 1.044965 + -3.7057 3.08117 + -6.180573
Cluster 2 GO:0006260 DNA replication 4.05E-19 26 Rfc4, Actl6a, Prim2, P1 1 0.787, 3.452, 10.0 0.591, -7.013, 8.96 0.04093268 + 2.88 -1.626051 + 5.6625¢
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WGCNA for MIA samples

Network heatmap plot
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Supplementary Figure 12: Estimation of power threshold from the topology of R?> and mean connectivity
for WGCN construction

Based on consensus topological adjacency/Topological Overlap Measure (TOM), the genes are clustered by
dissimilarity into fourteen colour-coded gene modules. The dissimilarity is reflected in the intensity of colours: The
higher the dissimilarity, the more the connectivity weight turns from yellow to red. Since modules consist of nodes
with strong topological overlap, corresponding with higher-order interactions, they are also represented along the
diagonal by red squares.
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Top 10 biological functions in
MIA (anti-)correlating modules
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Supplementary Figure 13: Biological functions of significantly enriched gene expression in MIA-associated
modules

The ten most important biological functions (GO) associated with the pink and red modules reveal that the functions
of the anticorrelating modules partly overlap.
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Supplementary Table 6: GO annotation for WGCNA derived DEGs of MIA treatment
Preview of the data available under the name “MIA_DEGs.xIsx” in the repository on github:

https://github.com/TabithaRuecker/NeuroDev.git.

MIA DEGs
Tabitha Riicker, 2023

This ExcelFile contains all DEGs derived from MIA Treatment contrast
for the project

"Multimodal perspectives on

the upper-layer neurogenesis in the murine cerebral cortex"

Sheet 1: GO_WGCNA_GO annotation (BP) of all modules from WGCNA

Sheet 2: GSEA_MIA  GSE analysis of the Treatment (Polyl:C vs naive) contrast
Sheet 3: DEGs_MIA DEGs of MIA samples if subjected to degPattern analysis (not displayed in thesis)

E19 samples vary upon birth

E19 samples in reduced dimension

60-

30- .
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2 ? j o
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-
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. /1000467
(Gm20326)" 00046763 )
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-60-
-50 0 50 100
PC1, 50.09% variation

Supplementary Figure 14: Pooled E19 samples can be split by harvesting mode

The PCA, with 50% of the variables removed, shows six pooled samples, twelve ex utero samples representing
E19_P samples and twelve in utero samples designated E19_E in further analysis (all split into half pPCAG-tDimer+
and half pNeuroD1-eGFP+ cell populations). The loadings represent approximately the same loadings as in the
biplot over the entire period. Again, tDimer+ samples cluster close together, whereas the pNeuroD1+ samples are
responsible for most of the variation.
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Supplementary Table 7: DEGs and GO annotations for the analyses around the birth time point E19
Preview of the data available under the name “Birth_ DEGs.xIsx” in the repository on github:

https://github.com/TabithaRuecker/NeuroDev.git.

Metrics for birth time point analyses
Tabitha Riicker, 2023

This ExcelFile contains all Data used for DEG analyses
around the birth time point E19 and subsequent plotting
for the project

"Multimodal perspectives on

the upper-layer neurogenesis in the murine cerebral cortex"
o

Sheet 1: E1U8_vs_E19_E_DEGs DEGs E18 versus E19 in utero
Sheet 2: E18_vs_E19_P_DEGs DEGs E18 versus E19 ex utero
Sheet 3: E18_vs_E19_E_GOs GO annot. E18 versus E19 in utero
Sheet 4: E18_vs_E19_P_GOs GO annot. E18 versus E19 ex utero
Sheet 5: E18_vs_P7_DEGs DEGs E18 versus P7

Sheet 6: E18_vs_P7_prenatal_GOs GO annot. E18 versus P7 LFC contrast <0
Sheet 7: E18_vs_P7_postnatal_GOs GO annot. E18 versus P7 LFC contrast >0
Sheet 8: GSEA_birth GSEA of E19 DEG analysis

Sheet 9: 3DvolcBirth Data for 3D volcano with E19_E, E19_P, and pooled E19 samples
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RT-PCR

RT-PCR protocol

cDNA synthesis with SuperScript™ |V CellsDirect™ kit (#11750150) for usage with Thermo

Tagman® Array 96-well plate:

1) Pre-set the thermocycler with the following reverse transcription program, then prepare

the lysis mix on ice and adapt to the number of samples:

Stage | Temp [°C] | Time [min]
1 25 10
2 50 10
3 85 5
4 4 ©

Reagent Amount
Lysis Solution .
(stored at 4°C) Z2ue s
Lysis Enhancer .

