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To my grandmother

If one has really technically penetrated a subject,
things that previously seemed in complete contrast,

might be purely mathematical transformations of each other.
John von Neumann

Journalist:
This ship that was involved in the incident 

off Western Australia this week…
Senator Collins:

Yeah, the one the front fell off?
Journalist:

Yeah
Senator Collins:

Yeah, that’s not very typical,
I’d like to make that point

Clarke & Dawe
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Lay summary

This thesis explores the intricate world of cells within tissues, exploring their environment and in-
teractions. Nowhere is this more relevant than in the brain, where billions of neurons constantly
communicate, supported by countless other cells that handle various tasks, such as recycling neu-
rotransmitters, facilitating information transfer, and protecting the brain’s vital functions.

To understand the complexity of this organ and its inner workings, we need advanced tools ca-
pable of examining the multitude of cellular players. Technological advancements often lead to
exciting discoveries, and while the biological findings in this thesis might seem rather loosely re-
lated, they collectively highlight the vast potential of cutting-edge methodologies and the exciting
possibilities they offer for future research.

First, let us introduce spatial transcriptomics, a method that prompts cells to reveal information
about their currently active genes, labeling them with a location-based tag. This approach sheds
light on the state of individual cells and their interactions within the tissue. In the initial appli-
cation of this thesis, spatial transcriptomics was employed to understand cell-based therapy for
Parkinson’s disease. It unveiled the spatial distribution of cellular components, their identities,
and the overall state of the tissue community.

However, like any early method, spatial transcriptomics had limitations, particularly its relatively
low resolution, which required computational estimations for cellular-level details. Recognizing
this gap, several research groups sought to enhance the resolution, leading to numerous tools for
directly analyzing gene expression in cells and tissues. These tools typically use a large number
of DNA probes to pinpoint specific genes. While impressive, their adoption in most laboratories
could be challenging due to the resources they demand. In response, a method presented in the
second paper of this thesis aims to lower the initial barriers to entry into the spatial transcrip-
tome analysis domain. It demonstrates that with common reagents and equipment and a modest
investment, a comprehensive library that visualizes the activity of hundreds of genes can be gen-
erated. Alternatively, it offers a method able to visualize gene expression with higher sensitivity
and lower probe requirements.

The tools explored in the later publications allowed us to establish a model of Parkinson’s disease
using viral vectors, specifically adeno-associated viral vectors. These vectors are very apt at de-
livering a small cargo to a desired cell population while leaving a traceable infection mark. The
implemented technological advancements enabled us to profile thousands of rare cells while as-
sessing their levels of PD-related protein load. This, in turn, allowed us to map out the landscape
of cellular changes associated with the transition from a healthy to a diseased population.

ii



LAy SuMMARy

Finally, we present a toolset for investigating the proposed transmission of the Arc gene among
neuronal cells. This toolset enables us to tag individual ARC molecules by creating a fusion protein
and observing its interactions with synaptic proteins. The resulting images of cellular commu-
nication confirmed previously known interactions and provided additional evidence supporting
the idea of ARC molecule trafficking as previously suggested.

In closing, this journey through advanced methodologies and their application in understanding
the intricate workings of cells and tissues offers a glimpse into the possibilities of modern tech-
nologies. As we venture deeper into the world of cellular interactions, we uncover new layers of
knowledge that hold the potential to revolutionize our understanding of diseases, therapies, and
the complexities of the human body. The tools and insights presented in this thesis attempt to do
their share in broadening our scientific horizons and hopefully encourage future research, leading
to even more discoveries.
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Populärvetenskaplig sammanfattning

Denna avhandling utforskar den intrikata världen av celler inom vävnader och deras omgivning
och interaktioner. Ingenstans är detta mer relevant än i hjärnan, där miljarder nervceller konstant
kommunicerar. För att denna kommunikation skall fungera så krävs stöd av otaliga andra celler
som utför specifika uppgifter, såsom återvinning av signalsubstanser, underlättande av informa-
tionsöverföring och skydd av hjärnans vitala funktioner.

För att förstå komplexiteten i detta organ och dess inre funktioner behöver vi avancerade verktyg
som är kapabla att undersöka den mångfald av celler som är inblandade. Teknologiska framsteg
leder ofta till spännande upptäckter. De biologiska resultaten i denna avhandling kanske verkar
löst relaterade men tillsammans belyser de den enorma potentialen hos toppmoderna metoder
och de spännande möjligheter som de erbjuder för framtida forskning.

Först låt mig introducera spatial transkriptomik, en metod som får celler att avslöja informa-
tion om sina för närvarande aktiva gener genom att märka dem med en platsbaserad etikett.
Denna metod ger insikt om individuella cellers tillstånd och deras interaktioner inom vävnaden.
I denna avhandling användes spatial transkriptomik för att förstå cellbaserad terapi för Parkin-
sons sjukdom. Det avslöjade den spatiala distributionen av cellkomponenter, deras identiteter
och vävnadens övergripande tillstånd.

Men precis som alla tidiga metoder hade spatial transkriptomik sina begränsningar, särskilt dess
relativt låga upplösning, som krävde beräkningsmässiga uppskattningar för detaljer på cellnivå.
Flera forskargrupper har arbetat med att förbättra upplösningen, vilket lett till många verktyg för
direkt analys av genuttryck i celler och vävnader. Dessa verktyg använder vanligtvis ett stort antal
DNA-prober för att exakt lokalisera specifika gener. Även om de är imponerande så kan deras
användning vara utmanande för de flesta laboratorier på grund av att de är så resurskrävande. Som
svar på detta syftar en metod som presenteras i den andra artikeln av denna avhandling till att sänka
trösklarna för inträde inom området spatial transkriptomik. Den visar att med vanliga reagenser
och utrustning samt en måttlig investering vi visualisera aktiviteten hos hundratals gener. Den
erbjuder också visualisering av genuttryck med högre känslighet och lägre behov av prober.

De verktyg som utforskas i den tredje publikationen möjliggjorde uppbyggnaden av en modell för
Parkinsons sjukdom med hjälp av virala vektorer. Dessa vektorer är väl lämpade för att leverera
nya gener till en önskad cellpopulation och samtidigt lämna en spårbar infektionsmarkör. De
implementerade teknologiska framstegen möjliggjorde profileringen av tusentals sällsynta celler
samtidigt som deras nivåer av PD-relaterad proteinbelastning bedömdes. Detta gjorde det möjligt
för oss att kartlägga landskapet av cellulära förändringar som är förknippade med övergången från
en frisk till en sjuk nervcell.
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POpuLäRvETENSkApLIg SAMMANfATTNINg

Slutligen presenterar vi ett verktyglåda för att undersöka den föreslagna överföringen av Arc-genen
mellan nervceller. Denna verktygslåda möjliggör märkning av enskilda ARC-molekyler genom
att skapa ett fusionsprotein och observera dess interaktioner med synaptiska proteiner. De resul-
terande bilderna av cellkommunikation bekräftade tidigare kända interaktioner och tillhandahöll
ytterligare bevis som stöder hypotesen om ARC-molekylens transport, som tidigare föreslagits.

Avslutningsvis erbjuder denna resa genom avancerade metoder en glimt av deras potential och
tillämpningarna fördjupar vår förståelse kring cellers och vävnaders intrikata funktioner. När
vi utforskar djupare in i världen av cellulära interaktioner avslöjar vi nya kunskapslager som har
potential att revolutionera vår förståelse av sjukdomar, terapier och komplexiteten i den mänskliga
kroppen. De verktyg och insikter som presenteras i denna avhandling försöker göra sitt bidrag till
att bredda vår vetenskapliga horisont och förhoppningsvis uppmuntra framtida forskning, vilket
leder till ännu fler upptäckter.
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Populárně-vědecké shrnutí

Tato práce zkoumá složitý svět buněk a tkáních, jejich prostředí a interakce. Nikde není tato prob-
lematika relevantnější než v mozku, kde miliardy neuronů neustále komunikují, podporovány
nespočetnými dalšími buňkami, které plní různé úkoly, jako je recyklace neurotransmiterů, us-
nadňování přenosu informací a ochrana vitálních funkcí mozku.

Abychom pochopili složitost tohoto orgánu a jeho vnitřních mechanismů, potřebujeme pokročilé
metody schopné zkoumat značné množství buněk. Technologické pokroky často vedou k převrat-
ným objevům, a i když se biologická zjištění v této práci mohou zdát spíše volně související, dohro-
mady ukazují obrovský potenciál nejmodernějších metodik a nové možnosti, které nabízejí pro
budoucí výzkum.

Nejprve se pojďme seznámit s metodou profilování prostorového transkriptomu, která zpřís-
tupňuje buněčné informace o aktuálně aktivních genech a označí je štítkem signalizujícím je-
jich polohu. Tento přístup osvětluje stavy jednotlivých buněk a jejich interakce v tkáních. V
počáteční aplikaci této práce byla tato metoda použita k porozumění buněčné terapie pro Parkin-
sonovu chorobu. S pomocí této metody jsme tak objasnili prostorové rozložení buněk, jejich
identitu a celkový stav tkáňového společenství.

Avšak jako každá raná metoda měla i prostorová transkriptomika svá omezení, zejména její rel-
ativně nízké rozlišení, které vyžadovalo výpočetní techniku pro detaily na úrovni jednotlivých
buněk. Rozpoznávajíc toto omezení, mnoho výzkumných skupin se rozhodlo zvýšit rozlišení, což
vedlo k vytvoření mnoha metod pro přímou analýzu vyjádření genů v buňkách a tkáních. Tyto
nástroje obvykle používají velké množství DNA sond k přesnému lokalizování konkrétních genů
a i když jsou tyto nástroje impozantní, jejich použití většinou vyžaduje značné zdroje. Metoda
prezentovaná ve druhém článku této práce, si proto klade za cíl snížit vstupní bariéry pro analýzu
transkriptomu v prostoru. Ukazuje, že s běžnými chemikáliemi, enzymy a vybavením a rozumnou
investicí lze vytvořit komplexní knihovnu, která dokáže zobrazit aktivitu stovek genů. Alterna-
tivně nabízí metodu schopnou analyzovat vyjádření genů s vyšší citlivostí a nižšími požadavky na
sondy.

Nástroje zkoumané v pozdějších publikacích nám umožnily vytvořit model Parkinsonovy choroby
pomocí virových vektorů, konkrétně adenoasociovaných virových vektorů. Tyto vektory jsou
schopné doručovat malý genový náklad do požadované populace buněk a zároveň zanechávat
stopy infekce, které lze sledovat. Implementované technologické pokroky nám umožnily profilo-
vat tisíce vzácných buněk a současně hodnotit jejich úroveň zatížení doručeným proteinem, který
je v Parkinsonově chorobě implikovaný. Tato studie nám umožnila mapovat soubor buněčných
změn spojených s přechodem od zdravé k nemocné populaci.
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POpuLáRNě-věDEcké SHRNuTí

Nakonec představujeme soubor nástrojů pro zkoumání hypotetizovaného přenosu proteinu ARC
mezi nervovými buňkami. Tento soubor nástrojů nám umožňuje označit jednotlivé molekuly to-
hoto proteinu skrze fůzi s fluorescenčním reportérem a pozorovat jejich interakce se synaptickými
proteiny. Výsledné obrazy buněčné komunikace potvrdily dříve známé interakce a poskytly další
důkazy, které podporují hypotézu transportu molekul ARC, jak bylo dříve navrženo.

Závěrečně, tato cesta skrze pokročilé metodiky a jejich aplikace pro pochopení složitých funkcí
buněk a tkání nabízí pohled na možnosti moderních technologií. Čím více se ponořujeme do světa
buněčných interakcí, tím více nových vrstvev znalostí ojevujeme. Informace, které tyto vrstvy
nesou, mají potenciál změnit naše chápání nemocí, terapií a komplexity lidského těla. Nástroje a
poznatky představené v této práci se takto pokoušejí přispět k rozšíření našich vědeckých obzorů
a doufejme, že podnítí i budoucí výzkum, který povede k dalším objevům.
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Introduction

The quest to understand the intricate workings of animal bodies has been the central aspiration
of biological sciences since their conception. These systems, evolving from a single cell, encom-
pass a multitude of interacting components across various spatial and temporal scales. These
components interact within themselves and with the dynamic ecosystems they inhabit. Even at
lower scales, on the tissue communities level, the interactions’ complexity is still astounding. A
comprehensive understanding of these communities demands advanced methodologies offering
high-resolution and multiplexed capabilities. Additionally, it necessitates the application of so-
phisticated computational approaches to make sense of the acquired data. Recent decades have
witnessed the emergence of methods capable of analyzing tissues with remarkable detail, shedding
light on events within tissues during both health and disease (Gyllborg et al., 2020; Svedlund et
al., 2019; The Tabula Sapiens Consortium, 2022). This thesis focuses on the development and
application of select tools within this transformative landscape.

The journey of every animal begins with a single fertilized egg, rapidly dividing into a myriad
of daughter cells. Each of these cells embarks on its unique developmental path, pushed on by
the signals it receives from its environment in the growing embryo. Throughout gestation, cells
migrate to their destinations, often specializing in their gene expression programs. This special-
ization enables them and their descendants to seamlessly integrate into the broader biological
communities. In this manner, the body’s organs emerge and gradually assume their functions,
contributing to the organism’s autonomy. While changes continue during an animal’s growth
and development, adult cells have to maintain their identities stable. A serious deviation from
this equilibrium presents a risk for the organism as a whole, as observed in pathological states.
Throughout an organism’s lifespan, inevitable damage accumulates within its DNA and other
cellular components. This accumulation ultimately leads to pathological conditions, exemplified
by the increased likelihood of cancer or neurodegenerative diseases with advancing age, ultimately
leading to the organism’s death.

To truly grasp the symphony of a living organism, it is necessary to identify the performers, their
roles, and their locations within the orchestra. Extensive efforts have been dedicated to charac-
terizing cells from both animal models and humans, shedding light on the inhabitants of various
tissues. Most of these endeavors categorize cells based on their gene expression patterns, facili-
tated by the rapid advancements in DNA and RNA profiling techniques. The field has evolved
significantly from the initial conception of DNA sequencing methods, such as the Maxam-Gilbert
method, to today’s high-throughput next-generation sequencing. We have transitioned from se-
quencing large cell populations to profiling individual cells and have expanded our capabilities
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to capture multiple modalities simultaneously (Stoeckius et al., 2017; Vandereyken et al., 2023;
Vickovic et al., 2022).

Modern high-throughput methods, like single-cell and single-nucleus RNA sequencing (scRNA-
seq and snRNA-seq, respectively), have significantly enriched our understanding of tissue com-
position. However, within an organism, cells are interdependent, and comprehending these intri-
cate relationships necessitates insight not only into their inner states but also into their temporal
and spatial relationships. This thesis aims to explore a subset of these complexities, specifically
focusing on understanding various aspects of brain function in both healthy and diseased states.

Cells and Their Identity

As cells evolved from solitary entities into integrated components of complex organisms, they di-
versified their functions and properties, gaining a collective survival advantage. Similarly, during
an organism’s development from a fertilized egg, various developmental pathways are activated
within embryonic cells, gradually establishing the complete cell type repertoire of the organ-
ism. These cells can be categorized based on numerous properties (Regev et al., 2017), including
morphology (Ghanegolmohammadi et al., 2022; Peng et al., 2021; K. Yao et al., 2019), molec-
ular compositions such as the proteome (Pontén et al., 2009), transcriptome (La Manno et al.,
2021; Vinsland & Linnarsson, 2022), epigenome (Bakken et al., 2021; Rahmani et al., 2019),
metabolome (Gebert et al., 2021), and various other physiological properties or so-called ”omes”,
such as distinct electrophysiological properties of neuronal cells (Callaway et al., 2021; Somogyi
& Klausberger, 2005).

Quantifying cellular diversity within the human body has garnered significant attention in recent
decades. Due to technological advancements, cell typing based on transcriptomic signatures has
emerged as a prominent approach, particularly in recent years. However, defining the boundaries
of a ”cell type” remains a topic of debate (Clevers et al., 2017; Doyle, 2022; Miao et al., 2020;
Trapnell, 2015). Most publications focused on higher animals generally settle on the existence of
several hundred cell types (Domínguez Conde et al., 2022; Eraslan et al., 2022; La Manno et al.,
2021; Svensson et al., 2020; The Tabula Sapiens Consortium, 2022; Vickaryous & Hall, 2006).
Nevertheless, studies with a deeper focus on specific organs can yield significantly higher estimates.
For example, in a recent study, the brain was classified into well over 400 further divisible cellular
classes (Siletti et al., 2022). While uncertainties persist regarding the total number of relevant
categories, the brain consistently stands out as one of the most diverse organs (Siletti et al., 2022;
Vickaryous & Hall, 2006). It has also been the most extensively profiled organ using single-cell
technologies (Svensson et al., 2020).

With its unparalleled complexity and cellular diversity (Siletti et al., 2022), the adult brain hosts
a multitude of diverse neuronal classes, various glial cell categories (e.g., oligodendrocytes, as-
trocytes, microglia, and ependymal cells), as well as several vasculature-related cells (La Manno
et al., 2021; Z. Yao et al., 2023). Profiling the entire brain, which comprises hundreds of mil-
lions of diverse cells in mice (Herculano-Houzel et al., 2006) and billions in humans (Azevedo
et al., 2009), presents an ambitious process at the very least. This magnitude led to many studies
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focusing on specific brain regions (Bakken et al., 2021; Callaway et al., 2021; Svensson et al.,
2020), while also giving rise to more extensive efforts pursuing the profiling the entire brain or
the central nervous system (CNS) (La Manno et al., 2021; Siletti et al., 2022; Z. Yao et al., 2023;
Zeisel et al., 2018).

Despite the growing number of cells profiled through single-cell sequencing, a limitation of this
method is the loss of spatial distribution information, rendering it more an encyclopedia than an
atlas. Several atlases have emerged in recent years, providing gene expression data with associated
spatial information, many of which will be detailed in this thesis. Notable examples include the
Allen Brain Atlas (Lein et al., 2007), which offers gene expression data throughout the mouse
brain for thousands of genes. However, profiling one gene at a time is time, tissue, and reagent-
intensive. Consequently, various methods attempting to capture as much of the transcriptome
as possible have emerged. Among fluorescence in situ hybridization (FISH)-based methods, no-
table examples include seqFISH, showcased through a map of mouse hippocampus (Shah et al.,
2016), followed by osmFISH (Codeluppi et al., 2018) presenting a detailed description of the
mouse somatosensory cortex or MERFISH (Y. Zhang et al., 2020), introduced with analysis of
mouse motor cortex and hypothalamus(Moffitt et al., 2018). While highly sensitive, profiling
with FISH methods is resource-intensive, particularly in terms of time and expensive fluorescent
reagents. Some challenges have been addressed with EEL-FISH (Borm et al., 2023), which re-
duces background noise and the z-dimension through mRNA pull-down onto a glass; this is,
however, at the cost of some signal loss.

Efforts to map tissues using non-FISH methods include padlock probe-based approaches (X.
Chen et al., 2018; Y. Chen et al., 2022; Ke et al., 2013; H. Lee et al., 2022; S. Liu et al., 2021;
Lohoff et al., 2022; Y.-C. Sun et al., 2021; Svedlund et al., 2019; Vicari et al., 2023), solid-phase
capture of mRNA sequences as seen in Spatial Transcriptomics-based methods (Hahn et al., 2023;
Ortiz et al., 2020; Ståhl et al., 2016; Vickovic et al., 2019) or Slide-seq (Stickels et al., 2021),
and commercialized implementations such as 10X Visium, Xenium or Curio Seeker solutions.
Other noteworthy approaches include Stereo-seq (Y. Chen et al., 2022), which provided an atlas
of mouse organogenesis, or Geo-seq (J. Chen et al., 2017).

Finally, all these methodologies, in conjunction with information already gleaned from single-
cell datasets, have the potential to contribute to the creation of maps of tissues complementary
to those annotated based on anatomical structures and enrich them with a functional rather than
geographical component.

RNA: From DNA to Protein

Genes and functional sequences are stored on large DNA molecules within the cell nucleus. In the
human genome, the average size is approximately 6.3 - 6.4 billion bases per diploid genome (range
is caused by the difference in the lengths of X and Y chromosomes), with around 19,000 protein-
coding genes (Piovesan et al., 2019). To be actuated as proteins, genes have to be transcribed
into messenger RNA (mRNA), transported into the cytoplasm, translated with the ribosomal
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machinery into an amino acid sequence, and assume a functional conformation. This flow of
genetic information through the layers is better known as the central dogma of biology.

Gene transcription initiates when a transcription factor locates its transcription regulator sequence
(Orphanides & Reinberg, 2002). Once bound, this protein regulates access to other translation
machinery components and assists in recruiting RNA polymerase (Karin, 1990; Latchman, 1993;
Nikolov & Burley, 1997; Riggs et al., 1970; Tafvizi et al., 2011; Zrimec et al., 2021). Transcrip-
tion initiation is followed by the addition of a 5’ cap to protect the transcript from degradation,
followed by the mRNA elongation. The newly synthesized mRNA molecules initially include
many intronic sequences, which must be removed for the protein to reach its functional form.
This splicing out of introns begins already during elongation (Fong & Zhou, 2001; Hirose &
Manley, 2000; Orphanides & Reinberg, 2002; G. Zhang et al., 1994). After the translation stop
codon, the 3’ untranslated region (UTR) with functional sequences begins, among others, guid-
ing the polyA tail addition (Connelly & Manley, 1988; Logan et al., 1987). Once all steps are
completed, the molecule’s journey out of the nucleus and toward its translation inside a ribosomal
complex begins. The collection of all proteins produced in the cell gives the cell its functionality
and recognizable phenotypic features.

Sequencing

Since the discovery of DNA’s structure in 1953 (Watson & Crick, 1953), extensive efforts have
been made to analyze its protein-coding sequences in various organisms, and thousands of small
steps have been made toward understanding genome functional elements. The first-generation
DNA sequencing methods began with the success of the chemical degradation-based Maxam-
Gilbert sequencing (Maxam & Gilbert, 1977), published in 1977 in the Proceedings of the Na-
tional Academy of Sciences (PNAS), followed by Sanger sequencing (Sanger et al., 1977) intro-
duced in the journal’s last issue the same year. Both these methods, while groundbreaking, are
limited to relatively short reads, with the Maxam-Gilbert method limited to stretches of 100 - 200
nucleotides and Sanger sequencing up to 1000. While initially tedious, Sanger sequencing was
the method of choice during the times of the first human genome sequencing, and its automated
version is still widely used today (Aach et al., 2001; Lander et al., 2001; Venter et al., 2001).

The advent of second-generation sequencing marked a significant leap in throughput and cost
efficiency. This technology, built on the foundation of millions of short reads, moved away from
the electrophoresis readout. Notable approaches within this generation included pyrosequencing
(Nyren et al., 1993; Ronaghi et al., 1996; Uhlen, 1989), Solexa sequencing by synthesis (Bala-
subramanian et al., 2007), and SOLiD sequencing by ligation. These innovations shifted towards
optical readout techniques. In contrast, Ion Torrent (Rusk, 2011) adopted a novel approach, re-
lying on detecting pH changes following nucleotide incorporation. While Ion Torrent offered
the advantage of sequencing longer molecules and bypassed the need for costly optical equip-
ment and fluorescent dyes, it faced challenges with homopolymer reads (Loman et al., 2012).
Notably, Solexa, later acquired by Illumina, emerged as one of the most prevalent and widely
used sequencing methods, as evidenced by its remarkable 4 billion in revenue in 2022 (“Illumina
reports financial results for fourth quarter and fiscal year 2022”, n.d.).
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In contrast to DNA, which is found nearly identical in all somatic cells of an organism, the range
of mRNA expression patterns among diverged cellular populations is extensive. The quest to an-
alyze mRNA molecules across diverse cell types has been fueled by the continual advancement of
DNA sequencing methods over the past three decades. This journey’s beginnings saw the rise of
the microarray-based methods (Bertone et al., 2004; Carninci et al., 2005), rapidly followed by
the advent of Illumina-based sequencing (Nagalakshmi et al., 2008). To make mRNA compati-
ble with DNA sequencing, these methods entail transcribing mRNA into complementary DNA
(cDNA) using an RNA-dependent DNA polymerase (Temin & Mizutani, 1970). Following this
step, the cDNA is amplified and can be processed in a manner specific to the chosen method,
involving either fluorescent labeling or adapter ligation.

From Short Reads to Genome

In the realm of second-generation sequencing, with Illumina as a prominent example, short
reads have proven invaluable for unraveling the intricate complexities of genomes. These
reads, although relatively short, ranging from 50 bases for small RNA sequencing kits to
a maximum of 300 bases, offer a wealth of information. However, due to the complex
nature of genomes, riddled with repetitive sequences and the inescapability of sequencing
errors, the endeavor of de novo genome assembly using these short reads has proven not
only impractical but nearly unattainable for routine analysis. As a pragmatic alternative,
researchers turn to read alignment against a known reference genome, a computational
process that introduces polynomial time complexity (Baichoo & Ouzounis, 2017; Canzar
& Salzberg, 2017), a significant departure from the more complicated nature of de novo
assembly (Liao et al., 2019). This alignment task comes with its own set of challenges. The
reference genome may be incomplete or contain gaps, or, at the opposite end, reads may
map to multiple locations throughout the genome. Furthermore, addressing possible strand
bias in the reads adds another layer of processing. Over 100 read alignment algorithms
have emerged throughout the years to tackle the technology-associate obstacles, offering a
plethora of strategies (Alser et al., 2021).

The prevailing sequencing technologies profoundly shape the development and suitability
of these alignment algorithms. Initially, the read numbers of early methods were quite
limited in comparison to today’s throughput, allowing for algorithms less optimized for
this variable. However, transitioning to a massive quantity of short reads with relatively
low error rates compelled the aligner development community to adopt a more parallel
approach. In recent years, yet another shift has occurred with the advent of technologies
capable of generating long reads, extending up to several megabases in length, albeit with
higher error rates (Lu et al., 2016; L. Wang et al., 2020). This shift has introduced a
completely new set of computational requirements, further diversifying the landscape of
read alignment methodologies.
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With the unprecedented progress in RNA sequencing (RNA-seq) technologies, special-
ized aligners have emerged to address the unique challenges the mRNA molecules’ specifics
brought on. Unlike DNA, RNA-seq provides insights into gene expression levels and iso-
form diversity. Aligning RNA-seq reads is inherently more complex due to splicing events,
where exons can be arranged in various combinations to produce diverse transcripts. To nav-
igate this task efficiently, specialized aligners have evolved to incorporate spliced alignments,
enabling precise gene expression and isoform abundance quantification. Two predominant
strategies for transcript alignment have emerged: the read-to-genome approach, employed
by algorithms such as STAR (Dobin et al., 2013), Bowtie (Langmead & Salzberg, 2012),
and BWA (H. Li & Durbin, 2009), which aligns reads directly to the genome. STAR,
for instance, is a popular splice-aware approach known for its widespread application in
both bulk and single-cell RNA-seq studies. It employs a two-step mapping process that
initially aligns reads to the genome and subsequently identifies splice junctions, providing
read-to-gene mapping and a comprehensive view of splicing events. The second strategy
is adopted by a range of pseudoaligners, including Kallisto (Bray et al., 2016; Du et al.,
2020) and Salmon (Patro et al., 2017). These pseudoaligners eschew genome alignment in
favor of alignment to a transcriptome reference, streamlining transcript quantification and
significantly reducing computational demands.

While second-generation sequencing is the popular choice for transcriptome profiling, it falls
short when it comes to sequencing entire genomes, particularly in regions with long repeat se-
quences. Third-generation sequencing emerged as an alternative solution to address this limita-
tion, eliminating the need for library amplification and fragmentation and enabling the sequenc-
ing of reads up to tens of kilobases in length. Two prominent approaches have emerged, led
by PacBio’s single-molecule sequencing technology (Travers et al., 2010) and Oxford Nanopore
(ONT). However, the early versions of these technologies exhibited a considerably higher error
rate (around 14%) (Workman et al., 2019) compared to second-generation sequencing (which
can be generally assumed to lie between 0.1-1.5%). To mitigate this challenge, several studies
showed a workaround with a combination of the two approaches (Berbers et al., 2020). To re-
duce this error rate, PacBio and ONT took on two different approaches, both promising over 99%
accuracy(Sahlin & Medvedev, 2021; Wenger et al., 2019). PacBio, using the fact that the errors
are randomly distributed, introduced a circular consensus sequencing in 2019, which allowed for
a significant bump up in the accuracy of the method with circular consensus sequencing, and
ONT presented a computational isONcorrect method.
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Sequencing Nucleic Acids with Illumina

Sequencing nucleic acids using Illumina technology involves a series of steps that transform
the DNA or RNA into a platform-specific library format. When sequencing DNA, the
first essential task is fragmentation, which can be achieved either mechanically or enzymat-
ically through transposases. The latter method has the advantage of labeling the cut sites
with molecular identifier ”tag” sequences, a process known as tagmentation. Subsequently,
index-carrying primers are incorporated into the DNA sequences in a polymerase chain re-
action (PCR) amplification. The resulting sequences of appropriate lengths are then puri-
fied using Solid Phase Reversible Immobilization (SPRI) beads. In cases involving multiple
libraries, various indexes can be employed to separate the data during subsequent analysis.
Once these steps are completed, the library is denatured, and an adapter-ligated library of
the Φ-X 174 bacteriophage genome is introduced as an internal sequencing control. The
prepared libraries are then applied to the sequencing chip, where they become anchored to
the surface through adapter sequences introduced during the indexing PCR. At the begin-
ning of the sequencing process, uniform sequence clusters are generated from hybridized
molecules through bridge amplification. These local clusters are subjected to a series of
cycles involving the addition of fluorescently labeled 3’-capped nucleotides, fluorescence
imaging after their incorporation, and finally nucleotide de-blocking to enable further ex-
tension. The final sequence is established through the consensus fluorescence data obtained
from these local clusters and is then aligned to the genome, following the previously de-
scribed procedures. The overview of the Illumina sequencing approach is further illustrated
in figure 1.

When profiling RNA molecules in a sample, the protocol requires specific modifications
before the transcriptome can be sequenced. First, the mRNAs within the sample must be
reverse-transcribed into complementary DNA (cDNA). This crucial step introduces prim-
ing sequences containing indexes that can differentiate molecule identities at the end of the
sequencing run. After cDNA synthesis, the mRNA is removed and replaced with a com-
plementary DNA strand. The resulting samples are equipped with Illumina-compatible
anchors and the library can be amplified, fragmented, purified, and sequenced in a manner
similar to that employed for DNA libraries.

Towards Single Cells

Transitioning from RNA-seq of bulk tissues to the single-cell level marked a significant break-
through in molecular biology. Initially, RNA-seq demanded an amount of RNA equivalent to
hundreds or thousands of cells, obscuring the intricacies of cellular dynamics and heterogeneity.
This limitation rendered the method impractical for scenarios where only a handful of cells were
available, such as in the study of developing embryos. Notably, a pivotal 2009 study using SOLiD
sequencing managed to analyze the RNA content of a single blastomere cell (Tang et al., 2009),
demonstrating the power of sequencing at the single-cell level.
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Figure 1: Illumina sequencing by synthesis approach. The denatured sequencing library is loaded
onto the flow cell, where it hybridizes to adapters. Library fragments are amplified Through
binding, synthesis, and release cycles, creating local clusters. DNA in these is then read with
sequencing by synthesis, where each round, the hybridized (H) sequencing adapter is extended
(E) by fluorescently labeled and cap-protected nucleotide, which is imaged (R), deprotected (C)
and then further extended repeating the cycle. The consensus sequence of each cluster’s library
fragment is assembled from fluorescent signals coregistered through the sequencing rounds.
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However, to comprehensively understand cellular diversity in animals, profiling on an entirely
different scale was required to capture representative snapshots of cellular populations. Before the
advent of DNA sequencing, cell analysis primarily relied on low-throughput methods, including
cell staining to visualize morphology, immunohistochemistry to detect protein presence (Jones
et al., 1941), and fluorescence in situ hybridization (FISH) to identify known DNA and RNA
sequences (Langer-Safer et al., 1982). Initial attempts at single-cell RNA sequencing (scRNA-
seq) increased the number of genes or features detected within a cell but remained limited in
throughput and involved substantial manual labor. This landscape evolved with the emergence
of numerous new methods.

An early milestone involved profiling the transcriptome of 92 mouse cells using Illumina sequenc-
ing and plate-based cell barcoding (Islam et al., 2011), marking a significant leap in the number
of cells that could be profiled. Methods such as CEL-seq (Hashimshony et al., 2012) and Smart-
seq2 (Picelli et al., 2013) further expanded the range to hundreds or even a thousand of cells.
Automation contributed to this scalability as seen in the MARS-seq system (Jaitin et al., 2014).
A pivotal moment for the field was the simultaneous publication of droplet-based scRNA-seq
techniques (A. M. Klein et al., 2015; Macosko et al., 2015), which allowed the processing of
thousands of cells by enclosing them in tiny droplets containing barcode-labelled reverse tran-
scription reaction. These barcodes are added to each captured molecule transcribed into cDNA
and retain information about a molecule’s cellular origin throughout library preparation and se-
quencing, enabling the simultaneous profiling and later demultiplexing of thousands of single
cells. This method was later commercialized as the 10X Chromium, making it accessible and
convenient for widespread adoption (figure 2).

Despite its impressive capabilities, scRNA-seq has several limitations. One drawback is the dam-
age a cell can sustain with the processing of its whole cell body. While this can be advantageous
as the intact cell membrane allows for protein detection or further multiplexing of several sam-
ples (Stoeckius et al., 2017), several studies have reported discrepancies in cellular proportions
between expected and obtained values, particularly for cell types with complex morphology (An-
drews et al., 2022; Santiago et al., 2023). Dissociation protocols in scRNA-seq have been found
to alter gene expression patterns, especially for stress-response genes, potentially affecting the eval-
uation of pathological conditions and cellular responses to experimental conditions (Adam et al.,
2017; Denisenko et al., 2020; Truong et al., 2023). These issues and the technical difficulties
of obtaining fresh tissues desirable in scRNA-seq have led to the development of snRNA-seq as
an alternative. Comparisons between scRNA-seq and snRNA-seq have revealed that the former
tends to deplete cells with complex or interconnected morphologies while preserving the propor-
tions of the mostly free cells, such as immune cells (Gaedcke et al., 2022; Santiago et al., 2023;
Slyper et al., 2020; Wen et al., 2022). Functionally, snRNA-seq appears mostly equivalent to
scRNA-seq for the majority of the transcriptome (Lake et al., 2017). However, studies high-
lighted differences have appeared, such as disparate profiles of microglial activation in Thrupp
et al., 2020 and mitochondrial-related gene enrichment in scRNA-seq compared to snRNA-seq
in Gaedcke et al., 2022. As briefly mentioned, an advantage of snRNA-seq is its independence
from fresh frozen tissue, allowing the analysis of samples that are no longer viable for scRNA-seq
(Martelotto et al., 2017).
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Figure 2: Comparison of bulk and single-cell resolution methods (scRNA-seq and sn-RNAseq).
Tissue (top) processing is shown with the bulk (left) and single-cell and nuclei approaches. For
bulk processing is shown tissue homogenization and RNA release, followed with reverse tran-
scription (RT) initiated by oligo-dT probes with UMIs, and sequencing. In single-cell and nuclei
approaches, cells are encapsulated in droplets in oil with oligo-dT probes carrying a unique bar-
code (BC) and UMI, as well as all enzymes and reagents for RT. RT is performed in these droplets,
labeling all cDNAs with a barcode. Following sequencing, this BC assigns a cell identity to all
transcripts.
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Single-Cell RNA-seq Analysis

Several reviews documenting best practices for scRNA-seq have been published and up-
dated, offering a step-by-step explanation of all analysis steps (Heumos et al., 2023; Luecken
& Theis, 2019). This toolbox provides a rudimentary description of the basic workflow.
The reviews mentioned above provide a wealth of information for those interested in more
detail.

Although bulk RNA-seq and scRNA-seq share many similarities, the latter requires spe-
cialized tools to address its unique characteristics. Notably, scRNA-seq data tends to be
sparse due to the sampling of individual cells. While gene count matrices would ideally still
exhibit sparsity, technical dropouts, where lowly expressed genes are missed despite their
presence, introduce noise into the data. This issue is less prominent in bulk samples, where
profiles are averaged across multiple cells (Hicks et al., 2018; Ziegenhain et al., 2022). The
sparsity of single-cell data has also prompted scrutiny of the suitability of methods designed
for bulk sequencing (Gagnon et al., 2022; Y. Liu et al., 2023; Squair et al., 2021).

In standard scRNA-seq processing, cells undergo quality control, typically involving a three-
part assessment of mitochondrial content, read count, and the number of genes per cell
(Griffiths et al., 2018; Ilicic et al., 2016). This quality control stage also addresses several
other factors specific to scRNA-seq. Sparsity in gene counts is one concern; steps are also
taken to correct for ”multiplet” events originating from cell droplet creation in cases where
more than one cell is enclosed in a barcoded droplet. These events can lead to mixed cell
types, necessitating tools to distinguish between single, empty, and mixed droplets (Bais
& Kostka, 2020; DePasquale et al., 2019; McGinnis et al., 2019; Wolock et al., 2019).
Additionally, ambient RNA from lysed cells in the sample, which released their content in
the surrounding reaction, should be considered (Caglayan et al., 2022; Lun et al., 2019;
Muskovic & Powell, 2021; Yang et al., 2020; Young & Behjati, 2020).

Following quality control, read counts from qualifying cells undergo normalization to ac-
count for read depth and sampling effects (Babcock et al., 2021; Booeshaghi et al., 2022;
Hafemeister & Satija, 2019; Vallejos et al., 2017). Given the consensus of no one-size-fits-
all approach, normalization methods should be selected based on a per-dataset basis (Cole
et al., 2019).

While normalization addresses some sources of non-biological variability, other factors,
such as batch effects or cell cycle variations, can still obscure cellular transcriptome pat-
terns. To mitigate these unwanted variations, comprehensive RNA-seq processing tools
like Seurat (Butler et al., 2018) and Scanpy (Wolf et al., 2018) offer tools for regressing
these factors out. Cell cycle effects are typically corrected using curated gene lists from
the literature (Macosko et al., 2015). Batch effects, which can stem from differences in cell
source, processing, or technology, can be further removed using an array of batch correction
tools (Butler et al., 2018; Hie et al., 2019; Korsunsky et al., 2019; X. Li et al., 2020).
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Integrated and batch-corrected datasets still contain tens of thousands of genes, only a sub-
set informative of the population-level patterns. A subset of 1,000-5,000 highly variable
genes is typically selected to enhance data interpretability, increasing the informational
density. Cells characterized by these highly variable genes are subjected to dimensional-
ity reduction techniques, which provide a compact representation of cellular profiles and
facilitate visualization. Commonly used techniques include principal component analysis
(PCA) (Pearson, 1901), t-distributed stochastic neighbor embedding (t-SNE) (Hinton &
Roweis, 2002), and uniform manifold approximation and projection (UMAP) (McInnes
et al., 2020). Following dimensionality reduction, data can undergo clustering (Altman &
Krzywinski, 2017), pseudotime inference (Deconinck et al., 2021; Van den Berge et al.,
2020) or analysis of RNA velocity (Bergen et al., 2020; La Manno et al., 2018; H. Li et al.,
2023), compositional landscape (Cao et al., 2019), or differential gene expression (Das et
al., 2022; Gagnon et al., 2022) to unveil valuable insights.

Exploring the Transcriptome

While scRNA-seq has revolutionized the analysis of the tissue’s constituents, it is essential to rec-
ognize that extensive tissue processing and dissociation can introduce biases while also discarding
the information about the spatial relationships in which cells function. Numerous methods have
been developed to bridge this gap to preserve spatial information in various ways. Historically,
spatially-resolved transcriptome methods were low-throughput, often relying on fluorescently la-
beled oligonucleotide probes or antibodies, making a comprehensive understanding of tissues
hard to come by. In this section, I will introduce several pivotal methods in the field, some cru-
cial to the experiments presented in later chapters. These methods can be categorized based on
the portion of the transcriptome they capture, as well as their general approach to gene detection.

When it comes to transcriptome profiling, methods can be broadly divided into two categories
based on multiple characteristics. Some of these are the nature of the mRNA capture or read-
out modality. Capture modes dividing methods into unbiased profiling, which aims to profile
all transcripts equally, and targeted profiling, which detects only a subset of the transcriptome
relevant to the specific research question. Readout modality methods can be further partitioned
into ones that use optical in situ readout or are the ones that label transcript positions and map
them back after ex situ sequencing.

Spatial Transcriptomics and 10X Visium

Spatial Transcriptomics (ST), published in 2016 (Ståhl et al., 2016), was one of the pioneering
unbiased spatial methods for profiling the transcriptome while preserving the spatial positions
of transcripts within ~100 μm. This method utilized slides with immobilized probes carrying
oligo-dT sequences, spatial barcodes, unique molecular identifiers (UMIs), and detachment han-
dles. Over a thousand batches of probes, each with a position-unique barcode, were deposited
onto a slide in a microarray format and covalently linked. This created thousands of spots or
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Figure 3: Illustration of ST transcriptome analysis. (0) ST feature array (A) with a feature detail
in (B) and an example of a capture probe on its surface in (C) with uracil handle (U-handle),
location-specific barcode (BC), UMI and oligo-dT capture sequence. (1) Tissue is placed on the
array, (2) permeabilized, releasing mRNA, which is transcribed into cDNA from the feature’s
probes (3). Uracil stretch is then digested, releasing cDNA (4), which can be sequenced with
paired-end sequencing (5).