(100x) 0.26 uL *n
DNase (50x) 0.53 pL *n

e Add to each sample 24 L of lysis mix, prepare samples on ice.

¢ Remove from ice, incubate at RT for 10min.

e Add 3 pL StopSolution, centrifugation is still possible.

¢ Incubate at RT for 5min, then place back on ice.

¢ Add 8 pL of RT-MasterMix to the samples and 8 uL of NoRTctrl to internal plate controls.

2) Start reverse transcription (thermocycler).

3) Use this cDNA for setting up the RT-PCR with Tagman® Array 96-well plates:

Samples to test (per well):

IPC (split into 6 aliquots & use for all 6
plates)

10 yL | Fast Advanced MasterMix 30 yL | Fast Advanced MasterMix
6 uL | RNase free water 18 uL | RNase free water
4 uL | cDNA (1:5 dilution) 12 uL | cDNA (1:5 dilution)

20 pL | Total volume 60 puL | Total volume

Reagent

Catalog number

Company

SuperScript™ |V CellsDirect™ cDNA Synthesis Kit

#11750150

Thermo Fisher Scientific

TagMan™ Fast Advanced MasterMix

5mL; #4444557

Thermo Fisher Scientific

Tagman® Array 96-well plate

6x16 each; #4413264

Thermo Fisher Scientific
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RT-PCR count data

Supplementary Table 8: RT-PCR raw and transformed data for plotting

Preview of the data for figure 17 and 18 available under the name “RTPCR_TabithaRuecker.xIsx” in the repository
on github: https://github.com/TabithaRuecker/NeuroDev.git.

RT-PCR for RNAseq validation

Tabitha Riicker, 2023

for the project

"Multimodal perspectives on

the upper-layer neurogenesis in the murine cerebral cortex"

These measured samples are direct different aliquots of the very first three RNAseq experiments.

RT-PCR involved two custom designed ThermoFisher panels with 31 arrays listed below.

The standard 18S assay from ThermoFisher was used as endogenous control.

Cq values were normalised (first A) against the respective 18S value from each of the two panels.

Cq values were derived from quantifications inside Applied Biosystems™ relative quantification analysis software module, version 4.3.
The second A was the E14 time point.

RNAseq samples were contrasted by DESeq2, split by ctrl vs special cell population

Note:

NA values were imputed with median of the other two biological replicates for each group per gene and age.
If more than one value was NA, NA remained.

IPC was only used for rough comparison of Cq values, not included in down-stream analyses.

Proteome metrics

Protein coverage
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Supplementary Figure 15: Among the 72 samples, the number of detected non-NA proteins was equally
distributed

868 proteins were detected in all samples.
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Supplementary Figure 16

Missing values in the data set predominate in the E19 samples.
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Density plot
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Supplementary Figure 17: Imputation strategy for missing values in the proteomic data set

A. The densities and cumulative fractions for proteins with and without missing values show that the proteins
with missing values have low intensities on average.

B. Manual imputation stabilises the MNAR values (Representative example for untreated data set, same for
treated data set, shift=0, scale=0.1).

Supplementary Table 9: Overview of DEPs with different contrasts

Preview associated with figures 27, 29, and 40. The uploaded data is available under the name “DEPs.xIsx” in the
repository on github: https://github.com/TabithaRuecker/NeuroDev.git.

DEPs with different contrasts
Tabitha Riicker, 2023

This ExcelFile contains all DEP data used in proteomic analyses
For the project

"Multimodal perspectives on the upper-layer neurogenesis in the murine cerebral cortex"

The raw countData is deposited

for proteomics: PRIDE PXD046067

Sheet 1: SigProt_Age All differentially detected proteins for Age contrast (E14 vs P7)

Sheet 2: SigProt_Population All differentially detected proteins for Population contrast (ctrl vs special)
Sheet 3: SigProt_MIA All differentially detected proteins for treatment contrast (naive vs PBS /PolylC)

Sheet 4: TopGOterms_Protein_MIA Top 10 biological processes for DEPs in Sheet 3
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Supplementary Table 10: ClueGO results for the stably detected proteins from E14 to P7 for both cell
populations

Preview associated with figure 26. The uploaded data is available under the name “ClueGOResultTable.xIsx” in
the repository on github: https://github.com/TabithaRuecker/NeuroDev.git.

ID Term Ontology Soui Term P Term PValue Correct Group F Group GOLeve GOGrou % Assoc Nr. G A iated Gen
G0:0043170 macromolecule metabolit GO_BiokgicalPr  0.00 0.00 0.00 0.00 [3] Group47 1462 1403.00 [A2m, Aamdc, Aar
G0:0043170 macromolecule metabolit GO_BiologicalPr  0.00 0.00 0.00 0.00 3] Group60 14.62 1403.00 [A2m, Aamdc, Aar
G0:0043170 macromolecule metabolit GO_BiokgicalPr  0.00 0.00 0.00 0.00 [3] Group71 1462 1403.00 [A2m, Aamdc, Aar
G0:0016043  cellular component orgar GO_BiokgicalPr  0.00 0.00 0.00 0.00 [3] Group56 17.02  1127.00 [0610010K14Rik,
G0:0016043  cellular component orgar GO_BiokgicalPr  0.00 0.00 0.00 0.00 [3) Group62 17.02  1127.00 [0610010K14Rik,
G0:1901564 organonitrogen compour GO_BiokgicalPr  0.00 0.00 0.00 0.00 [3] Group60 16.63  1110.00 [A2m, Aars, Abce’
G0:1901564 organonitrogen compour GO_BiokgicalPr  0.00 0.00 0.00 0.00 [3] Group68 16.63  1110.00 [A2m, Aars, Abce’
G0:1901564 organonitrogen compour GO_BiokgicalPr  0.00 0.00 0.00 0.00 [3] Group71 16.63  1110.00 [A2m, Aars, Abce’
G0:0034641  cellular nitrogen compou GO_BiokgicalPr  0.00 0.00 0.00 0.00 [3] Group71 16.44  1082.00 [Aamdc, Aars, Abc
G0:0048518  positive regulation of biol GO_BiokgicalPr  0.00 0.00 0.00 0.00 [1,2,3] Group71 15.06 1032.00 [A2m, Aacs, Aamc
G0:0019222 regulation of metabolic p1 GO_BiokgicalPr  0.00 0.00 0.00 0.00 [2,3] Group60 14.14  1007.00 [A2m, Aamdc, Aar
G0:0019222 regulation of metabolic p1 GO_BiokgicalPr  0.00 0.00 0.00 0.00 [2,3] Group66 14.14  1007.00 [A2m, Aamdc, Aar
G0:0019222 regulation of metabolic p1 GO_BiokgicalPr  0.00 0.00 0.00 0.00 [2,3] Group68 14.14  1007.00 [A2m, Aamdc, Aar
G0:0019222 regulation of metabolic p1 GO_BiokgicalPr  0.00 0.00 0.00 0.00 [2,3] Group71 14.14  1007.00 [A2m, Aamdc, Aar
G0:1901360 organic cyclic compound GO_BiokgicalPr  0.00 0.00 0.00 0.00 [3] Group71 1553  964.00 [Aamdc, Aars, Abc
GO:0010467 gene expression GO_BiologicalPr  0.00 0.00 0.00 0.00 [4] Group71 1525  952.00 [Aamdc, Aars, Abc
G0:0048522 positive regulation of cell GO_BiokgicalPr  0.00 0.00 0.00 0.00 [2,3,4] Group71 15.38  946.00 [Aacs, Aamdc, Ab
G0:0006725 cellular aromatic compou GO_BiokgicalPr  0.00 0.00 0.00 0.00 [3] Group71 15.66  933.00 [Aamdc, Aars, Abc
G0:0046483  heterocycle metabolic pr¢ GO_BiokgicalPr  0.00 0.00 0.00 0.00 [3] Group71 1579  928.00 [Aamdc, Aars, Abc
G0:0060255 regulation of macromolec GO_BiokgicalPr  0.00 0.00 0.00 0.00 [3,4] Group60 14.04  926.00 [A2m, Aamdc, Aar

Supplementary Table 11: STRING results for the differentially detected proteins from E14 to P7 for both
cell populations

Preview

associated

with  figure 28A. The

uploaded

data is

available

under

the name

“STRING_DEP_AgeE14P7.xIsx” in the repository on github: https://github.com/TabithaRuecker/NeuroDev.git.

chart color # background # genes description

termname FDRvalue genes

nodes.SUI p-value

transferred FDR value

#ff9900

#cab2d6

275 18 Regulation of synap ization GO:0050807
4475 93 Organonitrogen compound metabol GO:1901564
4350 91 System development G0:0048731