”features” that captured mRNA molecules following tissue permeabilization brought on by the
tissue’s partial digestion. These spots also served as priming sites for reverse transcription, irre-
versibly linking mRNA sequences to the solid-phase bound spatial probe. After removing the
surrounding tissue material, the barcoded transcriptome could be detached through hydrolysis
of the detachment handle and processed into a sequencing library. Paired-end sequencing en-
abled the readout of both the spatial barcode and UMI from one end and the transcript sequence
from the other, allowing mapping onto its corresponding position on the array (figure 3). As
no genes were pre-selected, this method captured a sample of the whole transcriptome, enabling
exploratory analysis.

This approach gained significant success and was later acquired by 10X Genomics, transforming
ST to the 10X Visium platform, leading to standardization, user-friendliness improvements, and
increased resolution from 100 μm to 50 μm. Since their introduction, ST and 10X Visium have
reached significant popularity and have been extensively used in hundreds of studies, with tumor
and brain biology being the most commonly explored areas (“Publications”, n.d.).

Further advancements in resolution were achieved by the founding group in 2019 with High-
Definition Spatial Transcriptomics (HDST) (Vickovic et al., 2019). This method iteration reached
an impressive 2 μm resolution by employing split-and-pool barcoded beads distributed into plates
covered with hexagonal wells. The barcode-position association was first decoded through sequen-
tial hybridization. From this point, the process mirrored the original ST, with barcode reads from
RNA-seq matched to the initial barcode-position mapping.

13



An intriguing advancement that has pushed the boundaries of resolution involves the fusion of
expansion microscopy with ST methodology, as shown in a recent study by Fan et al. (Fan et
al., 2023). While many research endeavors aim to shrink feature sizes to increase resolution,
expansion microscopy takes the opposite route by reducing the number of cells per unit area.
This unique approach results in an increase in resolution proportional to the expansion of the
tissue. However, it is important to note that this approach also has its limitations, particularly
in relation to the standardized capture area sizes used in Visium. Consequently, the size of the
specimen that can be effectively analyzed diminishes as the expansion factor increases.

Slide-seq

Slide-seq represents another approach to unbiased solid-phase capture methods, employing split-
and-pool barcoded beads with a size of 5μm. In this method, the tiny beads are randomly dis-
tributed on a tape, creating a base for mRNA capture. Slide-seq2, an improved version of Slide-
seq, significantly enhances capture efficiency, making it a noteworthy advancement in the field
(Rodriques et al., 2019; Stickels et al., 2021). Slide-seq2 has also demonstrated higher sensitivity
compared to methods based on Spatial Transcriptomics (ST).

The key components of Slide-seq beads include spatial barcodes, unique molecular identifiers
(UMIs), and capture probes targeting the polyadenylated (polyA) tail of mRNA molecules. Spa-
tial barcodes, later used for mapping barcode-position pairs„ are sequenced with in situ sequenc-
ing techniques. After obtaining these mappings, the tissue is placed and permeabilized to enable
mRNA binding to the immobilized probes on the beads. Reverse transcription is then performed,
effectively anchoring the mRNA sequences to the beads. Subsequently, Slide-seq dissociates the
beads from the slide and processes the sequences, ultimately generating an Illumina-compatible
library for downstream analysis (figure 4).

Seq-Scope

The Seq-Scope method employs direct amplification on a MiSeq Illumina chip, which grants it an
impressive resolution of approximately 0.5 - 0.7 μm and a respectable coverage of around 4,700
profiled transcripts per cell. The creation of a transcriptome map using this method involves a
two-step process.

In the initial step, barcoded oligonucleotide probes are strategically distributed across the chip’s
surface. Oligonucleotide clusters sharing a common spatial barcode sequence are then created
through a local bridge PCR. Subsequently, the spatial barcode sequences are read via sequencing
by synthesis, and the resulting molecules are cleaved to expose an mRNA capture sequence. The
tissue of interest is then carefully placed on the chip, permeabilized to facilitate mRNA binding,
and the captured mRNA is transcribed into cDNA. This cDNA is subsequently indexed, pro-
cessed into a library format, and subjected to sequencing, following which reads can be mapped
back onto the tissue.
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Figure 4: Illustration of Slide-seq transcriptome analysis. (0) Slide-seq bead array (A) with a
bead detail in (B) and an example of a capture probe on its surface in (C) with uracil handle (U-
handle), bead-specific barcode (BC), UMI and oligo-dT capture sequence. (1) Tissue is placed
on the array, (2) permeabilized, releasing mRNA, which is transcribed into cDNA on the beads
(3). Uracil stretch is then digested, releasing cDNA (4), which can be sequenced with paired-end
sequencing.

Stereo-seq

Stereo-seq is a remarkable method that relies on lithography chips featuring wells with diameters
ranging from 500 to 715 nm and DNA nanoballs (A. Chen et al., 2022). In this method, each
feature on the chip is assigned a precise spatial coordinate by distributing randomly labeled circular
templates onto the chip’s surface. These templates are then transformed into DNA nanoballs using
a technique called rolling circle amplification (RCA).

Subsequently, capture probes are ligated onto these nanoballs, which merge oligo-dT probes with
spatial identifier sequences. To profile the transcriptome of a tissue sample, the tissue is placed
onto this prepared array. A series of permeabilization steps releases the mRNA from the tissue,
allowing it to bind to the capture probes on the nanoballs. This mRNA is then transcribed into
cDNA. The resulting cDNA is removed from the array and used to prepare a sequencing library.
After sequencing, the reads can be accurately mapped back to their respective nanoball positions
on the chip.

Stereo-seq has demonstrated outstanding efficiency, capturing approximately 20,000 transcripts
per well while maintaining a relatively large overall area of 200mm2—an achievement in the
realm of unbiased spatial sequencing.

The method was demonstrated by creating an impressive map of the developmental processes in a
developing mouse embryo, spanning from E9.5 to E16.5. Only several months later, the method
was used to map the axolotl brain with single-cell resolution (Wei et al., 2022), with a focus on
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ependymoglial cells. This study provided valuable insights into the transcriptional states of these
cells during both development and regeneration.

Deconvolution Methods

The advent of various spatial transcriptomics methods has expanded our ability to profile
tissue at high resolution. However, many of these methods still need to achieve single-cell
resolution. To this end, computational deconvolution methods have emerged to bridge
this gap and extract cellular-level information from spatial data. As several deconvolution
methods have been previously used to deconvolve bulk RNA-seq composition into its cel-
lular constituents (B. Chen et al., 2018; Monaco et al., 2019; Steen et al., 2020), their
adaptation for spatial transcriptomics was a natural progression.

Many of these deconvolution methods utilize scRNA-seq data as a reference for decon-
volving the spatially resolved bulk features (Andersson et al., 2020; Biancalani et al., 2021;
Cable et al., 2022; Danaher et al., 2022; Kleshchevnikov et al., 2022; Y. Liu et al., 2023;
Lopez et al., 2022; Song & Su, 2021; D. Sun et al., 2022). This approach is excellent for ex-
perimental setups profiling tissues with both spatial and single-cell resolution or, optionally,
with a suitable external single-cell reference available. Nevertheless, it is not always feasible
to have a cellular-level reference, prompting some methods to focus on either including an
internal reference (Y. Ma & Zhou, 2022) or identifying underlying transcriptionally similar
cell populations through probabilistic modeling (H. Zhang et al., 2023).

Many new approaches to transferring the successes of other fields to biology have also been
published. Among them, for example, a novel, unsupervised, reference-free deconvolu-
tion approach emerging from the natural language processing domain, featuring the latent
Dirichlet allocation (LDA) model (Miller et al., 2022).

With an abundance of available models, selecting the most suitable one for a specific dataset
and tissue type can be challenging. Several review articles have been published to assist
researchers in this task, benchmarking these methods on numerous high-quality datasets
(H. Li et al., 2023; Yan & Sun, 2023), thus facilitating the selection of appropriate method-
application combinations.

The Evolution of FISH

The use of FISH methods for RNA species detection dates back to the early 1980s, with the
first publication on transcript detection through radiolabeled in situ hybridization (ISH) in 1973
(Harrison et al., 1973). Subsequently, fluorescently labeled versions emerged in the following
decades. A pivotal moment in FISH technology was a precursor to seqFISH, which surfaced in
2012 with the detection of 32 genes facilitated by super-resolution microscopy. SeqFISH, em-
ploying multiple rounds of fluorescent probe hybridization, showcased the potential to label the
transcriptome with increasing granularity (Lubeck et al., 2014). This method was later refined by
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introducing error correction techniques (Shah et al., 2016). It evolved into RNA SPOTs and se-
qFISH+, both demonstrating the detection of over 10,000 transcripts, a substantial advancement
from their predecessors (Eng et al., 2019; Eng et al., 2017).

The subsequent development of multiplexed error-robust FISH (MERFISH) introduced the en-
coding of transcripts in a fluorescent binary code while also streamlining the detection process by
eliminating only the fluorescent component of the detection ensemble (K. H. Chen et al., 2015).
This innovation led to extensive transcriptome profiling capabilities (Xia et al., 2019). In 2018,
the implementation of cyclic transcript labeling further improved the method, offering a clever
solution to mitigate optical crowding and overcome the minimum transcript length limitations
present in seqFISH and MERFISH with osmFISH (Codeluppi et al., 2018).

Advancements in FISH techniques continued to improve the methods further. An improvement
in the signal-to-noise ratio was achieved through the incorporation of rolling circle amplification
(RCA) into the workflow (Gyllborg et al., 2020; Jang et al., 2023), as well as the utilization of
branched DNA (Battich et al., 2013) and hybridization chain reactions (Choi et al., 2014; Jang
et al., 2023; Shah et al., 2016). Additionally, innovations emerged through the implementation
of tissue clearing (X. Wang et al., 2018) and expansion methodologies (F. Chen et al., 2016).
These collective developments have significantly expanded the capabilities and resolution of FISH
techniques for transcriptome analysis.

Molecular Toolbox: Padlock Probes and Rolling Circle Amplification

The molecular toolbox employed in the in situ sequencing methods described in this thesis
predominantly relies on padlock probes and RCA for gene detection, sequence capture, and
sequencing. This section aims to provide a foundational understanding of these method-
ologies.

Padlock probes are single-stranded DNA molecules featuring hybridization arms at their 3’
and 5’ ends, typically spanning 15 to 20 bases each. These arms are designed to be com-
plementary to the target transcript of interest. Complementarity of the arms is the most
crucial at the arm junction as a non-matching base would cause a failure of the arms to be
ligated together; however, this effect tapers towards the non-ligating ends of the padlock
probes. When the arms of a padlock probe successfully ligate, they form a circular molecule
that serves as a template for RCA. This concept has been widely applied in single nucleotide
polymorphism (SNP) detection (Edwards et al., 2009; Krzywkowski & Nilsson, 2018). In
addition to the hybridization arms, padlock probes typically feature a backbone that con-
stitutes about 60% of the probe’s length. This backbone can incorporate various functional
elements, such as a detection site compatible with fluorescent in situ hybridization, primer
binding sites for sequencing or gene/transcript identifier sequences (X. Chen et al., 2019;
Ke et al., 2013; X. Wang et al., 2018) (figure 5).

Initially, padlock probes were limited to targeting only DNA molecules due to constraints of
the available ligase enzymes. However, the advent of ligases that accept RNA:DNA hybrid

17



molecules has enabled methods to directly target RNA without the need for reverse tran-
scription (H. Lee et al., 2022; S. Liu et al., 2021). This approach offers several advantages:
it eliminates the efficiency loss associated with reverse transcription, reduces costs (as reverse
transcriptases are often costlier enzymes used in higher concentrations), and decreases time
requirements.

RCA has gathered significant attention in recent years due to its ability to generate an ex-
ceptional amount of product. The primary enzyme involved in this reaction, Φ29 (Phi29)
polymerase, can synthesize kilobases of a concatemeric product from a single primed cir-
cular molecule due to its unparalleled processivity. This makes it an excellent choice for
applications requiring the synthesis of a large quantity of DNA. In addition to in situ se-
quencing approaches, RCA has found applications in viral genome synthesis (Barreira et
al., 2023), DNA sequencing (Dean et al., 2002; English et al., 2012) and spatial transcrip-
tomics methods, such as Stereo-seq (Wei et al., 2022) mentioned earlier. An even more
processive variant of Phi29 polymerase has been developed by ThermoFisher Scientific,
which claims faster reaction times and improved yields while maintaining a constant error
rate. Apart from DNA synthesis and displacement properties, Phi29 has been reported to
possess a 3’-5’ exonuclease activity (X.-Y. Li et al., 2017) and restricted reverse transcription
activity (Krzywkowski et al., 2018), rendering it a versatile enzyme.

FISSEQ and ExSEQ

The FISSEQ (Fluorescent In Situ Sequencing) method presents a unique approach to RNA se-
quencing. It employs the Circligase enzyme after cDNA reverse transcription, effectively trans-
forming the cDNA itself into a RCA amplification template. This distinctive method was first
introduced in 2003 (Mitra et al., 2003). What sets FISSEQ apart is its aim to provide an unbiased
approach, which is less common in RCA-based methods. However, this unbiased nature comes
with the drawback of a significant proportion of reads originating from ribosomal RNA, reaching
up to 81.6% (J. H. Lee et al., 2014). Despite this limitation, FISSEQ offers extensive readout
capabilities, particularly when combined with SOLiD sequencing, allowing for the sequencing of
a 28-base-long stretch with minimal cross-talk.

FISSEQ was further integrated as an untargeted component of an expansion microscopy-based
method, ExSeq, designed for extensive transcriptome analysis (Alon et al., 2021). Expansion
chemistry not only enhances resolution but also makes RNAs more accessible to reagents. While
retaining the in situ sequencing component, ExSeq expands and adds an ex situ sequencing step
in the final phase, utilizing in situ sequencing as a mapping tool back to the tissue. The targeted
branch of ExSeq relies on padlock probes that hybridize directly to RNA molecules, providing an
excellent counterpart to FISSEQ.
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Figure 5: Schematic illustration of RCA of the padlock probe signal. (0) A padlock probe with
a phosphate molecule at 5’ end (5’Phos) finds its target transcript. (1) Padlock probe fully hy-
bridized to its target with gaps between the hybridization arms. (2) Ligase joining the gap. (3)
Phi29 digesting away DNA from the 3’ end until dsDNA region. (4) Phi29 switching into its
polymerase mode and synthesizing a complementary strand to the padlock probe. (5) With a
strong strand displacement activity, Phi29 copies over the circularized probe thousands of times,
creating a concatemeric molecule, a ”rolony”, containing the detection site of every padlock probe
copy.

In Situ Sequencing

The ISS (in situ sequencing) method, which was later commercialized into the Cartana system
(H. Lee et al., 2022) and subsequently acquired by 10X Genomics, represents one of the early
in situ sequencing approaches. In their 2013 publication (Ke et al., 2013), the research group
introduced a padlock probe-based strategy for gene detection. This method involves tissue fixation
and permeabilization, followed by cDNA synthesis and the removal of template RNA to create a
binding site for the padlock probe. For transcript detection using padlock probes, the molecules
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are allowed to hybridize, and their arms are ligated. Subsequently, RCA is performed, with cDNA
serving as the priming site for the reaction. The resulting product, known as a ”rolony”, is then
anchored in the tissue, and the barcode embedded in the template padlock probe backbone is
read through sequencing by ligation.

In the case of padlock probes designed for sequence capture, the probe is designed to bind the
hybridization arms around a sequence of interest. Once the arms hybridize, a polymerase with-
out strand-displacement activity is employed to fill in the gap; in this case, the Stoffel fragment
was used. The remaining gap is ligated, and the circular molecule is transformed into a rolony
sequenced as in the gene targeting approach. The difference lies in the fact that a binding arm
sequence is used as a priming site for sequencing.

Through this approach, Ke et al. demonstrated a high accuracy rate of 98.1% for gap-filling
sequencing, which was applied to sequence four bases in the human β-actin gene. Addition-
ally, they successfully targeted 35 transcripts associated with breast cancer prognosis using gene
targeting with padlock probes (Ke et al., 2013).

BaristaSeq

The gap-filling approach has been significantly improved in the BaristaSeq method (X. Chen et
al., 2018). While the study by Ke et al. used the Stoffel fragment to fill in the gap between the
arms, a more detailed investigation in the BaristaSeq group revealed a notable issue with over-
extended products, making the ligation of padlock probes infeasible in many cases. To address
this challenge, a search for a polymerase lacking strand displacement activity was conducted, and
it was found that Phusion polymerase produced the lowest amount of incorrectly sized products,
making it the most suitable enzyme among those tested. Subsequent optimization of reaction
conditions further improved the yield, resulting in slightly over half of all padlock probes gen-
erating the correctly sized product. This represents a significant enhancement over the original
implementation while maintaining a low rate of false positives (X. Chen et al., 2018).

In addition to optimizing gap-filling, BaristaSeq replaced the sequencing-by-ligation method
with sequencing-by-synthesis by adapting Illumina sequencing chemistry. This change improved
signal-to-noise ratio and demonstrated minimal signal loss for sequences up to 15 bases (X. Chen
et al., 2018).

BARseq

BARseq is a method that followed MAPseq’s publication (X. Chen et al., 2019). MAPseq was
initially designed for projection mapping through cell barcoding with a Sindbis virus carrying a
presynaptic protein capable of binding to a transcript consisting of a boxB sequence, along with
a reporter protein and a barcode sequence (Kebschull et al., 2016). Like many other RNA-seq
methods, MAPseq requires tissue homogenization, which results in a loss of cellular resolution
and limits its applicability to dissectable areas. In the years following, other connectivity mapping
methods were published (Huang et al., 2020; Peikon et al., 2017; Wu et al., 2021), with BARseq
being one of them.
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BARseq utilizes the MAPseq approach, where cells in a source node are infected with the pre-
viously described Sindbis virus, which is then trafficked to the presynaptic sites of these cells.
However, unlike MAPSeq, BARseq focuses on analyzing the area at the injection site with single-
cell resolution. This method has demonstrated higher sensitivity compared to standard projection
tracing approaches, such as contralateral projection tracing using retrograde cholera toxin subunit
B. Sindbis-delivered cellular barcodes are read using the BaristaSeq approach, which also enables
the assignment of cell type transcriptional identity through compatible methods like marker-based
Cre driver lines or FISH. Both approaches were validated in the founding study. First, through
the use of the Fezf2 driven Cre, allowing for dTomato expression that was mainly confined to five
PT-I cell populations (Tasic et al., 2018). Second, with FISH detection of the Slc17a7 gene (a
marker for excitatory neurons) and Gad2 (marking inhibitory neurons). Both cell labeling meth-
ods revealed population-level patterns in projection preferences, underscoring the added value of
the BARseq approach over MAPSeq.

Classification based on endogenous genes assumes that infection with the Sindbis virus used to
drive strong cellular barcode expression does not interfere with the gene expression of the cells.
The performed experiments indicated that this may not be the case, as the overall endogenous
expression was lower in barcoded sites over the intact. Luckily, the relative levels of transcripts
were found unchanged, leaving the type-specific expression patterns as informative as in an intact
tissue. The BARseq method has since been implemented in numerous connectomic studies (X.
Chen et al., 2019; Muñoz-Castañeda et al., 2021).

Following the initial BARseq implementation, an improved follow-up method was published in
2021 (Y.-C. Sun et al., 2021). This iteration retained its potential for projection mapping while
also introducing a targeted padlock approach for cell-type profiling. This advancement allowed for
a detailed mapping of cortical neurons and their projections (figure 6). A third iteration, Axonal
BARseq, is currently in development, promising even finer resolution of axonal projections and
their interactions (Yuan et al., 2023).

RNA Detection Methods

After cDNA-based approaches, several notable methods have emerged, which target RNA directly,
moving away from the use of cDNA (R. Deng et al., 2018; H. Lee et al., 2022; S. Liu et al.,
2021; Sountoulidis et al., 2020). Some noteworthy methods in recent years include SeqEA (R.
Deng et al., 2018), STARmap (X. Wang et al., 2018), SCRINSHOT (Sountoulidis et al., 2020),
BOLORAMIS (S. Liu et al., 2021), and dRNA-ISS (H. Lee et al., 2022).

SeqEA is based on a rolony-type approach with DNA probes being ligated directly on RNA
with SplintR ligase, which operates about 100 times faster on RNA:DNA molecules than T4 lig-
ases (Ho et al., 1997; Jin et al., 2016). It was introduced in 2018 and offered a unique approach
by detecting variations not only in fluorophores but also in the effectiveness of probe hybridiza-
tion. This effectively expanded the detection capabilities, demonstrated through the detection of
36 distinct barcodes using only two different fluorophores.
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Figure 6: Illustration of the BARseq method for transcript detection and analysis. (0) Cut tissue
placed on a slide. (1) permeabilized tissue. (2-4) Details of sequence capture in tissue from (2)
cDNA synthesis, to (3.1) crosslinking and sequence capture with a gapped padlock probe, (3.2)
gene detection with a padlock probe and finally (4) RCA. RT - reverse transcriptase; a-primer -
5’-aminoallyl-modified-primer.
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STARmap presents one of the most extensive RCA-based transcriptome profiling efforts up to
date with the successful detection of 1024 genes in a mouse brain tissue. Unlike the vast majority
of padlock-based methods targeting mRNAs, STARmap achieves gene detection without using
SplintR ligase by moving the ligation sequence outside the hybridization segment. Specificity is
maintained by including a double-purpose splint oligonucleotide that allows probe ligation and
primes the RCA reaction after hybridizing to its mRNA target (figure 7). As tissue imaging can
be complicated by its background signal, STARmap uses tissue-hydrogel chemistry to remove all
background. The padlock barcode is then sequenced through sequencing with error-reduction
by dynamic annealing and ligation (SEDAL), which has both good efficiency and error-checking
qualities by querying two bases at a time. It is an excellent alternative to replace SOLiD chemistry
and simultaneously overcome errors, which are difficult to detect in single-base querying methods
such as cPAL (Drmanac et al., 2010). A follow-up method, STARmap PLUS, has shown its utility
by extensively monitoring Alzheimer’s disease pathology in animal models and creating detailed
mouse CNS single-cell resolution maps. While the core concepts of the method remained, this
expanded version extended the barcode from 5 to 10 bases and included protein detection (H.
Shi et al., 2022; Zeng et al., 2023).

SCRINSHOT uses DNA padlock probes that directly hybridize to mRNA and are ligated
using the SplintR ligase (Jin et al., 2016; Sountoulidis et al., 2020). Due to the reported low selec-
tivity of SplintR ligase and its reported ability to ligate despite a mismatched site (Krzywkowski &
Nilsson, 2017), the group focused on defining stringent conditions for the hybridization reaction.
It showed the detection of 30 mRNA species in mouse lungs and submucosa.

BOLORAMIS achieves the direct detection of 96 genes from mRNA using SplintR ligase.
This method features 60-nt long padlock probes, which are over 30% shorter than those used
in comparable methods (typically 90 bases). Optimization of the 5’ arm length effect on true
detection rates is carried out, interestingly resulting in arm asymmetry. After the rolony synthesis,
the padlock barcode recovery is demonstrated using both FISH and a previously published ISS
method (Shendure et al., 2005). Notably, in BOLORAMIS, no significant advantage in using
more than 5-10 probes per gene was seen compared to other padlock-based methods employing
up to 30 probes per mRNA, which at a scale vastly decreases the number of necessary probes.
While the authors aimed to detect 77 miRNAs, barcode recovery for miRNAs was found to be
insufficient, necessitating further protocol optimization for miRNA detection.

dRNA-HybISS provides a commercial kit alternative to methods where individual compo-
nents need to be implemented by the adopting lab. This method exhibits superior sensitivity
compared to the cDNA-HybISS approach and has been benchmarked against osmFISH. While
osmFISH proved to be more sensitive overall, dRNA-HybISS demonstrated the ability to cate-
gorize underlying cell populations with similar resolution (H. Lee et al., 2022).
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Figure 7: Illustration of the STARmap employing its SNAIL probe mechanism compared to
padlock probe ligated directly on RNA (as seen in SCRINSHOT, BOLORAMIS and dRNA-
HybISS). (1) SNAIL probe splint oligonucleotide, (2) SNAIL probe, (3) padlock probe. DNA
ligase is in magenta, SplintR ligase in teal and Phi29 polymerase in dark blue.

Parkinson’s Disease

Parkinson’s Disease (PD) stands as the second most prevalent neurodegenerative disorder, affecting
approximately 2-3% of individuals above the age of 65 (Dorsey et al., 2007; Pringsheim et al.,
2014; Savica et al., 2013; Twelves et al., 2003; Van Den Eeden et al., 2003), while it remains
relatively rare among those under 50 years old. Its prevalence is expected to increase in parallel
with the aging population. Interestingly, PD exhibits a significant gender bias, affecting men
nearly twice as often as women in many populations, a trend curiously opposite to Alzheimer’s
disease (Elbaz et al., 2016). The clinical diagnosis of PD is primarily based on the presence of
bradykinesia and other motor symptoms, often with an asymmetrical presentation (Kalia & Lang,
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2015). However, non-motor symptoms such as cognitive impairment, sleep disorders, impaired
sense of smell, and psychiatric symptoms like anxiety and depression significantly impact the
patient’s quality of life. They can precede the onset of motor symptoms by several years or even
decades (Chaudhuri & Schapira, 2009). James Parkinson officially described the disease in 1817
as a ’shaking palsy,’ emphasizing its prominent motor component (Parkinson, 2002).

Pathological Mechanisms

The majority of motor symptoms of Parkinson’s Disease result from the degeneration of dopamin-
ergic neurons in the substantia nigra (SN), leading to dopamine depletion in striatal structures
and aberrant functioning of the surviving dopaminergic neurons. The disease is also character-
ized by the presence of Lewy bodies and α-Synuclein (αSyn) positive aggregates (Dickson et al.,
2009; Halliday et al., 2011). PD primarily affects specific cell types and brain regions unlike
other neurodegenerative diseases. In the early stages, the damage is confined to the ventrolateral
SN (Damier et al., 1999; Fearnley & Lees, 1991), gradually spreading in later stages. Minimal
symptoms can be observed in the prodromal stage of degeneration (Dijkstra et al., 2014). The
oncoming Lewy pathology in PD is initially localized to the cholinergic and monoaminergic neu-
rons of the brainstem and olfactory system, in contrast to Alzheimer’s disease with a center in the
limbic areas (Iacono et al., 2015).

Genetic and Environmental Influences

PD has a genetic component, with several genes having a strong effect and causing early-onset PD
and many newly discovered genes showing much lower penetrance (C. Klein & Westenberger,
2012; Nalls et al., 2014). Mutations in several genes are associated with familial forms of PD,
including SNCA, VPS35, and LRRK2, which are linked to autosomal-dominant transmission,
and PARKIN, PINK1, DJ-1, and DNAJC6 are associated with recessive forms. Genetic varia-
tion among ethnic populations may explain some disparities in PD risk, such as certain LRRK2
and GBA gene variants over-represented in Ashkenazi Jews, associated with an increased risk of
PD (Chillag-Talmor et al., 2011). Increased prevalence has also been observed in other ethnic
groups (Gordon et al., 2012). However, disentangling the contributions of genetic, societal, and
environmental factors has proven challenging.

As only about 10% of PD cases can be attributed to a genetic burden, roughly 90% of cases are
likely caused by other factors (C. Klein & Westenberger, 2012). Many studies have focused on
the relationship between the environment and the disease development and progression (Ascherio
& Schwarzschild, 2016). Some examples of factors influencing PD are exposure to pesticides,
history of melanoma or brain injury, or consumption of dairy products, which increase the risk
of diagnosis and physical activity, caffeine and nicotine usage as well as the use of several anti-
inflammatory medications, which are associated with a lower risk. (Ascherio & Schwarzschild,
2016; Paul et al., 2023). The lifestyle within the so-called Western nations also seems to carry a
risk factor for the disease onset, as demonstrated by a study involving American men of Japanese
ancestry, who experienced an increased risk of PD after moving to the United States compared to
most Asian countries (Morens et al., 1996).
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During the course of PD, numerous cellular processes are disrupted, including αSyn proteosta-
sis, mitochondrial function, oxidative stress pathways, calcium homeostasis, axonal transport,
lysosome-dependent degradation, and neuroinflammation (Nalls et al., 2014).

Basal Ganglia and its Dysregulation in PD

The basal ganglia constitute a complex network of subcortical nuclei, with critical hubs including
the striatum, globus pallidus (GP), substantia nigra (SN), and subthalamic nucleus (STN), which
output to the thalamus (figure 8). Dysfunctional interactions within this network play a pivotal
role in manifesting motor symptoms associated with Parkinson’s Disease (PD).

Historically, various models of basal ganglia function have been proposed (McGregor & Nelson,
2019). Here, we will introduce the classical model, widely accepted in the field as a reasonable
simplification. According to this model, two major pathways (see figure 9), distinguished by their
unique populations of striatal medium spiny neurons (MSNs), govern motor behavior. These
pathways are the direct and indirect pathways, with the hyperdirect pathway from the cortex to
the subthalamic nucleus being included additionally. (Nambu et al., 2000).

The direct pathway is primarily associated with the initiation of movement. It involves the D1
receptor-expressing MSN population in the striatum, which projects to the internal GP (GPi)
and SNr. Activation of this pathway inhibits the GPi and SNr, subsequently disinhibiting the
thalamus. This disinhibition leads to the activation of thalamic glutamatergic neurons, ultimately
initiating motor movements (Albin et al., 1989; Alexander & Crutcher, 1990; DeLong, 1990;
Y.-P. Deng et al., 2006; Gerfen et al., 1990; Moore & Bloom, 1978).

Conversely, the indirect pathway is primarily involved in inhibiting non-target motor movements.
It originates with the D2 receptor-carrying MSNs, which are inhibited by dopamine. These neu-
rons project into the external segment of GP, whose neurons, in turn, influence the STN, further
supporting the baseline thalamus inhibition from SNr and GPi. The activation of this pathway
increases thalamic inhibition and prevents signal transmission to the cortex. Additionally, the
hyperdirect pathway from the cortex to the subthalamic nucleus has been proposed to play a role
in preventing premature responses by strengthening the indirect pathway (Frank et al., 2007).

In Parkinson’s Disease, this delicate balance within the basal ganglia system is disrupted. Dopamine
depletion in the striatum, a hallmark of PD, leads to an overall increase in the inhibition of tha-
lamus. This heightened inhibition of the excitatory thalamocortical projections ultimately results
in the lack of excitation of the upper motor neurons, contributing to the motor deficits character-
istic of the disease (McGregor & Nelson, 2019). The dysregulation of the basal ganglia circuitry
underscores the fundamental role of these subcortical structures in motor control and the patho-
physiology of PD. But additionally, besides basal ganglia imbalances, other complex changes
in information processing are suggested to be involved in the PD pathology, such as cortico-
subcortical communication or the interaction between basal ganglia and cerebellum (Dirkx et al.,
2016; Kühn et al., 2008).
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Figure 8: Main anatomical structures of the basal ganglia

Therapies

Pharmacological Solutions

One of the oldest drugs for PD, the dopamine precursor L-DOPA, has been on the market for
over 50 years. As many of the PD symptoms arise from the lack of dopamine in the striatum,
systemic administration of L-DOPA, which crosses the blood-brain barrier and can be converted
into dopamine (LeWitt & Fahn, 2016) is a widely used solution (figure 10. It comes, however,
with the caveat that its long-term usage leads to side effects, mostly in the form of involuntary
movements, so called dyskinesias. While the cause of these side effects is not fully understood,
one of the key players is the discontinuous delivery of the shortly-lived L-DOPA, inherent to the
standard delivery methods, together with the variability in its absorption and transport (Poewe
& Antonini, 2015). Correspondingly, improvements in the continuity of the delivery ameliorate
the effects (Foltynie et al., 2013; Olanow et al., 2014).

Other dopamine targeting solutions include catechol-O-methyltransferase (COMT) inhibitors,
frequently co-administered with L-DOPA, which inhibit the metabolizing of dopamine, effec-
tively increasing its bioavailability (Ferreira et al., 2016). Additionally, monoamine oxidase type
B (MAO-B) inhibitors extend dopamine synaptic concentrations by inhibiting its processing into
an inactive metabolite (Schapira, 2011). Further, dopamine agonists, acting on medium spiny
neurons’ D1 and D2 receptors, are also employed (Connolly & Lang, 2014; Fox et al., 2011).
Some agonistic drugs have demonstrated efficacy comparable to L-DOPA while causing fewer
dyskinetic side effects. However, a drawback of this class is the potential stimulation of D3 re-
ceptors in the ventral striatum, which can lead to excessive activation of brain reward centers and
result in impulse control issues or drowsiness (Weintraub et al., 2010).
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Figure 9: Schematic illustration of the direct and indirect pathways. Green arrows depict path-
ways with glutamatergic signal, red with GABAergic, and black with dopaminergic. Pathways
degenerated in PD are shown with a dashed red border. The table below shows whether a signal
from the structure is excitatory or inhibitory, as well as activation patterns in a healthy subject
versus in a Parkinson’s disease patient

Deep Brain Stimulation

Deep Brain Stimulation (DBS) for PD has its roots dating back to 1993 when the subthalamic
nucleus (STN) was identified as a viable target for PD treatment (Limousin et al., 1995). Follow-
ing the discovery that high-frequency stimulation can mimic lesioning, electrode implantation
was employed to modulate the subthalamic nucleus, a practice still in use today for managing
advanced PD symptoms (Fox et al., 2011). This treatment is typically reserved for patients who
initially responded well to L-DOPA but have exhausted its effectiveness and do not exhibit severe
psychiatric symptoms (Bronstein et al., 2011). Young-onset PD patients are a common group
eligible for this surgical intervention (Deuschl & Agid, 2013). While dopaminergic medication
is not entirely discontinued after the surgery, its reduction by approximately 60% reduces dyski-
netic events by a similar rate, markedly improving patients’ quality of life. Apart from the STN,
another target of DBS is the internal segment of the globus pallidus (GPi). However, at best,
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Figure 10: Pharmacological targets of PD therapy. Synthesis pathways are shown in green, degra-
dation pathways are in red, and transport pathways are in black. TH - Tyrosine hydroxylase,
AADC - aromatic L-amino acid decarboxylase, DOPAL - 3,4-dihydroxyphenylacetaldehyde, D2-
R - D2 receptor, D3-R - D3 receptor

long-term outcomes of GPi targeting appear to be equivalent to STN targeting (Odekerken et
al., 2016).

Gene Therapy

Gene therapy in the context of PD can be categorized into three main approaches: neurotrophic
factor delivery, dopamine restoration through enzyme delivery, and basal ganglia modulation
agents.

In the realm of neurotrophic factor delivery, members of the glial cell line-derived neurotrophic
factor (GDNF) family have shown promise in animal models of PD (Kordower et al., 2006).
While initial trials with GDNF delivery into the putamen have shown promise in symptom and
L-DOPA side effects reduction, the benefit was later not shown in a more extensive study, which
compared GDNF to a placebo infusion (Lang et al., 2006). Later, this lack of results was theorized
to be potentially caused by a lack of GDNF spread throughout the tissue.

To improve delivery, viral vectors, such as Adeno-associated virus serotype 2 (AAV2), were em-
ployed. Trials documented the delivery of neurturin (NTN), a close analog of GDNF, using
AAV2. NTN-based therapy showed a positive trend in a preliminary study with very few hu-
man subjects, where the therapy diminished the level of dyskinesias, improved functional scores,
and had very few side effects (Marks et al., 2008). A more extensive trial, unfortunately, did not
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show significant symptomatic relief despite the encouraging initial studies, even as it showed good
tolerability, observed in most AAV2-based gene therapies (Marks et al., 2010). Post-mortem in-
vestigation revealed that AAV2 successfully transduced cells were mainly by the injection tract and
weren’t especially numerous (Bartus & Johnson Jr, 2017). Other factors explored included cere-
bral dopamine neurotrophic factor, brain-derived neurotrophic factor, and vascular endothelial
growth factor (Lindholm et al., 2007; Tsukahara et al., 1995; Yasuhara et al., 2004).

The second approach focuses on the delivery of dopamine-modifying enzymes. Numerous clini-
cal trials, many utilizing AAV2 as the delivery vector, have been initiated (Kozłowska et al., 2023).
Among completed studies, many have focused on the delivery of genes related to dopamine
restoration, including tyrosine hydroxylase (TH ), L-amino acid decarboxylase (AADC ), and GTP
cyclohydrolase 1 (GCH1) (Carlsson et al., 2005; Jarraya et al., 2009). Some of these studies have
shown promising results in animal models for dopamine restoration. A 2012 study using an
AAV2 vector carrying the AADC gene (Mittermeyer et al., 2012) exhibited a good safety profile
and tolerance. Prior studies had demonstrated the restorative effect of AADC in animal models
(Sánchez-Pernaute et al., 2001), and this study showed AAV2-delivered AADC to remain active
four years post-surgery. Symptomatic relief was observed in the first 12 months post-surgery;
however, it appeared to deteriorate afterward. Another AAV2-based trial focused on the striatal
delivery of AADC genes and, when followed for 36 months, allowed for a reduction in L-DOPA
dose of up to 30% (Christine et al., 2022). Oxford Biomedica explored a tri-enzyme approach
involving the delivery of TH, AADC, and GCH1 directly into the striatum using a lentiviral vec-
tor (Palfi et al., 2014). This approach was necessitated by the cargo size, which exceeded the
AAV size limit. A non-human primate study using this construct demonstrated good tolerability,
symptomatic improvement, and the absence of dyskinesias following treatment (Jarraya et al.,
2009). The positive outcome prompted a human trial, where patients’ progress was monitored
for 12 months. Similar to other attempts, the treatment was well tolerated but resulted in only
modest yet reliable motor recovery (Palfi et al., 2014). Glutamic acid decarboxylase, which mod-
ulates basal ganglia activity, was also shown to be well tolerated and in human trials and studies
performed up to date shows a promise with a decrease in motor symptoms over the course of 12
months (Niethammer et al., 2017).

Lastly, among the basal ganglia activity modulation category. Among its members is glutamic acid
decarboxylase, which has shown to be well tolerated and, in human trials and studies performed
up to date, shows a promise with a decrease in motor symptoms over the course of 12 months
(Niethammer et al., 2017).

Cell-Based Therapy

Cell-based therapy aims to replace not only the dopamine-related components but also the entire
dopaminergic cell population that degenerates during the course of PD. The journey of cell-based
therapies for PD dates back to the 1970s and 1980s when preclinical studies were initiated. The
first human trial occurred in 1982, involving two patients who received adrenal medullary tissue.
This tissue produces catecholamines and, to a lesser extent, dopamine (Backlund et al., 1985). Un-
fortunately, these grafts did not demonstrate clinical benefits (W. J. Freed et al., 1990). However,
in 1987, a study claimed symptom alleviation in two patients following medullary transplantation
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(Madrazo et al., 1987), leading to a wave of transplantations based on somewhat dubious founda-
tions and with inconsistent results (Allen et al., 1989; Hurtig et al., 1989; Jankovic et al., 1989),
ultimately resulting in the abandonment of this approach. Apart from adrenal medullary tissue,
human retinal pigment epithelium (hRPE), autologous carotid body, and embryonic porcine ven-
tral mesencephalic cells were also explored (Gross et al., 2011; Mínguez-Castellanos et al., 2007;
Schumacher et al., 2000).

Early efforts leading up to fetal dopaminergic graft transplantation emerged in the 1990s from
a search for new ways to restore the dopamine release in the striatum (Björklund et al., 1980;
Björklund & Stenevi, 1979). These early studies performed experiments using rat embryos be-
tween E16-E19 for the collection of ventral mesencephalic tegmentum, later developing into SN
and VTA areas, and their transplantation into the dorsal striatum of the 6-OHDA rat model
of PD. While the resulting number of grafted dopaminergic neurons was quite variable, these
studies laid the foundation for the field’s progress by proving a functional integration of these
neurons through neuronal outgrowth and corresponding levels of motor recovery. First human
trials were initiated not only due to the potential shown by early studies but also due to a sudden
availability of aborted fetal tissue brought on by a change in Swedish law regarding its use for
medical purposes. After initial studies with human material, confirming the presence of surviv-
ing dopaminergic neurons in grafts from ventral mesencephalic tissue from embryos aged 6.5 - 9
weeks (Brundin et al., 1986). First human trials began rather swiftly, and the first two patients
and their progress was reported in 1989 (Lindvall et al., 1989).

During the 1990s, fetal dopamine neuron studies gained momentum. While initial patient data
was suboptimal (Lindvall et al., 1989), subsequent attempts demonstrated more promise (Lind-
vall et al., 1990). These findings led to larger-scale efforts, which, despite variable outcomes,
consistently showed overall symptom improvement (Brundin et al., 2000; C. R. Freed et al.,
2001; Lindvall et al., 1994; Wenning et al., 1997). Notably, these therapies were more effective
for patients in the early stages of the disease (Olanow et al., 2003). Long-term monitoring of
transplant activity confirmed the durability of the graft over decades (Kefalopoulou et al., 2014;
Olanow et al., 2003; Piccini et al., 2000). However, the use of fetal cells had its drawbacks, in-
cluding limited availability of suitable donor material, the development of severe graft-induced
dyskinesias (GID), and the challenge of achieving a homogeneous cell population (C. R. Freed
et al., 2001; Y. Ma et al., 2002). Subsequent research attributed GID to the presence of con-
taminating serotonergic neurons, prompting the search for a more controllable population (Lane
et al., 2006; Mendez et al., 2005; Politis et al., 2010). Another possible issue presented the dis-
covery of Lewy pathology in transplants in post-mortem examinations (J.-Y. Li et al., 2008; J.-Y.
Li et al., 2010); however, as the proportion of infected cells did not exceed 15%, and the trans-
plants demonstrated decade-long survival, the positive outcomes of transplantation outweighed
the eventual impermanence (Guo & Lee, 2014; Hallett et al., 2014).