352 20 Positive regulation of protein transg GO:0051222

630 27 Regulation of protein transport G0:0051223
6908 126 Response to stimulus G0:0050896

434 22 Amide biosynthetic process G0:0043604
4672 95 Negative regulation of cellular proc GO:0048523
1660 47 Generation of neurons G0:0048699
5497 106 Cellular response to stimulus G0:0051716

300 18 Establishment of protein localizatio GO:0072594
1784 49 Neurogenesis G0:0022008

759 29 Brain development G0:0007420

25 7 Regulation of synaptic vesicle endot GO:1900242
5479 105 Regulation of cellular metabolic prc GO:0031323
125 12 Positive regulation of endocytosis GO:0045807
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1.48E-08
1.61E-08
1.85E-08
2.17€-08
2.18E-08
2.46E-08
2.94E-08
3.06E-08
4.40E-08
4.84E-08
5.18E-08
5.39E-08
6.98E-08
7.84E-08
8.21E-08
8.80E-08

0.56055483
0.55734887
0.55214335

0.5455932

0.5455932
0.54134127
0.53410352
0.53279021
0.51758742
0.51390634
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0.51023729
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0.4950782

0.4935542
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Integration of modalities

Supplementary Table 12: Metadata matching raw data deposited in public databases

Preview of the data available under the name “MultiOmicsSamples_TabithaRuecker2023.xIsx” in the repository on
github: https://github.com/TabithaRuecker/NeuroDev.git.

Samples for MultiOmic analyses
Tabitha Riicker, 2023

This ExcelFile contains all metaData used in multiomic analyses
for the project

"Multimodal perspectives on

the upper-layer neurogenesis in the murine cerebral cortex"

The raw countData is deposited

for transcriptomics: GEO Application for GEO number submitted
for proteomics: PRIDE PXD046067

for DNAmethylome: Data has not been deposited Application for GEO number submitted
Sheet 1: All RNAseq

Sheet 2: All MassSpec

Sheet 3: All EMseq
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Reverse panel analysis
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Supplementary Figure 18: Important genes and proteins in selected biological functions

Genes and their respective proteins presented in an unbiased manner, regardless of differential expression or
detection. Nevertheless, the same trends as in DEG analysis are evident: Alternative splicing events decrease,
metabolism integrates oxidative phosphorylation for energy production, transcription factors and cell cycle activities
are down-regulated, while cilium organisation and signalling and growth factors gain importance during upper-layer
neurogenesis. Axonogenesis peaked at E16/E17, dendrite development at E18/E19, while membrane potential
gradually established by the postnatal stage. RNA and protein levels correlate well, while e.g. secreted factors (see
signalling and growth factors) were less detected. One pNeuroD1+ sample at E18 showed extreme gene
expression e.g. for metabolism, transcription factors, and cell cycle associated genes. However, this sample was

not different at the proteomic level.
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Supplementary Figure 19: Projection of untreated samples (upper panels) and samples focused on E18,
E19, and P3 (bottom panels) according to their scores in the first two components for each modality

All detected proteins served as input. The samples differed according to age.
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Incongruent genes/proteins

mRNA processing - - -- . ........ S
RNA splicing - - .- . ........ (R
RNA splicing, via transesterification reactions - - - - ‘ -------- ......

RNA splicing, via transesterification reactions with bulged adenosine as nucleophile - - - - .

mRNA splicing, via spliceosome - - . . ........ .

regulation of mMRNA metabolic process---- @ - B

: p.adjust
ribonucleoprotein complex subunit organization- - ... . ......... L 1.0e-08
. . . . 7.5e-09
regulation of mMRNA splicing, via spliceosome- - - - -- ® - IEREEES
: : 5.06-09
regulation of mRNA processing - - - - - 4 . --------- ...... 250-09
ribonucleoprotein complex assembly - - ... . ......... L
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Supplementary Figure 20: Overview of the top ten biological functions (GO) of the incongruently de-

tected genes compared to their respective proteins

Those genes that were down-regulated over measured time but still up-regulated at the protein level were mainly
associated with RNA splicing processes (GO:0008380), while those genes that were up-regulated over time but

down-regulated as protein were mainly associated with actin filament organisation (GO:0007015).
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EM-seq

DNA extraction?

Adapted manual for <10° cells with QIAamp® DNA Micro kit (#56304)

Set up thermoshaker to 56°C
1. Thaw samples on 4°C ice.