As fetal cells posed scalability challenges, the field gradually shifted toward human embryonic
stem cells (hESC), showing initial promise (Barker, 2014). With the development of protocols
for generating dopaminergic neurons from embryonic cells, animal models swiftly followed and
demonstrated the viability of transplanted cells (Cooper et al., 2010; Park et al., 2005; Roy et
al., 2006). After developing protocols for generating dopaminergic neurons from embryonic
cells, the first animal models transplantation did not wait long. It showed a population that
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survives transplantation (Cooper et al., 2010; Park et al., 2005; Roy et al., 2006). Shortly after,
the generation of pluripotent stem cells through a combination of four transcription factors was
announced (Takahashi et al., 2007). Soon, these induced pluripotent stem cells (iPSCs) were
subjected to differentiation towards dopaminergic fate similar to hESC, generating early successes
(Chambers et al., 2009; Kikuchi et al., 2011; Soldner et al., 2009; Tabar & Studer, 2014). A
deeper understanding of the origin of dopamine-producing neurons (Arenas et al., 2015; Kirkeby
et al., 2012) and studies highlighting the similarity between hESC and fetal cell-derived neurons
(Grealish et al., 2014) further accelerated progress in the field.

As the product is meant for eventual clinical use, a Good Manufacturing Practice (GMP)-compliant
protocol was published for the cell generation (Nolbrant et al., 2017). The cells have been shown
to display evidence of fiber outgrowth (Adler et al., 2019; Grealish et al., 2015), indicating inte-
gration into the host tissue.

The identity of the grafts was initially assessed with immunohistochemistry as well as RNA-seq
(Adler et al., 2019; Kirkeby et al., 2017). Higher resolution analysis on the single-cell level was
published in 2020 (Tiklová et al., 2020) and the spatial transcriptome was assessed in paper I of
this thesis.

Animal Models

Numerous animal models have been established to replicate the key features of PD. Rodents,
in particular, have become a favored choice due to their ease of handling and highly similar
cortico-basal ganglia-thalamocortical circuits compared to humans (Reiner et al., 1998). In both
human and rodent models, motor symptoms of PD begin to manifest when approximately 50%
of dopaminergic connections to the striatum are lost (Boix et al., 2018; Fearnley & Lees, 1991).
These symptoms reach their full potential when approximately 80% of these connections are lost
(Francardo et al., 2011). Several strategies have been established to replicate degeneration of the
nigrostriatal pathway in an animal model, including toxin-based, proteasome inhibitor-based,
and αSyn based models (Cenci & Björklund, 2020).

Toxin-Based LesionModels Toxin models primarily involve inducing chemical damage to
dopaminergic populations. Some of the most widely used toxins include 6-hydroxydopamine (6-
OHDA) (Ungerstedt, 1968), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Langston
et al., 1983), and environmental toxins such as Paraquat (Powers et al., 2017).

The 6-OHDA model, first described in 1968, has persisted due to its ease of generation and
ability to induce robust dopaminergic cell death (Ungerstedt, 1968). 6-OHDA, a dopamine
analog, triggers oxidative damage and glial inflammation upon entry into a cell, leading to neuron
death (Kuter et al., 2020; Rotman & Creveling, 1976). Since 6-OHDA cannot cross the blood-
brain barrier, it must be injected directly into the brain, typically into the substantia nigra (SN),
medial forebrain bundle (MFB), or the striatum. While this model offers stable and controllable
pathology, it fails to capture the systemic nature of PD, strictly targeting dopaminergic cells and
lacking the characteristic Lewy pathology, necessitating its combination with other methods to
represent various aspects of PD.
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Proteasome Inhibitor Models Models based on proteasome inhibitors focus on deficits in 
protein degradation, which play a role in PD pathology development and are linked to αSyn ag-
gregation (Xilouri et al., 2013). These models involve injecting irreversible proteasome inhibitors 
into the SN or MFB. The severity of resulting damage is dose-dependent (Xie et al., 2010), and 
the motor deficits can be reduced with L-DOPA administration (Konieczny et al., 2014). Unlike 
toxin-based models, proteasome inhibitor models exhibit progressive extranigral pathology (Ding 
et al., 2004; Vernon et al., 2011), with observable αSyn inclusions in affected regions (Elson et 
al., 2016).

αSyn-Based Models αSyn, a protein long and closely associated with PD pathology, has 
been extensively studied due to its involvement in familial forms of PD (Polymeropoulos et al., 
1997). At the same time, a PD-like disorder was also seen in individuals with more than one copy
(Chartier-Harlin et al., 2004). Models based on αSyn can be created using transgenic models, 
viral delivery (commonly using an AAV or lentivirus), or injecting pre-formed fibrils. These 
models offer the advantage of replicating progressive pathology and more accurately modeling 
protein misfolding, a hallmark of PD (Cenci & Björklund, 2020). While transgenic models 
provide insight into systemic pathology, viral delivery offers a more targeted approach.

One popular method for delivering αSyn is through AAV vectors, which are stereotactically in-
jected to target brain regions. AAV-based delivery is highly efficient, resulting in  an  extensive 
pathology and spreading throughout multiple stages of degeneration, allowing for the study of 
early PD phases as well (Kordower & Bjorklund, 2013). This method provides a pathology at the 
cellular level that is more similar to PD, including early axonal pathology and striatal dopaminer-
gic dysfunction, further supporting the feasibility of the study of very early PD-associated changes
(Thomsen et al., 2 021). Over the years, AAV vectors used to deliver αSyn have undergone sig-
nificant improvements in efficiency, sel ectivity, and  spread, making them highly tunable tools 
for mimicking PD pathology (Davidsson et al., 2019; Kirik et al., 2002; Volpicelli-Daley et al., 
2011). While this approach presents technical challenges related to titer variability, transduction 
efficiency, and vector serotype-specific action, AAV-based αSyn models appear to be among the 
most faithful representations of PD pathology (Cenci & Björklund, 2020).

The ability of αSyn pre-formed fibrils (PFFs) to induce further oligomerization of available mono-
meric αSyn has been well documented (Cenci & Björklund, 2020; Volpicelli-Daley et al., 2011). 
In fibril-based animal models, the PD-like disease is initiated primarily by recruiting endogenous 
αSyn by these PFFs rather than the fibrils’ toxicity. This is supported by the lack of pathogenicity 
observed in the absence of αSyn (Peelaerts et al., 2015).

When PFFs are injected into the brain, they lead to the extensive formation of αSyn-positive 
aggregates. These aggregates are heavily phosphorylated, insoluble, and ubiquitinated, similar to 
Lewy inclusions found in PD. However, the development of pathology in PFF-induced models is 
relatively slow compared to other methods, with significant neurodegenerative changes typically 
appearing around six months after the injection into brain regions such as the SN, striatum, or 
cortex (Luk et al., 2012; Osterberg et al., 2015; Paumier et al., 2015).

While PFFs can spread from the injection site, their propagation tends to taper off around the 
1-year mark, making this model less stable over time (Rey et al., 2016; Rey et al., 2018). Due to
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their complementary qualities, researchers often use the AAV-induced αSyn and PFFs approaches
together. Increased αSyn production from AAV further stimulates fibril formation, allowing the
separation of the disease process into well-defined stages resembling PD progression. Additionally,
this combination model can maintain lower overall αSyn levels compared to AAV-only models,
where αSyn needs to be severely upregulated to induce pathology (Faustini et al., 2018).

Several studies have demonstrated that the combination of PFFs and AAV-delivered αSyn leads
to severe and progressive pathology, resembling many molecular and symptomatic aspects of PD.
This includes inflammation, phosphorylated αSyn inclusions, extensive loss of dopaminergic cells
at the tissue level, as well as behavioral impairments in working memory, attention, inhibition,
and motor function (Espa et al., 2019; Hoban et al., 2020; Negrini et al., 2022; Thakur et al.,
2017).

The Biology of α-Synuclein

α-synuclein is a 140-amino-acid-long acidic protein consisting of three functional domains
(Fusco et al., 2014).

• The first domain, located at the N terminus (amino acids 1-60), forms an α-helical
structure crucial for the protein’s interaction with cellular membranes (Vamvaca et
al., 2009).

• The second domain (amino acids 61-95), known as the non-amyloid-β component
(NAC region), is the region most prone to aggregation.

• The final region is negatively charged, possesses chaperone-like activity and can bind
Ca2+, which facilitates interactions with cellular membranes (Lautenschläger et al.,
2018; Nielsen et al., 2001).

In Parkinson’s disease (PD), α-synuclein aggregates into β-sheet conformations that can
recruit additional monomers, leading to extensive aggregation. In healthy individuals, α-
synuclein is mainly found at presynaptic sites, where it plays a role in membrane stabi-
lization, neurotransmitter trafficking, and storage (Burré et al., 2010; Shen et al., 2012).
It also modulates dopamine storage in synaptic vesicles through interaction with vesicular
monoamine transporter 2 (VMAT2), preventing damage caused by dopamine metabolites
(González-Hernández et al., 2004). In PD, α-synuclein aggregation also disrupts cellular
transport between the cell body and terminals (Volpicelli-Daley, 2017; Volpicelli-Daley et
al., 2014).

Apart from PD,α-synuclein pathology is typical in other synucleinopathies (Calabresi et al.,
2023). These include dementia with Lewy bodies (DLB), characterized by inflammatory
processes initiated by α-synuclein, amyloid, and tau aggregates (Amin et al., 2022). Mul-
tiple system atrophy (MSA), featuring α-synuclein aggregation in oligodendrocytes (Kiely
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et al., 2018) and pure autonomic failure (PAF) or REM behavior disorder (RBD), often ob-
served in patients who later develop PD or, more rarely, other synucleinopathies (Stokholm
et al., 2017).

Molecular Tools for Gene Therapy

AAV basics

AAVs are non-enveloped viruses with a capsid comprised of 60 subunits and a diameter of ap-
proximately 25 nm. They rely on co-infection with other viruses, such as adenoviruses or herpes
simplex viruses, for replication (Hocquemiller et al., 2016; D. Klein et al., 2023; Naso et al.,
2017).

The wild-type AAV (wtAAV) genome is approximately 4.7 kb in length and includes sequences
for polyadenylation, promoters, replication, structural capsid, and assembly activation protein
genes. The genome is flanked by inverse terminal repeats (ITRs), which are essential for viral
replication. When using AAV for gene therapy, the viral genes are replaced with a therapeutic
gene of interest (D. Klein et al., 2023).

Modification of the capsid coat has received a lot of attention in recent decades as the need
for precise cell targeting became apparent, and many cell-specific vectors have been discovered
(Agbandje-McKenna & Kleinschmidt, 2011; Denard et al., 2018; O’Carroll et al., 2021). Vari-
ous naturally occurring capsid variants have been discovered (Hsu et al., 2020), but efforts have
also been made to design capsids rationally or evolve them to improve targeting (Agbandje-
McKenna & Kleinschmidt, 2011; Dalkara et al., 2013; Denard et al., 2018; Deverman et al.,
2016; O’Carroll et al., 2021; Santiago-Ortiz et al., 2015). In addition to capsid optimization,
cassette engineering has been a focus of AAV research. Self-complementary AAV, for example, has
been developed to increase transduction efficiency (McCarty et al., 2003; Mendell et al., 2017;
Z. Wang et al., 2003). Promoter selection is another important aspect of AAV research, as it can
modify transgene expression and restrict it to specific cell types (Sack & Herzog, 2009).

Gene Editing in the Brain

Gene editing methods, such as those using CRISPR/Cas9, carry tremendous potential for therapy
for genetic disorders and innumerable applications in biological research. Despite great potential,
CRISPR/Cas systems have various limitations, efficiency, and poor function in non-dividing cells
being one of them. Many of the cells desirable as targets of gene therapy, neuronal cells being a
prime example, are not actively dividing, relegating gene therapy to the more dynamic popula-
tions. This limitation is primarily connected to the homology-directed repair (HDR) pathway,
which becomes active during the G2/S cell cycle phase (Iyama & Wilson, 2013; Orthwein et
al., 2015). HDR has been successfully used to correct both loss-of-function and gain-of-function
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Figure 11: Illustration of the mechanism of HITI gene knock in. Initial state shows target with a
cut site as well as a circular donor template with the same sequence. CRISPR/Cas9 system targets
both and only in the case of correct insertion is the Cas9 unable to cut either construct.

alleles, and despite its relatively low efficiency, it has been shown to successfully target hematopoi-
etic cells and repair X-linked severe combined immunodeficiency caused by a mutation in IL2RG
(Genovese et al., 2014).

The other major pathway for repairing double-strand breaks (DBS) is the non-homologous end
joining (NHEJ) pathway, which ligates the DNA ends directly and is active throughout the cell
cycle (Lieber, 2010). Homology-independent targeted insertion (HITI) is a method with a focus
on highly efficient transgene delivery and integration into non-dividing cells (Suzuki et al., 2016).

36



INTRODucTION

As the name suggests, it uses the NHEJ mechanism to extend its target niche. While previous
attempts have been made to utilize NHEJ for transgene insertion (Auer et al., 2014; J. Li et al.,
2015; Z. Shi et al., 2015), due to the nature of the NHEJ pathway repair mechanism, the direction
of the insertion cannot be controlled. HITI takes advantage of the CRISPR/Cas9 system to create
a DSB at the locus of interest and further supplies a circular donor template with a target for
the single guide RNA (sgRNA) used. Consequently, after CRISPR/Cas9 system cuts the donor
template, NHEJ can integrate it into the DSB. In the case of reverse orientation integration, the
partial sgRNA complementary sequences will restore the cut target site at both ends of the newly
integrated sequence, encouraging its excision and re-integration. Following an integration in the
correct direction, the cutting site is not regenerated, cementing the insert in its place (figure 11).
The rationale of this design was largely confirmed in the founding study, where the insert was
found in the incorrect orientation only 2% of the time. Further, compared to HITI, HDR only
amounted to ~10%

An area of NHEJ repair that still needs further exploration is its proneness to insertions and
deletions (indel) (W. Chen et al., 2019). While most integrations in Suzuki et al., 2016 were
error-free, indel frequency remained non-negligible. This feature is advantageous when the desired
outcome is gene knockout (J. Li et al., 2015; Min et al., 2019). In cases where flawless insertion
is the goal, significant effort must be made to limit the indel rate. To this end, new tools are
continuously emerging, improving indel prediction (Konstantakos et al., 2022; X. Liu et al.,
2022) and detection (Bennett et al., 2020) alongside many other aspects of the gene editing
process.
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Aims

The major focus of my thesis was the development and application of novel tools,
with the aim to expand our understanding of events happening in various stages
of Parkinson’s pathology and attempts at its reversal. Within the scope of the
papers presented in this thesis, the aims are the following:

I.Analysis of the composition of several human embryonic stem cell-based dopamin-
ergic transplants in an animal model with Spatial Transcriptomics (ST). Of spe-
cific interest is its comparison to a preceding single-cell RNA sequencing analysis.

II. Development of a method able to generate diverse probe and modified cDNA
primer libraries in large amounts for targeted spatial transcriptomics methods.

III. Analysis of transcriptional changes in dopaminergic neurons associated with
αSyn overexpression. For this, barcoded Cre-dependent αSyn-carrying expres-
sion cassettes were delivered by an MNM008 AAV capsid into the cells and the
effects were assessed through single nuclei RNA sequencing.

IV. Investigation into the transmission of the Arc retrotransposon among cells in
the mouse brain. AAV capsids delivered CRISPR/Cas9 and mCherry cassettes
and HITI system was deployed to integrate mCherry into the 5’region of the Arc
gene.
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Summary of Key Results

Paper I

Cell therapy aimed at replacing dopaminergic cells lost to PD has started entering the clinic
in recent years and has shown great promise with symptomatic relief. However, an unbiased
analysis of the graft composition has been mostly lacking. To probe the transplant composition
in an unbiased manner and with spatial information, we explored the transcriptomic landscape of
dopaminergic transplants aimed to supplement the dopamine lost in the striatum of Parkinson’s
patients in animal models of PD. To this aim, we analyzed the transcriptome patterns of three
grafts and compared the cellular proportions in the deconvolved spatial features to a previously
published single-cell RNA sequencing analysis (Tiklová et al., 2020).

hESC-Derived Transplants

To obtain the dopamine-producing cells to implant into the striatum, human embryonic stem
cells (hESC) were differentiated towards ventral midbrain (VM) fate according to a previously
published protocol (Nolbrant et al., 2017). When cells reached a level of phenotypic maturity,
they were transplanted into a striatum of immunocompromised PD rat model, with parkinsonism
caused by a unilateral lesioning of SN. The implanted cells were left to integrate and mature for
six up to 15 months, after which the animals were sacrificed, and their brains were preserved
and sectioned. Up to 6 transplant-containing sections were analyzed per animal with spatial
transcriptomics (ST) (figure 12A, B).

Removing Batch Effect from Spatial Transcriptomics Data

The resulting sequencing data from transplanted and control sections was subjected to quality
control and normalization. From dimensional reduction analysis, it became clear that a strong
batch effect was present as even tissues from the same animal failed to co-register (see figure
12C-C’). As most batch correction algorithms were developed for scRNA-seq or bulk sequencing
data, we tested three batch correction algorithms to find the best fit for our dataset: Seurat,
Scanorama, and autoencoder-based DESC. Out of all the algorithms tested, Seurat showed the
highest preservation of patterns found within unique sections and known anatomical regions,
including the separation of the cortical area into layers (figure 12F-F’). Scanorama performed well
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Figure 12: (A) Scheme of ST analysis of a brain tissue visualizing the principle of ST slides and
the capture probes, immobilized within the feature areas. (B–B”). H&E stain of sections with
large (B), medium (B”), and small (B”) transplant in striatal tissue. TX, transplant; CPu, caudate
putamen; M1/M2, primary/secondary motor cortex; S1/S2, primary/secondary somatosensory
cortex; cc, corpus callosum; Acb, nucleus accumbens; VP, ventral pallidum. (C–F’) UMAP di-
mensional reduction of the transcriptomic data from all transplanted sections. (C) UMAP of the
ST dataset, labeled by the host, section, or cluster. (C’) Clusters’ distribution throughout the tis-
sue sections. The same analyses are presented for processing with (D–F’) Scanorama (D and D’),
DESC (E and E’), and Seurat (F and F’), which were used to correct batch effect in the dataset.
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within a single animal but failed to remove differences among them. Notably, the transplanted
area was detected as a unique region throughout (figure12D-D’). While DESC separated the
majority of the tissue well, many outlier features were left unintegrated into the tissue as a whole,
creating their own micro-communities (figure12E-E’). While there has been plenty of debate as
to which method is superior, in our case, Seurat integration performed most in line with the
biological ground truth and was used in downstream analysis.

Identification of Human Tissue and Anatomical Regions

In summary, to get a good understanding of the tissues, we annotated the observed clusters by
their content of uniquely human or rat transcripts and assigned them to anatomical areas through
their associated cell populations’ marker gene expression whenever possible. Analysis for species
assignment made use of species-specific transcripts. Through their distribution in the tissue,
human clusters clearly stood out from the rest (figure 13B-B”). and the surrounding striatum
was unanimously identified through its medium spiny neurons population marker genes (fig-
ure 13C-C”). A closer look at genes differentially expressed in the transplant in comparison to
the surrounding striatum indicated the presence of a dopaminergic population with many of the
dopaminergic neuron markers robustly expressed in both transplants and SN (figure 13D-F).
Further, the distribution of species-specific marker gene transcripts also pointed at dopaminergic
neuron markers, such as TH, dopamine transported gene (DAT ) and VMAT2 captured inside
the transplant to be of human origin. In contrast, the opposite is true for the rat substantia nigra
areas, which show only rat-specific transcript presence.

Deconvolution of ST Features with an External scRNA-seq Dataset

As ST features are 100 μm in diameter, about ten times that of a reference mammalian cell, com-
putational approaches had to detangle the cellular signal from a single feature. This was done
through a combination of information from the ST dataset together with a scRNA-seq refer-
ence (figure 14A) from relevant areas of a mouse brain atlas (Zeisel et al., 2018). These were
integrated with the cell2location algorithm, which estimated the proportions of the cells from
scRNA-seq reference within the ST features. Another method, stereoscope, was also assessed but
showed worse performance based on the known distribution of human and host-associated cell
types. The final deconvolution results showed a high concordance of the predicted host cell type
distribution with the current knowledge, supporting the suitability of the deconvolution design.
The transplanted brain section areas showed the presence of a sizeable dopaminergic population
as well as a smaller neuroblast and astrocytic ones (figure 14B-E). This dopaminergic population
was unique to the transplant within the grafted sections, and linear regression analysis confirmed
a high correlation between human and dopaminergic content of a feature, providing further sup-
port for the human origin. To verify these results in tissue, markers for the most prominent
transplant cell populations were analyzed in tissue sections, recapitulating their localization in the
transplant. TH was used for dopaminergic neurons, GFAP for astrocytes, COL1A1 for vascular
leptomeningeal cells (VLMCs), and HuNu to highlight cells of human origin (figure 15).
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Figure 13: (A–A”) Seurat-assigned clusters in tissues with transplants and their respective scores
for (B–B”) human transcript content and (C–C”) MSN-associated gene content. (D) Heatmap of
genes most differentially expressed between striatum and transplant regions and their expression
in the remaining regions of the ST processed tissues. (E) Genes found differentially expressed
between the transplants and the remainder of the grafted tissues. (F) Differentially expressed
genes between the substantia nigra and the transplants.