2. Add 80 pl , ensure that RT has been reached.
Add 10 pl proteinase K and VORTEX for 15 sec to homogenise the lysate.
Add 100 pl , ensure that pH<7 has been reached.

3. VORTEX the mix for 15 sec and
incubate for 10 min with 900 rpm in the preheated thermoshaker.
Briefly centrifuge the sample to conjoin drops.

4. Transfer the sample to a QIAmp MinElute spin column placed in a

~—  Centrifuge for 1 min at 8,000 rpm.
Kl) Discard the flow through & collection tube.
Place the spin columnin a

5. Add 500 pl Buffer AW1 to the spin column. Q

6. Add 500 pl Buffer AW2 to the spin column.
Centrifuge for 3 min at 8,000 rpm.
Discard the flow through & collection tube.
Place the spin column in a

7. Centrifuge for 3 min at 13,400 rpm with closed lid.
Discard the flow through and collection tube. That step ensures that no ethanol is carried over
during DNA elution by drying.
Place the spin column in a new 1.5 ml collection tube.

8. Add 20 ul Buffer AE (10 mM Tris-HCI, 0.5 mM EDTA, pH 9.0) directly to the centre of the spin
column membrane and
place it on the benchtop (at RT) for 5 min.
Centrifuge for 3 min at 13,400 rpm to elute the DNA.
Reelute the flow through.

9. DNAis caughtin 1.5 ml collecting tube!
Store at —20°C.

With this adapted protocol for the QlAamp DNA micro kit (#56304), a proportional increase of
DNA concentration can be expected (Suppl. Fig. 21; github repository https://github.com/Ta-

bithaRuecker/NeuroDev.git). The extracted DNA was subjected to EM-seq experiments.

2 Before you start:

Buffer AW1:

Add 25 ml ethanol (96—100%) to the bottle containing 19 ml Buffer AW1 concentrate. Tick the check box on the
bottle label to indicate that ethanol has been added. Reconstituted Buffer AW1 can be stored at room tempera-
ture (15-25°C) for up to one year.

Buffer AW2:

Add 30 ml ethanol (96—100%) to the bottle containing 13 ml Buffer AW2 concentrate. Reconstituted Buffer AW2
can be stored at room temperature (15-25°C) for up to one year.
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DNA yield per cell count
DNA extracted with QIAamp DNA micro kit (#56304),
Concentration measured with dsDNA HS Qubit assay
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Supplementary Figure 21: DNA yield is predictable at an approximate ratio of 1:10
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Quality control for EM-seq libraries
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Supplementary Figure 22: Quality control metrics and Bioanalyzer profiles with an estimation of concen-
tration of the four libraries subjected to EM-seq

A. On average, 40 million read pairs mapped uniquely to the mm10 genome using bwa-meth. GC content
averaged 20% after unmethylated cytosines were enzymatically converted by EM-seq. The duplication
level was low and adaptor content reported from lllumina universal adaptors. The overall Phred quality
scores were all above 30. This applied for most of the read counts.

B. The BioAnalyzer profiles of the EM-seq libraries show comparable quality for all samples. Samples No.
604 and 607 were the PBS-treated samples, while samples No. 616 and 617 were the corresponding
Polyl:C-treated samples.
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IGV tracks of EM-seq samples
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Supplementary Figure 23: IGV tracks of selected genes

The entire mm10 genome was well covered. The Refseq annotation of the mm10 genome is the upper lane,
followed by the CG moitif for the assumption of CpG islands, followed by the four samples (two PBS samples in
turquoise, two Polyl:C samples in magenta) with the percentage methylation per base, and finally the coverage of
all samples is shown, with C in blue and G in red. The lanes are arranged so the promoter region, where most CpG
islands are expected to be located, is visible.

A. The promoter region of neurogenic differentiation 1 (NeuroD1) gene is highly covered and not methylated
in all four samples.

B. The promoter region of adenosine deaminase domain containing 1 (Adad1?) as a testis-specific gene is
highly methylated in the promoter region.

Figure and caption continued on next page
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C.

The promoter of actin B (Actb) as one of the most abundantly expressed genes in neuronal cells, as in

the RNA-seq dataset presented, is not expected to be methylated in its promoter region.

D.

The promoter of SH3 and multiple ankyrin repeat domains 2 (Shank2) was more methylated in the Polyl:C

samples than in the PBS samples.
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