Comparison of Transplant scRNA-seq vs ST Analysis

A dopaminergic transplant of the same kind was previously analyzed with scRNA-seq and results
were reported in Tiklová et al., 2020. In this publication, cells were annotated on a cluster basis
through the observed marker genes and correlation analysis with an available mouse scRNA-seq
dataset (Zeisel et al., 2018). We noticed that the clusters showed high similarities to multiple finer
cell types within a larger category (e.g., cluster with high neuronal marker expression showed high
correlation with not only dopaminergic but also peptidergic, cholinergic, and other neuronal
subtypes), and the clusters did not seem to show a unanimous marker gene expression. We,
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Figure 14: (A) Distribution of the most abundant cell types as assigned by SingleR throughout
the scRNA-seq UMAP representation. (B) Deconvolution of a host SN-containing tissue and
the distribution of the detected cell types. (C) Distribution of cell types in the grafted striatal
sections, with a detailed look at the transplant area alone (D). (E) The proportion of cell types
in the transplant area versus in the striatum as assessed by the deconvolution of the ST sections
compared to the proportion of the cell types in the scRNA-seq dataset (dashed red line signifies
percentage in scRNA-seq). (F) Distribution of control host populations in the grafted tissue. Str,
striatum; TX, transplant; Ctx, cortex; CC, corpus callosum; Hipp, hippocampus; AC, anterior
commissure.
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Figure 15: (A) Co-registration of IHC signal from TH and human nuclear antigen (HuNu) in a
dopaminergic transplant. B Co-localization of IHC signal from COL1A1, GFAP and HuNu.

therefore, decided to assess the cell identity with SingleR, which attempts to assign the identity to
each cell separately by comparison to a reference dataset, overcoming the averaging of expression
values within a cluster. This assessment assigned cells into additional cell-type classes, especially
within the neuronal cluster. A further look into the assignment probabilities patterns showed a
congruent story, with high uncertainty on lower levels compared to a clear differentiation between
cells assigned into the glial and neuronal populations (figure 15A).

The difference between the datasets standing out the most is the proportion of neuronal to non-
neuronal cells. While in the scRNA-seq dataset, neuronal populations assume less than a percent
of all analyzed cells, in spatial analysis, this climbs to 11.3%, making it the most prominent
transplant population. The overall percentage might go even higher with a higher-resolution
method due to the small size of the grafts and relatively large spatial features, which causes a
strong partial volume effect, clearly observable through the intermingling of dopaminergic and
medium spiny neuron marker genes and a gradient of the human-specific transcripts percentage,
decaying towards the edges of the transplant.
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Paper II

In the past years, many methods have appeared in the field of spatial transcriptome profiling.
Many of them dependent on a large amount of probes to mark transcript positions (X. Chen et
al., 2018; Gyllborg et al., 2020; Jang et al., 2023; Ke et al., 2013; S. Liu et al., 2021; Sountoulidis
et al., 2020; Y.-C. Sun et al., 2021; X. Wang et al., 2018). While offering flexible gene detection,
the number of oligonucleotides that must be purchased for effective tissue analysis is usually
in hundreds to thousands and only increases in methods that necessitate cDNA synthesis. This
amount of sequences can present a challenge to handle as well as a financial hurdle for laboratories.
To address these obstacles, we have developed a method for the synthesis of a large number of
complex libraries from minimal material ordered in the convenient form of oligonucleotide arrays.
These offer huge variety (usually up to 100,000 unique sequences) but make up for it in the total
amount, which can be limited to as little as 10 pmol.

We decided to showcase the BARseq2 approach as it is easily implemented in most laboratory
settings and also introduce a modified method with high sensitivity and independent of cDNA
primers.

PCR Probe Amplification

The first approach for probe amplification we present is a proof of concept utilizing PCR. This
experiment showed the feasibility of sequence amplification in a construct and proved that the
resulting product is at least as functional as a product synthesized in its final form.

To allow amplification, padlock probe sequences generated through this approach were initially
embedded in a construct with PCR amplification primers on the 3’ end and 5’ end. The construct
was given binding sites for universal primers used for general library upkeep as well as sublibrary-
specific primers, which allow for a selection of a subset of padlock probes (figure 16A-B). The func-
tionality of the probes has been shown through the detection of DARPP-32 transcript throughout
the tissue, corresponding to the pattern documented in Allen Brain Atlas (figure 16C-C”). Due
to the digestion process design, 5’ phosphate, which has to be added otherwise, is already present
due to USER enzyme digestion. This has shown to be advantageous in comparison with enzy-
matic phosphate addition with T4 polynucleotide kinase, as the PCR probe resulted in a higher
signal in comparison with a synthesized and additionally phosphorylated probe. Measuring signal
number in a striatal sample, the PCR probe gave, on average, 2,180 rolonies per mm2 compared
to 1,552 rolonies per mm2 for the synthesized.

Rolling Circle Amplification

To avoid PCR amplification bias (Aird et al., 2011) and to reach a much larger amplification
scale, we tested a follow-up approach utilizing a rolling circle amplification approach. For the
amplification to start, the backbone enzyme of the reaction, ϕ29 polymerase, has to find a single-
stranded circular template molecule and a bound primer, which allows the enzyme to copy the
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Figure 16: (A) PCR padlock processing steps from a gene array construct to a functional pad-
lock probe. (B) Corresponding digestion steps are shown parallelly in a scheme and on gel elec-
trophoresis. (C) Darpp-32 detection in a striatal tissue with a PCR-prepared probe, mouse atlas
image from http://mouse.brainmap.org/experiment/show/73732146.

circular molecule, displace the synthesized strand upon meeting it and continue strand synthesis
(figure 17A-B). As we also provide a reverse primer, complementary strands to the newly created
are constantly synthesized. Due to the abundance of the primer in the reaction, a large amount of
concatemers of various sizes is created, and we have observed the synthesis of up to 800 ng μL−1

of product. This product can be digested into units containing a single copy of the final prod-
uct and further processed to remove all supporting sequences (figure 17C-E). For cDNA primer
synthesis, we have slightly modified the protocol to include 25% amine-modified dUTP in the
RCA reaction, which will be incorporated instead of dTTP and is used to crosslink the resulting
cDNA to the protein scaffold.(figure 17E-F)
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Figure 17: RCA padlock processing steps from a gene array construct to a functional padlock
probe. (A) Scheme of the process from a ssDNA oligonucleotide to a circDNA through PCR
amplification. (B) The steps of creating a circular RCA template are shown on a 3% agarose gel.
Starting from the PCR product follows the removal of the reverse strand, the addition of splint
oligonucleotide bringing the arms of the forward strand together, and finally, the ligated circular
product. (C) Padlock probe library digestion series and final product comparison to a synthesized
probe. (D) Schematic drawing of RCA digestion steps. (E) Digestion series for cDNA primers
and padlock probes synthesized from an oligonucleotide gene library. (F) Comparison of the final
product from several sources.

Transcript Detection with RCA-synthesized Probes

After verification of the functionality of RCA-synthesized probes on one gene sample, we moved
on to an array containing constructs carrying four different padlock probes for 63 genes. A unique
combination of fluorophore-labelled probes labeled each of the genes. During this first array
test, we used probes synthesized from a library, which initially contained 5.8 μmol of probes, a
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scale larger than the final array would have. This array was amplified and processed as shown in
figure 17A and D and used on a tissue processed with the BARseq2 approach. This yielded a
large number of rolonies, labeled by the expected a large number of fluorophore combinations
as shown in figure 18A-A’, with unique anatomical areas showing distinct fluorescent signatures.
Figure 18B shows a detailed example from the SN region. DAT is shown in Cy5. Cy3 and
AlexaFluor 750 channels further separate into VTA and ST.

Figure 18: (A) Signal from rolonies formed in a coronal hippocampal section of a rat brain.
(A’) Tissue segmented based on DAPI stain and colored by the assessment of the cells’ rolonies
fluorescent signal. (B) Detail of substantia nigra and ventral tegmental area split into channels.
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Figure 19: (A) Detailed view of the fluorescent signal from the cortex cells’ rolonies with all
channels presented separately in figures A-1 to A-6. (A’) An extended view of the fluorescent
signal from a cortical region. (B) The signal from labeled cDNA synthesized from array-amplified
primers, DAPI overlay. Channels are shown separately in panels B-1 and B-2.

In the final version of the padlock generation protocol, the cDNA primers and padlock probes
were amplified from an array containing thousands of probe sequences targeting the same genes
as the previous experiment. Due to the extremely low amount of the input material, the array had
to be amplified with 15 cycles of PCR prior to circularization. Afterwards, the process followed as
previously. We observed both a strong cDNA signal, showing cDNA synthesis and its crosslinking
as expected (figure 19B) and a clear rolony signal, with each fluorophore showing a distinct pattern
in the cortical tissue as seen in figure 14A.
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Figure 20: (A) Scheme of Lock-seq workflow. A tissue stained with HE (B), followed by cDNA
signal (B’) and rolony signal (B”) from Darpp-32, Drd1, ChAT and Penk. (C) A detailed view
of a striatum-cortex region of tissue is shown in B, with all channels representing unique genes
shown separately.

Lock-seq Introduction

We conclude the manuscript with a presentation of a Lock-seq approach, which combines an
on-glass mRNA capture used in the original Spatial Transcriptomics studies and a padlock probe
transcript detection approach (figure 20A). The immobilization of cDNA on a glass slide allows
for complete tissue removal without any detriment to the cDNA (figure 20B-B’) and, therefore,
significantly improves the accessibility of the DNA to probes and reagents as demonstrated on the
detection of 4 striatal genes (figure 20B”-C). While due to the tissue fixation, currently only the
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last 200-400 nt of mRNA can be targeted, the 3’ end of mRNAs usually provide high diversity,
more than capable of analyzing the presence of a gene. Additionally, the increase in sensitivity
allows for lower probe concentration while not sacrificing detection capabilities.
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Paper III

Animal models are a key part of PD research. In Paper III, we present a mouse animal model
of PD generated through AAV and utilize it to explore a progression of αSyn pathology, with a
focus on its early stages.

In many classic animal models, the Parkinsonian phenotype is achieved by damaging the SN
region with a direct injection of a toxic agent, such as in a 6-OHDA injection. This comes with
two significant drawbacks. First, this sudden and harsh pathology onset is not in line with the
progression of PD in most human patients, where the damage to the dopaminergic neurons comes
on gradually, and second, direct injection into the brain region brings on damage on its own.
To overcome these, we deliver AAV MNM008 carrying Cre-inducible αSyn cassette through
retrograde transport from the striatum to the SN. This approach ensures structurally intact SN,
and as the chances of equal delivery of the AAV particles to all cells in SN are low, we obtain
cell populations with varying levels of αSyn expression, allowing us to observe molecular changes
induced with αSyn overload. In addition to αSyn carrying AAVs, a group of the animals was
infected with a viral preparation carrying PFFs, improving our understanding of changes induced
with αSyn seeding.

Figure 21: (1) AAV constructs carrying barcoded αSyn and barcoded tagBFP transgenes with
a smaller H2B-GFP marker construct. STOP sequence CTE preventing transcription without
Cre is shown, flanked by two loxP sites. The AAV injection was done in conjunction with PFF
injection in a subset of animals. (2) Injection site in the striatum of DAT-Cre mice. (3) Nuclear
extraction preparation, followed by GFP enrichment using FANS. (3.1) Supernatant from nuclear
preparation, stored for further analysis. (4) 10X Chromium microfluidics system (5) cDNA
synthesis at the bead surface with oligodT - barcode primer. (6) Indexing and sequencing of
libraries with Illumina NextSeq 2000.

Experimental Setup

To elicit the pathology, experimental animals were infected with a combination of vectors and
PFFs, as shown in the study overview in figure 21. Four groups of animals were used in the exper-
imental setup. Three groups consisted of DAT-Cre mice injected with retrogradely-transported
AAV-MNM008, with preferential dopamine neuron infectivity (Davidsson et al., 2019), carrying
αSyn cassette with or without the addition of PFFs or AAV-MNM008 carrying tagBFP cassette
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Figure 22: Immunofluorescence stainings validating MNM008 expression in the SN. Repre-
sentative tissues from all four experimental groups are shown. (A-C) DAT-Cre animals injected
ipsilaterally in the striatum with fibrils + αSyn, αSyn + PBS, and tagBFP + PBS, respectively. In
(D) is shown a WT animal injected with tagBFP + fibrils. A detailed view for all animals shows
the co-detection of fluorescence from H2B-GFP, TH-targeting antibody, and the MNM008-
associated transgene of interest in the highlighted area of the affected SN. Scale bar: (A) 250 μm,
(A’) 50 μm.

as a control for molecular changes induced by an exogenous protein expression. A separate group
of WT mice was also infected with AAV-MNM008 carrying a tagBFP cassette with the addition
of PFFs.

After 16 weeks, the animals were assessed for behavioral deficits and sacrificed. No significant
differences were found among the groups. The spread of AAV vector and the translation of the
transgenes they carry into proteins was assessed through an immunohistological (IHC) assay,
which confirmed the transgene expression and effective retrograde transport from the striatum
to the TH-positive dopaminergic neurons in SN (figure 22). Phosphorylation of αSyn at serine
129 (pSer129) markingαSyn aggregation was also assessed and observed only in cases where PFFs
were injected into the animal along the AAVs (figure 23.

Nuclei Extraction and Sorting

Fluorescence-activated nuclei sorting (FANS) was used for all experimental groups to enrich the
dopaminergic neuron nuclei. In the case of DAT-Cre animals, AAV-MNM008 delivered H2B-
GFP was used as a marker, and dopaminergic neurons from the wt animals were selected through
the dopaminergic marker NURR1 (NR4A2) (Kamath et al., 2022) as shown in figure 24.
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Figure 23: Immunofluorescence stainings validating validating αSyn aggregation. Representative
tissues from all four experimental groups are shown. (A-C) show sections from DAT-Cre animals
injected ipsilaterally in the striatum with fibrils + αSyn (A), αSyn + PBS (B), and tagBFP + PBS
(C). In (D) is shown a WT animal injected with tagBFP + fibrils. All four groups are shown panels
showing the colocalization of TH, transgene, and phospho-serine, indicative ofαSyn aggregation.
Scale bars in (A) is 50 μm.

Cell Type Assignment

The enriched nuclei preparations were further supplemented with non-enriched nuclei samples
to utilize the sequencing space fully. Following alignment and quality control of the sequencing
data, the cellular composition of the sequenced cells was analyzed with the recently published
scANVI method (Xu et al., 2021). As a reference cell dataset, we selected cells from SN and VTA
from a whole mouse snRNA-seq mouse brain dataset (Langlieb et al., 2023). After the quality
control step, normalization, and batch correction, the cells were assigned to a cell type through
scANVI label transfer (figure 25A-C). In the final dataset, we could indeed observe a significant
dopaminergic population, exceeding the expected yield without additional enrichment (Agarwal
et al., 2020) in groups enriched through either marker (figure 25C). Besides dopaminergic cells,
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Figure 24: FANS gating strategy for NURR1 stained nuclei extracted from the injected wt an-
imals. (A) SSC-A: side-scattered area vs. FSC-A, forward-scattered area gate. (B) DRAQ7 vs.
FSC-A gate. In (C), gates for NURR1+ (in red) and NURR1- (in light blue) are shown.

the dataset contained GABAergic and glutamatergic neurons as well as a smaller number of glial
cells.

The TH-positive dopaminergic cells presented a clear SN signature (figure 25D) through the
expression of A9 neuron-specific markers and the absence of the A10 DA neuron-specific ones,
pointing at excellent SN targeting. Additionally, the transcriptomic information, including the
recovered barcode counts (figure 25E) allowed us to dissect changes associated with αSyn expres-
sion in the population, which is the most affected in vivo.

AAV Gene Expression

Looking closer at the distribution of the four experimental groups and expression of AAV-carried
genes throughout the cells, we could observe that while there were no significant differences
between groups with and without fibrils, there was a shift in the AAV-tagBFP and AAV-αSyn
distributions (figure 25C). While AAV-αSyn groups were heavily enriched in dopaminergic neu-
rons, AAV-tagBFP groups were much more commonly represented within the GABAergic and
glutamatergic neuronal clusters despite the identical design of the vectors and expression cassettes.

AAV Barcode Isolation

Due to the design of the cassette, the sequencing library had to be enriched for the AAV barcodes
to ensure their capture. Therefore, a small subsection of the library was isolated, and barcodes
were amplified separately with PCR to prevent their loss during library fragmentation. Post-
sequencing, barcodes were identified with Cutadapt, processed with Starcode, and added to the
main dataset. At least one barcode was recovered for almost 1/3 of the cells, significantly improv-
ing the chances of sequencing the barcodes without an additional PCR selection.
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Figure 25: (A) Annotation of the snRNA-seq dataset through integration with an external ref-
erence. (B) Distribution of analyzed snRNA-seq (no color) and reference dataset (black) in the
UMAP representation. (C) UMAP dimensionality reduction of snRNA-seq, annotated as in
panel A. (C) Distribution of the cells from the individual treatment groups projected onto the
UMAP representation. (D) Dopaminergic markers, including SNc (A9) and VTA (A10) specific
ones and Cre expression. (E) Identification of Cre-induced and non-Cre-induced AAV transcripts
through the CTE sequence and plotting of successful AAV infection events based on the number
of unique AAV barcoded sequences.
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Figure 26: (A) Modeling of correlation between unique viral particles per cell and gene expression
using linear regression correlation analysis. (B) Top 40 genes with the highest ∆ slope ratio in
linear regression ordered by log-fold change.

Regression Analysis of AAV-Related Gene Expression

Differential gene expression was assessed among the experimental groups to analyze the influence
of αSyn load on gene expression, and linear regression analysis was performed on all variable
genes to detect those correlated with AAV dose in the dopaminergic cells. From the initial 1894
genes, which displayed strong linear correlation regardless of the associated transgene, we looked
closer at the top 40 genes, which showed the highest difference in slope between AAV-αSyn and
AAV-tagBFP groups (figure 26).

Among the genes positively correlated with αSyn expression was Itga6, previously found to be
upregulated in brains of mice injected with PFFs (S.-X. Ma et al., 2021). Single nucleotide
polymorphisms (SNPs) in another gene, Afap1l1, were previously associated with PD (Lam et al.,
2022) and αSyn associated upregulation of Rspo2 expression was previously reported in another
animal PD model (Qin et al., 2016).

Among genes negatively correlated with αSyn load were Dock6 and Plekhg1. Dock6 and its gene
family have been shown to be associated with neurite outgrowth and axon regeneration, and they
have been documented to be involved in many brain disorders (Miyamoto et al., 2013; Miyamoto
et al., 2007; L. Shi, 2013). PLEKHG1, a GTPase regulatory protein (Nakano et al., 2022), has
been previously implicated in neurological and hemastasis disorders (Sherva et al., 2014). Overall,
the gene association presented here for various transgene loads presents a valuable window into the
landscape of molecular changes associated with αSyn induced changes in dopaminergic neurons.
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Pseudotime Analysis

Finally, to assess the pseudotime structure of the dopaminergic neuron cluster subset, CellRank
analysis was used with the RealTimeKernel as the basis. The number of barcodes has been used as
a sign of how far along the αSyn overload axis the cell is. This information allowed us to construct
a matrix, estimating the transition probabilities of the cells (figure 27B, E). Modeling of random
walks through this transition matrix revealed a high correlation of the walks’ endpoints with areas
containing cells with the highest barcode number, pointing towards the preservation of the signal
(figure 27C, F). Generalized Perron Cluster Cluster Analysis (GPCCA) was used to determine
two major states of the cells within the dataset based on the transition matrix, and each of the
states was given either the initial or terminal state status based on the transition probabilities
as a whole. Within the AAV-αSyn, further exploration of the driver genes associated with the
terminal states showed genes previously implicated in PD, such as Tenm4 (Hor et al., 2015) and
Asic2, which has been observed in neuroinflammatory states (Ortega-Ramírez et al., 2017) (figure
27G-I). In contrast, tagBFP-carrying AAV vectors did not exhibit a similar pattern of increased
pathology-associated gene expression.
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Figure 27: (A-C) UMAP embedding of dopaminergic neurons from tagBFP groups. (A) Number
of unique viral barcodes per cell. (B) Probability of cells to belong to the terminal state. (C)
Simulated random walks based on the dataset’s inferred Markov chain. (D-I) Dopaminergic
neurons from αSyn groups. (D) Number of unique viral barcodes per cell. (B) Probability of
cells to belong to the terminal state. (C) Simulated random walks based on the dataset’s inferred
Markov chain. (G-I) Normalized gene expression of selected lineage driver genes.

59



Paper IV

In 2018, the possibility of a new mode of neuronal communication was introduced in articles 
by Ashley et al., 2018 and Pastuzyn et al., 2018. This paper reported on the Arc gene forming 
viral-like particles (VLPs) and transferring its mRNA to the neighboring cells. However, proof 
of this in the mammalian brain has been missing, along with the tools for its monitoring. For 
this reason, this paper presents a set of tools to investigate the movement of ARC molecules 
throughout the mouse brain. We start with selecting a suitable knock-in position and move 
through a fusion mCherry-ARC protein detection to verify its pre- and postsynaptic 
interactions with proximity ligation assay (PLA).

Targeting HITI System to the Arc 5’ ORF Leads to In-Frame Knock-in

Figure 28: Schematic of HITI gene edit-
ing in Arc. The targeted genomic Arc locus
(1), interacts with an AAV-delivered donor
template carryingmCherry and a sgRNA (2).
Following sgRNA-Cas9 assembly, the com-
plex targets the matching sequences in the
Arc gene and DT (3), resulting in DSBs (4).
The insertion is mediated by the NHEJ re-
pair attempts to repair the DSBs. In case of
reverse direction integration, the Cas9 tar-
get sequence is regenerated, forward direc-
tion insertion results in an irreversible knock-
in.

As the 3’ end region is essential for the ARC cap-
sid formation and its neuronal uptake, we focused 
our efforts on the 5’ UTR. AAVs were used to de-
liver the HITI system (figure 28) carrying either 
GFP or mCherry donor template (DT) to be in-
tegrated at a selected 2[-] site (figure 29A). Three 
weeks following the injection, the animals were 
sacrificed, a nd t he r esults o f t he knock-in were 
evaluated. While we could confirm the expres-
sion of the fluorescence reporters (figure 29B-D) 
and detected a PCR product from both ends of 
the knock-in (figure 29E), further exploration of 
the single guide (sgRNA) target site with Sanger 
and NGS sequencing methods revealed that de-
spite the fluorescent signal, a frameshift mutation 
at the 3’end of the inserted region caused an out-
of-frame expression of Arc and a failed fusion at-
tempt (figure 29F). This led to the conclusion that 
despite the high efficiency of the insertion at the 
2[-] site, it was unsuitable for creating a functional 
fusion protein.

As targeting of the 2[-] position failed to yield a 
correct product, we theorized targeting the coding 
strand and staying either in the 5’ UTR region 
(position 1[+]) or moving slightly into the Arc 
ORF (position 9[+]) would be more suitable for 
functional insertion. This was further supported 
by a shorter microhomology site at the 3’ edit site,
which could benefit the knock-in accuracy 
(figure 30A).
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Figure 29: HITI-mediated gene editing while targeting the Arc 5’ UTR [−] strand. (A) 5’ Arc
sequence map with a highlighted target 2[-] position. TAG stop codon shown in frame with
the ATG start codon of the Arc gene. (B-D) Confocal microscopy images from IHC analysis of
the hippocampus showing GFP (B) and mCherry (C-D) expressing cells. (E) PCR amplicons
on bulk DNA extracted from the hippocampus, amplifying the knocked-in template’s 5’ and 3’
regions. (F) Amino acid sequence of the 3’ end knock-in region translated from NGS analysis of
the most common amplicons.

Targeting of both sites yielded many fluorescently labeled cells (figure 30B-D). While PCR anal-
ysis of the 5’and 3’ regions of the insert yielded bands of the correct size for both of the 
transcript (figure 30E), in a fashion similar to the 2[-] insertion site, sequencing analysis showed 
that inser-tion at the 1[+] resulted in an Arc frameshift. On the other hand, the 9[+] insertion 
site has been shown to generate a correct knock-in with an in-frame insertion, making it the 
winning candidate (figure 30F).

Regional Potentiation Induces ARC-mCherry Expression in Dentate Gyrus

To investigate ARC-mCherry fusion gene expression after long-term potentiation (LTP), the an-
imals were bilaterally injected with AAV carrying mCherry and a guide targeting 9[+] site in the 
hippocampus (figure 31A). Following, unilateral electrical stimulation of the perforant path was 
performed together with the follow-up recording of field excitatory postsynaptic potentials (fEP-
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Figure 30: (A) Map of the 5’ Arc sequence. 1[+] and 9[+] are insertion sites designed for mCherry
knock-in through the HITI system, 2[−] is an planned insertion site for mCherry using the SATI
system. (B–C) Confocal images from IHC analysis of the hippocampus in the knock-in groups
compared to the control (D). (E) PCR amplicons from bulk DNA extracted from the hippocam-
pus, verifying the knock-in at the 5’ and 3’ regions of the knocked-in template. (F) Amino acid
sequence of the 3’ end of the knock-in region translated from the result of NGS analysis of the
most common amplicons.

SPs) in the hilar region of the dentate gyrus (figure 31B). The animals were separated into two
groups, where the experimental group underwent high-frequency stimulation (HFS) along with
low-frequency stimulation (LFS) while the control group only received LFS (Patil et al., 2023).
Following HFS, a robust mCherry signal was observed, coinciding with HFS-stimulated Arc ex-
pression in DG as well as the expected early-immediate gene (EIG) c-Fos (figure 31C-H”.

A comparison of the prevalence of ARC+/mCherry+ granule cells in HFS and LFS groups showed
that compared to the contralateral side, the ipsilateral side had significantly more double-positive
granule cells (one-way ANOVA followed by Tukey HSD, p < 0 01)(figure31I). Closer analysis of c-
Fos expression revealed a non-significant trend of higher values in the HFS group in comparison to
the LFS ones (figure 31J). This pattern was repeated in the control LFS animals, with a lower total
number of double-positive cells. Notably, the number of mCherry+ cells significantly correlated
with the number of Arc+ cells (figure 31K), further supporting the gene fusion.

ARC-mCherry Protein Preserves ARC’s Interaction with Synaptic Modules

To evaluate whether the knock-in approach resulted in a fusion ARC-mCherry protein, a prox-
imity ligation assay (PLA) targeting mCherry and ARC was employed (figure 32A). PLA signal
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Figure 31: (A) Illustration of electrode placements for recording perforant path-evoked field po-
tentials in the DG. (B) The stimulating electrode on the perforant path projection from the en-
torhinal cortex, innervating dendrites of granule cells in the DG. (R: rostral, L: lateral). (C-
H). IHC-visualized ARC and C-FOS from bilaterally injected mice with AAV-delivered sg9[+],
mCherry, and Cas9 showing the HFS (left) and naïve (right) hippocampus sides. Scale bar in (C):
large view - 500 μm, (D) - 100 μm. (I) Cell density box plot quantifying double-positive, ARC,
and mCherry cells in the DG; *statistically different (one way ANOVA, p ≤ 0.05, followed by
Tukey’s HSD) (LFS n = 3, HFS n = 5). (J) Box plot showing C-FOS immunoreactive cell density
for LFS and HFS in the DG. LFS n = 3, HFS n = 5. (K) Correlation of densities of mCherry+
and Arc+ cells in the dentate gyrus. Points are separated by the hemisphere (contralateral or ipsi-
lateral) and experimental group (LFS or HFS).
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Figure 32: (A) Schematic illustration of the UnFold in situ PLA by Navinci technology. (1)
Secondary antibodies carrying oligonucleotide probes are added to a sample, with the protein of
interest carrying a primary antibody. (2) The interaction of the oligonucleotide probes is enabled
by the hydrolysis of the anchoring uracil residues. (3) Gaps in the joined circular template are
ligated, creating an RCA template. (4) RCA is initiated and spiked with fluorescently labeled
nucleotides. (B) Percentage of cells containing RCA puncta, divided into cell groups positive or
negative for mCherry and ARC proteins. *Statistically different (one way ANOVA, p ≤ 0.05,
followed by Tukey’s HSD) (n = 3). PLA performed in sections from HFS animals. (C–H) HSF-
stimulated hippocampal region (ipsilateral, granule cells from DG) (C–H’), naïve hippocampus
(contralateral, pyramidal cells from CA1). (E-E”) RCA signal for Arc/mCherry fusion highlighted
in green with colocalization with Arc and mCherry positive cells. (C”–H”) PLA signal in CA3
from an animal injected with AAV-carried sg2[−], mCherry, and Cas9. Scale bar: (C) - 100 μm,
(D) - 20 μm.

is specific for cases where the two labeled antibodies find themselves nanometers apart, meaning
very little to no signal is expected if the fusion fails. This trend was assessed in the HFS animals,
and it was indeed observed that the number of positive puncta rose significantly in cells positive
for both proteins (figure 32B-H’). Single positive cells did not have more puncta than negative
cells. The specificity of the fusion protein detection was further confirmed in animals previously
infected with HITI system targeting the 2[-] position. Despite a similar number of mCherry
positive neurons in the frameshift control (sg2[-] AAV) and inframe (sg9[+] AAV) group, PLA in
the sg2[-] group did not result in any signal, confirming its specificity for the fused protein (figure
32C”-H”).
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Figure 33: (A) Comparison of the number of puncta per mCherry+ neuron in animals injected
with sg2[−] (frameshift), and sg9[+] (in frame). (A’) Number of RCA puncta over the neuropil.
(A”) Number of mCherry+ cells detected per mm3, *statistically different, ns = not significant
(one-way ANOVA, p ≤ 0.05, followed by Tukey’s HSD), (n = 3). Naïve, not HFS stimulated
tissue. Pyramidal neurons from the hippocampal region CA1 with PLA targetting ARC-mCherry
interaction in sg9[+] animals (B-F) and frameshift animals (B’- F’). (C–C’) Detailed view of
the area highlighted in B and B’. (D–D’) Detail of dendritic spines with a mCherry-Arc PLA
signal (more detail showed at the arrowhead). (E–E’) PLA signal shown in D-D’ separated from
mCherry signal (F-F’). Scale bar: (B) - 50 μm, (B’) - 20 μm.

We further investigated the maintenance of ARC’s biological role. It was previously reported that
ARC interacts with the postsynaptic proteins, such as STARGAZIN (Hallin et al., 2018). Due to
the proximity that results from this interaction, we reasoned that a positive PLA signal would point
to an interaction of the two proteins. Indeed, we were able to show that PLA targeting mCherry
and STARGAZIN yielded a significantly more signal in the inframe group than in the frameshift
control, supporting the assay validity (figure 33A-C’). We have also observed a strong signal at
the neuropil and the predominance of signal on dendritic spines (figure 33D-F’). Together, these
results point to the preservation of ARC’s biological function in the context of the fusion protein
and open new avenues for investigations of synaptic dynamics and protein-protein interactions.

We further focused on previous reports from cultured hippocampal neurons showing inter-neuronal
Arc transfer (Pastuzyn et al., 2018). However, up to this date, there has been a lack of proof of this
happening in an intact brain. As ARC is primarily found in postsynaptic spines, a transmission
route we explored was one from the postsynaptic spines to the presynaptic terminals. This was
accomplished through PLA targeting mCherry and BASOON, an abundant presynaptic scaf-
folding protein. A thorough analysis of the HFS animal group showed a higher percentage of
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Figure 34: (A,A’) quantification of RCA puncta from animals injected with sg9[+] in HFS
and naïve tissue. (A”) shows the quantification of RCA puncta from animals injected with the
frameshift control sg2[−]. *Statistically different (one-way ANOVA, p ≤ 0.05, followed by Tukey’s
HSD). (B–F”) show representative snapshots from the granule cells of DG. Red - mCherry, green
- PLA signal for mCherry-BASOON interaction, blue - ARC. (C–C”) Surface render images with
detailed views showing mCherry-BASOON PLA signal by a granule cell dendrite in experimental
and control groups. (D–D”) ARC signal. (E–E”) PLA signal labeling the proximity of mCherry
and BASOON proteins. (F–F”) mCherry labeled cells. The scale bar in (B) shows 20 μm.

cells with PLA puncta by mCherry+/ARC+ cells (figure 34A-A”), with PLA signals concentrating 
predominantly outside of the dendrites (figure 34C-F). We also detected signals in neurons close 
to the mCherry-positive cells, often in the vicinity of their dendritic spines (figure 34B-F). In the 
naïve animals, BASOON-mCherry puncta were sparsely found close-by mCherry positive cells 
(figure 34B’-F’) and importantly, frameshift animals did not result in any signal (figure 34B”-F”).

These results point to the presence of an ARC-mCherry fusion protein and an intact functionality 
of the Arc protein to the extent it has been described in previous studies. We also show proof of 
the protein’s interaction with pre and postsynaptic modules and present evidence supporting its 
inter-neuronal transfer.
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Key Methodology

This section describes methods essential to the included studies and carried out by the author.
A description of the remaining methods is included in the Materials & Methods sections of the
thesis-related articles placed in the appendix of this thesis.

Methods for Spatial Transcriptome Analysis

Spatial methods present a major part of paper I and paper II methods and were also involved
in generating results for paper IV. Here, we present a subset of the methods available, which
were deemed the best choice for the experiments performed in the studies based on their unique
properties. Spatial Transcriptomics was selected to analyze the dopaminergic transplants due
to its unbiased nature, allowing us to analyze the overall cellular profile of the embryonic stem
cell-derived tissue without assumptions. BARseq2 and Lock-seq were used to prove our array-
based library amplification method. BARseq2 presents an established method, which allows a
comparison of our library to the gold standard and shows the transferability of the method to a
published approach. Due to its dependence on cDNA primers, it is not limited to any specific
part of mRNA, allowing for the targeting of genes, which might be challenging to detect with
3’ region targeting methods. On the other hand, the dependence on 5’ amine-modified primers
significantly increases its financial demands. Lock-seq targets the polyA end of mRNAs and
completely omits the need for cDNA primers. It covalently attaches the mRNA sequence to the
slide, allowing for tissue removal and a boost in sensitivity and efficiency. Tissue removal also
takes care of tissue-induced fluorescence, and capture of the mRNA on the slide surface confines
the signal to two dimensions, both of these making imaging significantly easier and faster.

Spatial Transcriptomics

Spatial Transcriptomics employed in paper I was performed according to the original protocol
publication (Salmén et al., 2018). Briefly, the brain tissue of nude rats with striatally-placed
hESC-derived dopaminergic transplants, fresh frozen and embedded in OCT. 10 μm coronal sec-
tions were taken in areas with a noticeable transplant, placed onto an active area of an ST slide,
and melted onto it. After placing all six sections, the slide is heated for a minute at 37 ◦C to allow
the tissue to completely melt onto the probe-covered slide area. The tissues are then fixed with 4%
paraformaldehyde (PFA), dehydrated with isopropanol, and stained with hematoxylin and eosin.
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Imaging of the tissue then provides a histological reference for the sequencing results. Following
this step, the cellular interstitial material is digested away with a collagenase pre-permeabilization
mixture and further permeabilized with a pepsin-HCl solution for an experimentally validated
amount of time, usually between 6-9 minutes. This allows the release of mRNA from the cells
and onto the slide, where they bind to the oligo-dT-carrying probes. These act both as the means
of capture as well as cDNA primers, carrying a spatial barcode and a unique molecular identifier
(UMI) to be incorporated into the cDNA during and overnight synthesis with a reverse tran-
scriptase. After cDNA synthesis, the tissue is digested away, and cDNA can be removed with a
uracil-removal enzyme, releasing the probes from the slide into the suspension, where they can be
further processed and prepared for sequencing. While this part can be done manually, automatic
processing reduces hands-on time and removes human error from the equation. The final library
is then easily sequenced with a standard Illumina approach.

As the printed features can, in reality, deviate from the theoretical placement, the probes remaining
in the features were visualized through the hybridization of fluorescently labeled probes to get
exact positions. The labeled features were imaged with an inverted fluorescence microscope, and
the resulting scans were used to correct the theoretical ST features’ position.

BARseq2

The BARseq2 protocol was implemented in paper II and paper IV to visualize transcripts specific
to Cas9 expression in paper IV and cell type markers in paper II. The protocol was implemented
as published, starting in a fashion similar to ST protocol, with a fresh frozen tissue sectioned
into 10 μm. The tissue is then fixed with 4% PFA for 30 minutes, washed with dPBS, and then
dehydrated with an alcohol series with 70% and 85% and 100% ethanol solutions applied for
5 minutes each, followed by an hour wash in 100% ethanol at 4 ◦C. Following rehydration in
dPBS, the sample is embedded in a HybriWell system, where the cDNA synthesis is performed,
primed with a collection of 5’ end anime-modified targeted oligonucleotides. After an overnight
synthesis, amine at the 5’ end of the resulting cDNA is crosslinked with the tissue-native proteins,
fixing it in its place. With cDNA crosslinked in the sample, a padlock probe library with binding
places on the newly synthesized cDNA is added. The original mRNA molecule is digested away,
leaving a single-stranded DNA molecule, to which the padlock probes can hybridize and be ligated
with Ampligase enzyme. RCA then follows, utilizing cDNA as a primer for the amplification
of the circularized padlock probe, with amine-modified deoxyuridine phosphate spiked in to
allow for rolony crosslinking. The signal from rolonies can be detected through fluorescent probe
hybridization or the various methods of in situ sequencing (Gyllborg et al., 2020; Ke et al., 2013;
Y.-C. Sun et al., 2021; X. Wang et al., 2018).

Lock-seq

Lock-seq utilizes modified glass slides with a reactive N-hydroxysuccinimide (NHS) group on
its surface, to which an anime-modified DNA molecule can be covalently linked. In the case of
Lock-seq as presented in paper II, the most important part of the DNA probes are the oligo-dT
capture sequences, which hybridize to the mRNA polyA tail. As in BARseq2 and ST, fresh-frozen

68



KEy METHODOLOgy

OCT-embedded tissue is cut into 10 μm sections. These are further placed onto the active areas
of the slides and processed in the same manner as ST-processed sections up to the tissue removal
step. Following this step, padlock probes targeting 3’ end of the gene of interest (GOI) mRNA are
added. RNA is digested away to free up hybridizing sequences and padlock probes, which found
their targets are ligated with Ampligase. The cDNA itself is used to prime the RCA reaction, and
T7 exonuclease is added to further help the removal of non-ligated probes, which could hinder
ϕ29 polymerase from forming a product. Compaction oligonucleotides are added to prevent
rolony stretching and spurious/runaway signals. This is necessary as the rolonies in Lock-seq are
not as constricted by their environment as in BARseq2. After rolony formation, the genes can be
identified in a fashion identical to BARseq2.

Molecular Techniques

This section describes some of the molecular methods heavily utilized, especially in paper II,
encompassing the molecular processing cascades utilized in the generation of cDNA primers and
padlock probes with their final modifications.

PCR Template Amplification and Product Processing

In the first part of paper II, the padlock probe construct has been amplified with a PCR. In
this reaction, Q5U polymerase (NEB) was used together with. 0.4 uM of both dUTP-carrying
forward and reverse primer and 100 ng of the construct in the Q5U master mix for 45 cycles.
All parts of this reaction were optimized to maximize the final product amount. For annealing
temperatures, an estimate from the polymerase supplier has been used and further optimized with
a temperature gradient. Following PCR amplification, the product was purified with DNA Clean
& Concentrator kit (ZYMO Research) and digested first with a BsaI enzyme overnight, followed
up by lambda exonuclease assisted removal of sequences with an exposed 5’ end phosphate. After
the removal of the padlock probe complementary strand, the 5’ end of the probe itself was released
through the cleavage of uracil embedded in the forward primer, leaving a 5’ end phosphorylation,
which yields ready-to-use probes after the final purification.

RCA and Product Processing

RCA The starting material for an RCA, performed with a ϕ29 polymerase, is a ssDNA circular
molecule. This template is in our application created through the circularization of a synthetic
oligonucleotide; its generation from three different sources will be described in detail in the fol-
lowing paragraphs. To maximize the product generation in RCA, we decided to equip Equiphi29
enzyme from ThermoFisher Scientific, which has been shown to have a higher yield in a shorter
time compared to the standard version of the enzyme. RCA for padlock probe library constructs is
performed overnight with 1 μM concentration of both primers,0.1mM DTT, 2mM dNTPs and
1U/μL Equiphi29 polymerase. In the case of cDNA primer library RCA, 0.7 μM amino-allyl
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dUTP is added to the reaction to ensure the presence of at least one crosslinking amine group
in the final product. Longer RCA times, up to 30 hours, have been reported in other studies
where extremely high yields are needed (Barreira et al., 2023). To stop RCA, the enzymes are
heat-inactivated. As the resulting reaction is extremely viscous, the product is needle-sheared by
passing the whole reaction content three times through a 23 G needle and 3 times through a 27
G needle. This makes the DNA more accessible for the restriction enzymes added in the next
step.

All restriction and exonuclease reactions that follow are performed in rCutSmart buffer (NEB).
First restriction digest happens in a reaction with 15% v/v deactivated and sheared RCA reaction
with 0.5U μL−1 of restriction enzyme (BsaI) and 0.25U μL−1 alkaline phosphatase in case of
padlock probes and 0.75U μL−1 of restriction enzyme (BbsI, also known as BpiI) 0.5U μL−1

of alkaline phosphatase for cDNA primers. This reaction is incubated overnight at 37 ◦C while
shaking to further help enzymes penetrate the volume. After the reaction concludes, it is inac-
tivated at 95 ◦C for 20 - 30min to remove all alkaline phosphatase activity. The cut product is
purified to remove enzymes, impurities, and any remaining active alkaline phosphatase, as well as
sizeable undigested product.

Follows the second restriction digest consisting of 20 μg of product from the first restriction di-
gest reaction and 0.5U μL−1 of BtsI, which is incubated overnight as well. The following day,
0.5U μL−1 of lambda exonuclease in a volume appropriate to prevent the enzyme contribution
to the reaction exceeding 10% is added. During an 1 h incubation at 37 ◦C, the majority of the
sequences used for the product amplification is removed, and the resulting library is thereafter
purified with a ZYMO Oligo Clean & Concentrator kit (ZYMO Research). In the case of pad-
lock probes, the product is phosphorylated with a reaction composed of 1 μM ATP 1U μL−1

T4 polynucleotide kinase according to the supplier’s (NEB) instructions and afterward purified
and concentrated with the same Oligo Clean & Concentrator kit (ZYMO Research). Libraries
of cDNA primers are used without phosphorylation. In this form, the libraries are used directly
in the spatial protocol of choice.

Circular ssDNA Template Generation

In the RCA approach of generating a large amount of oligonucleotide product, three substrates
of increasing complexity were used to test the approach.

In the first, least demanding case, we amplify a single construct oligonucleotide. This construct
is first phosphorylated and further ligated with T4 ligase with the help of splint oligonucleotide,
which brings the 5’ and 3’ arm together. After an overnight ligation, all oligonucleotides not in
a circular form are removed with exonucleases I and III, and the product is purified in a form
suitable for RCA amplification.

In the second case, four probes were ordered for each of 63 cell type-specific genes in the form of a
50 pmol/oligonucleotide pool, already pre-phosphorylated. In this case, an approach identical
to a single oligonucleotide library can be taken without sacrificing efficiency.
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This was not the case for our final approach, which consists of SurePrint Oligonucleotide Libraries
synthesized by Agilent, supplied in the total amount of 10 pmol. A portion of the pool consists
of truncated products, which interfere with the RCA at this production scale,. To overcome this,
full products from the pool have to be first enriched with PCR, where products truncated before
the primer site lag behind, and those with incomplete primer sites have their ends repaired. By the
manufacturer’s instruction, the array is diluted 1:100 in TE pH 8.0 buffer and then further diluted
1:10. 10 fmol of this substrate is then amplified in a 15-cycle PCR with 2 μM of both forward
and phosphorylated reverse primer in the Phusion Green Hot Start II master mix (Thermo Fisher
Scientific) in a total reaction volume of 50 μL. Amplified library product is then purified with
DNA Clean & Concentrator kit (Zymo Research), which removes most undesirable sequences.
As the strand complementary to the RCA template now features 5’ phosphate, it can be removed
with a short lambda incubation (generally 30min at 37 ◦C). This reaction is further purified with
Oligo Clean & Concentrator kit (ZYMO Research) to get a maximum yield of the ssDNA. The
resulting product is phosphorylated with 0.4U μL−1 of T4 polynucleotide kinase in T4 ligase
buffer (NEB) and additional 1mM ATP. The reaction is complete by 1 h mark. The reaction
is inactivated at 65 ◦C for 30min to prevent further phosphorylation and an equal volume of
ligation reagents is added, consisting of 32U μL−1 of T4 ligase (NEB), 1mM ATP (Thermo
Fisher Scientific) 1x T4 ligase buffer (NEB), 4x molar amount of splint oligonucleotide and 30%
DMSO for secondary structure disruption. This reaction is incubated at 37 ◦C overnight, and
the non-ligated product and other linear oligonucleotides are removed with exonucleases I and
III. The resulting final product is then purified with a ZYMO Oligo Clean & Concentrator kit
for maximum recovery and is ready to be used in RCA.

Bioinformatic analyses

Spatial Transcriptome Data Analysis - Normalization and Batch correction

The spatial transcriptome data in the form of gene*features matrices was filtered to only leave
genes expressed with more than two transcripts in 4 features and 100 transcripts in total and
to leave only features with over 300 transcripts. The normalization method depended on the
programming language of the suite. For Scanorama and DESC processing, the total reads per
feature were normalized to the median transcript count per feature and then log+1 transformed;
for Seurat analysis, the reads were normalized with SCTransform (Hafemeister & Satija, 2019).

Scanorama Scanorama was implemented in integration with the Scanpy module. Scanorama
was implemented with 3,000 highly variable genes and a sample assigned as the batch variable,
as this is the level where we start to observe the batch effect. Scanpy was used to detect nearest
neighbors, calculate the UMAP dimensional reduction, and assign clusters through the Leiden
algorithm with resolution 1.
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DESC Autoencoder-based DESC was implemented with normalization to 10,000 reads/feature,
log+1 transformation and selection of 3,000 highly variable genes. DESC algorithm was applied
at the level of tissues with default parameters ([dimesions=len(genes), 32, 16], tolerance=0.005,
n_neighbours=3, batch_size=256, learning_rate=300, tSNE_core_number=4) and clustering was
done based on the Louvain algorithm with a resolution of 1.

Seurat Integration Seurat approach in its default form was applied after SCTransform nor-
malization based on selected 3,000 integration anchors. UMAP was based on PCs, which ex-
plained more than 0.05 variance over the previous component. Clusters were assigned based on
the Leiden algorithm with resolution 1.

The most suitable correction has been selected through the comparison of known functionally
unique areas and through the quality of tissue/animal mixing.

Anatomical Region Assignment

Anatomical area assignment was done by merging the clustering of gene expression patterns de-
scribed previously, annotation of areas with a predominance of transcripts from one organism as
well as tissue histology.

Only uniquely assigned transcripts from the STAR aligner were used for species transcript as-
signment. Due to the reads being aligned to a chimeric genome (GRCh38 and Rnor6), this
effectively discards any reads present in both organisms. To evaluate the distribution of species-
specific transcripts, uniquely aligned transcripts were pooled at the level of organism assignment
and projected onto the tissue. These scores for rat and human reads can then be pooled on the
assigned cluster level and/or compared to the tissue histology. All three together were able to well
delineate the human transplant in contrast with the surrounding rat tissue on all three levels. This
species-specific read assignment also helps filter away low-quality tissues, signified by an overall
mixing of species-specific reads. Due to the partial volume of many features, the threshold for a
”human” cluster was set at 15% of overall reads.

For anatomical regions of the rat brain, the identity was assigned through over-representation of
cell type markers specific to the region in question. Regions assigned in our case were white matter
tracts, such as corpus callosum and anterior commissure through the expression of Mbp, cortical
areas throughCck andKcnc2, striatum through Penk, Adora2a, and Ppp1rb and finally SN through
Th, Pbx1, Slc6a3, Alhd1a1, Ddc and Ret. The cluster was categorized into the corresponding
region if the average difference of the mean expressions for the genes was larger than one standard
deviation.

Differential Gene Expression

Cluster-based pseudobulk annotated with the assigned region as well as tissue of origin was used
for differential gene expression with ribosomal and mitochondrial transcripts excluded from the
analysis. The resulting count matrix was analyzed with DESeq2. Four comparisons were made.
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KEy METHODOLOgy

Three focus on the human transplants, comparing their transcriptome profile to that of host
tissues from the same sections, the surrounding striatal tissue, or the substantia nigra region.
Lastly, substantia nigra areas were compared to the remaining midbrain regions. Only genes with
a p-value below 0.001 were kept.

Deconvolution

In paper I, we present the results of two deconvolution methods, stereoscope (Andersson et al.,
2020) and cell2location (Kleshchevnikov et al., 2022). As both datasets need a single-cell RNA
sequencing reference, we borrowed a reference from a comprehensive mouse CNS dataset from
Zeisel et al., 2018 and filtered it for cells from regions present in both. We performed quality
control and discarded cells with less than 1,000 reads. This matrix, together with the spatial
dataset sections, was used with stereoscope deconvolution. Stereoscope deconvolution was used
as suggested by the method’s authors, and 50-500 cells per reference cell type were used. If
more cells were present, the subset was selected randomly, and both the reference and spatial
composition models were given 75,000 epochs to run. For cell2location, the striatal and midbrain
sections were deconvolved separately, with a model for reference being run for 650 epochs and
the deconvolution of spatial features for 30,000. Following deconvolution, the Pearson coefficient
was used to visualize which cell types most correlated with the human read content of a feature.

scRNA-seq Analysis

To compare the spatial analysis of hESC-derived transplants and the scRNA-seq datasets, scRNA-
seq from Tiklová et al., 2020 was adopted. The dataset was processed with SCtranform, and
the effect of the sample batch was regressed out. The cell composition analysis was performed
with SingleR. This cell type analysis method was chosen as only three clusters were present, with
not fully uniform expression patterns (e.g., dopaminergic marker genes were not ubiquitous in
the dopaminergic neuron clusters), and marker gene gradients were observed throughout the
clusters in 2D UMAP representation. Reference utilized for the spatial dataset deconvolution
was provided, normalized with SCTranform, and the sequencing chip ID variable was regressed
out. The algorithm was then run unmodified, assigning a probable cell type to each cell of the
queried dataset.

Pseudotime Analysis

Pseudotime analysis included in paper III was executed through the CellRank v.2 package. The
single nuclei RNA-seq dataset was pre-processed with the scvi suite and annotated through scANVI
with a reference mouse single nuclei dataset (Langlieb et al., 2023). The viral barcode counts were
processed and associated with the cell information through AnnData object observations. As we
were primarily interested in changes within the dopaminergic population, we filtered all other
cell types away, and the resulting dopaminergic population was further split into the control tag-
BFP groups andαSyn group. Lower dimensional representation for this group was visualized with
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PCA with 50 PCs followed by a 2-dimensional UMAP (parameters: min_dist=0.0001, spread=1,
a=0.5, b=1.1).

With the nature of the dataset, the most suitable approach found was through integration of
CellRank’s (Lange et al., 2022) RealTimeKernel with moscot’s (D. Klein et al., 2023) Temporal-
Problem, initiated with the following parameters: epsilon=1e-3, tau_a=0.95, scale_cost=”mean”
and the number of barcodes given as a temporal parameter. The kernel was chosen as the number
of viral particles has a similar information value to ”time from pathology onset”. Due to the re-
strictions on the processing mode, only time points with 30 or more cells were kept, unfortunately
discarding many cells with up to 20 barcodes but present in single digit numbers. The information
from moscot was forwarded to the CellRank’s RealTimeKernel, which computes the transition
matrix (parameters: self_transitions=”connectivities”, conn_weight=0.2 and threshold=”auto”).
The transition matrix was visualized by a series of 500 random walks with cells with no detected
barcodes being selected as the starting point. A connectivity kernel was also established for the
dataset and combined with the RealTimeKernel with a ratio of 1:10,000. The combined ker-
nel was then input into the (GPCCA) estimator. Shur decomposition was computed, and two
macrostates were identified. CellRank predicted the initial and terminal macrostate if possible;
otherwise, a state with a lower viral barcode load was set as the initial state. Fate probabilities and
eigen decomposition were computed with default parameters. As only one lineage was initiated,
lineage drivers were computed with the default settings and a GAMR model with n_knots=1 and
smoothing penalty 5. Based on its results, we generated a heatmap of genes whose expression is
the most connected to the transition toward the terminal population.
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Discussion and Future Perspectives

This thesis’s overall goal is to explore tissue transcriptome in spatial and temporal contexts. It be-
gins with paper I, introducing a comprehensive transcriptomics characterization of hESC-derived 
dopaminergic transplant development in an in vivo environment with cutting-edge spatial tran-
scriptomics. These stem cell transplants hold great promise for alleviating motor symptoms in PD, 
and more and more patients are being treated every year. At the same time, while the methods 
for therapeutic cell generation are being constantly refined, substantial efforts are also being made 
to standardize the production through extensive screening and GMP-compatible differentiation 
procedures. Consequently, a need arises for comprehensive methods to monitor the status of these 
transplants, especially following their integration within the host tissues. This enables a deeper 
understanding of the tissue itself, the therapeutical impact, and its underlying mechanisms.

While prior studies have frequently reported on dopaminergic transplants, paper I distinguishes 
itself by providing the first comprehensive, unbiased transcriptome analysis of the tissue, free of 
biases distorting cell-type distributions, such as those associated with tissue dissociation prior to 
mRNA capture. In this study, we thoroughly analyze the host’s (in our case, rat) striatal sec-
tions containing the human dopaminergic transplants and provide a comparison with the host 
SN region. To identify transcriptionally distinct areas, we show the implementation and com-
parison of several batch correction methods, allowing us to separate the nested batch effects from 
the underlying gene expression patterns. We identify an approach that nearly ideally separates 
known anatomically defined regions, is congruent with patterns within deceive, and accesses the 
histological assignment of the host and graft areas. This allowed us to explore unique expression 
patterns in the regions of interest, notably the graft-associated region, the surrounding striatum, 
host SN, and the surrounding ventral midbrain regions. Differential expression analysis between 
these regions confirmed a significant overrepresentation of dopaminergic markers in the grafted 
regions compared to the surrounding tissue. Many of them exhibited shared expression patterns 
with the host SN, supporting the presence of related populations, and their spatial localization 
showed high enrichment in regions known for high dopaminergic neuron content. However, it 
is worth noting that while the expression patterns in the native SN and the grafted population 
were strikingly similar, they were not identical. This discrepancy could stem from compositional 
differences between the two regions or potentially distinct transcriptional profiles in artificially 
generated dopaminergic neurons, questions that warrant further investigation.

In the latter part of paper I, we aim to bridge the gap between a previously published dopamin-
ergic transplant scRNA-seq study, its spatial counterpart from paper I, and an extensive mouse 
brain profiling reference dataset by Zeisel et al., 2018. Utilizing the same reference dataset for 
cells analyzed with scRNA-seq and Spatial Transcriptomics (ST) features enables a more straight-
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forward comparison of cellular proportions between conditions. Interestingly, while cells within
the scRNA-seq dataset could be broadly categorized into glial or neuronal populations, finer type
assignments appeared uncertain, and on a more granular level, their transcriptional signatures
exhibited similarities to multiple related cell types, such as dopaminergic and cholinergic cells.
Comparing cellular proportions between datasets revealed that ST offered a more faithful repli-
cation of previous IHC quantification, shedding light on the remaining cell populations.

In summary, paper I highlights the promise of ST for mapping cellular communities and pro-
vides valuable insights into a tissue of therapeutical significance. As new methodologies emerge,
they hold the potential to enhance our understanding of dopaminergic grafts further. In the
realm of spatial analysis, countless methods have come onto the scene in recent years, varying in
their resolution, transcriptome targeting approaches, and ease of implementation. Further, many
methods that capture information not only from the transcriptional layer but also from additional
modalities have seen the light of the day. Such a broad toolkit, with many methods optimized
for atlas-level efforts, provides a nearly uncountable number of options for the direction of future
research.

Many current methods suitable for the analysis of larger tissues rely on gene detection via padlock
probes, and this is where paper II becomes pertinent. Paper II strives to offer an accessible and
cost-effective means to custom profile any tissue with unparalleled flexibility. The development of
this method unfolds in several stages, progressing from PCR-based padlock probe generation to
RCA-based array approach, culminating in the generation of massive pools comprising thousands
of unique probes, all from a small amount of highly diverse oligonucleotide material. The study
also demonstrates that cDNA primers, often required in abundance, can be produced through
this approach with minimal modifications, slashing the assay’s cost even more, as unlike padlock
probes, they require a 5’ end amine modification.

Paper II presents a method for generating padlock and primer libraries and introduces a straight-
forward transcriptome analysis method focused on ease of use, high efficiency, and quantifiable
outcomes. As noted previously, techniques like expansion microscopy show that making tissues
more permeable enhances transcriptome capture efficiency. In line with this observation, Lock-
seq exhibits a notable increase in sensitivity compared to BARseq while sharing many underlying
principles. Moreover, while Lock-seq is limited by the length of mRNA fragments bound to
its surface, this heightened sensitivity allows it to detect rare transcripts and significantly reduce
the resources required for transcriptome analysis, as it completely eliminates the need for cDNA
primers and up to 60% of the padlock probe sequences compared to competing methods. Both
BARseq and Lock-seq offer the advantage of a flexible capture field size, practically limited by the
size of a microscope slide.

In conclusion, paper II represents a significant achievement by providing a robust method for
massively amplifying high-variability sequence libraries from femtomole-level starting material. It
offers several modifications based on the source of the oligonucleotide template, enabling shorter
protocols and a complete omission of PCR for more substantial sources. Parallel to this, Lock-
seq enhances efficiency and sensitivity compared to existing padlock probe-based methods and
uniquely represents each transcript with only one signal, regardless of the number of targeting
probes.
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DIScuSSION AND FuTuRE PERSpEcTIvES

Transitioning to paper III, the focus shifts from examining physical space to tracing cellular trajec-
tories through transcriptomic changes. The primary objective of this study is to monitor the early
degeneration of dopaminergic populations in a PD animal model by introducing an AAV-vector-
based approach for the generation of αSyn-based PD models. The study’s innovation lies in its
ability to track dose-dependent effects using barcodes intrinsically associated with vector delivery.
The study supplies AAV vectors with two distinct cargoes to isolate changes solely attributable to
αSyn overexpression. One is carrying the PD-associated αSyn, and a second, control one, carry-
ing benign fluorescent protein tagBFP to the same destination. The study distinguishes changes
caused generally by AAV infection and αSyn by splitting the experimental animals into these
two groups. To assess the transgene-carrying AAV dose received by each cell, a unique barcode
accompanies each transgene copy, quantifying the burden delivered to the cell.

Two complementary mechanisms accomplish targeting of pathological changes to dopaminer-
gic neurons. Specifically, the study employs the AAV-MNM008 vector, which primarily targets
dopaminergic neurons and makes use of DAT-Cre mice to ensure that the transgene expression
stays limited to the target population. As dopaminergic neurons are usually sparse without enrich-
ment, AAV-MNM008 vectors carrying cassettes with a fluorescent marker were injected alongside
the αSyn or tagBFP vectors. This vector combination enables the enrichment of the target cells
while also facilitating transduction efficiency assessment due to all groups sharing an identical
AAV capsid. This approach allowed for the isolation of thousands of dopaminergic neurons fol-
lowing a four-month incubation period, providing a substantial sample to detect signs of αSyn-
associated pathology. While many genes in the dataset exhibited fluctuations related to overall
AAV infection load, regardless of the cargo, many genes associated with cellular damage, degen-
eration, or PD progression were specifically enriched in αSyn-infected cells. Trajectory analysis
further supported this finding, linking many PD-associated genes to increasing αSyn doses but
not to tagBFP. Paper III thus presents an excellent animal model for studying PD progression
at the single-cell level. An aspiration for future research is to incorporate methods presented in
paper II and add another informational layer.

Finally, paper IV constitutes a comprehensive effort to investigate claims of the intercellular traf-
ficking of the Arc protein and mRNA. The Arc gene, originating from an ancient retrovirus,
encodes proteins capable of forming capsid-like structures. These structures enclose Arc mRNA
and can transport it into neighboring cells (Ashley et al., 2018; Pastuzyn et al., 2018). To further
explore these claims, the study introduces a suite of tools designed to monitor the protein’s spread
within the cellular landscape of the mouse brain.

The tracking of ARC molecules is made possible through a combination of AAV-delivered mCherry
protein compatible with the HITI method (Suzuki et al., 2016) and the CRISPR/Cas9 system.
This approach facilitates the integration of the mCherry protein into the 5’ end region of the
Arc gene without disrupting its functionality (Steward et al., 2014). During this step, we ex-
plored some of the top suggestions for CRISPR/Cas9 targeting sites. Although our search for a
5’UTR site did not yield results, we successfully identified a site near the 5’ end of the ORF that
consistently generated in-frame knock-in molecules.

To validate the functionality of the knock-in, we conducted electrophysiological induction of
long-term potentiation. This experiment demonstrated a correlation between Arc induction by
stimulation and changes in mCherry expression, reinforcing the knock-in’s effectiveness and fur-
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ther confirming the coupling by PLA. Confirmation of the Arc protein’s unchanged functionality
was obtained through mCherry’s interaction with synaptic proteins. This interaction confirmed
the expected interaction with the postsynaptic STARGAZIN protein and revealed a less certain
interaction with the presynaptic BASOON protein. A particularly exciting discovery emerged
from monitoring interactions between the fusion mCherry-Arc protein and the presynaptic pro-
tein BASOON. In this context, we observed signals from unlabeled cells proximal to mCherry-
positive cells. While these findings add to the support for the concept of cellular Arc transfer, the
inclusion of spatial sequencing methods could provide deeper insights into this process. Further,
molecular techniques, such as barcoding, could offer substantial advantages and a more compre-
hensive understanding.

In conclusion, these papers collectively contribute to our understanding of complex biological
processes, offering innovative methodologies and valuable insights that open new avenues for
research in the field. The field of spatial transcriptomics as a whole has experienced extensive
progress in recent years on both the commercial side and the cutting edge of research. While
commercialization on one end brings in the laboratories, which lack the resources to implement
more experimental methods and, in doing so, expands spatial transcriptomics to research nooks
that would otherwise remain untouched, more intricate, demanding, but also more informative
methods are constantly being developed by specialized labs on the other end. All signs point to
this dance not slowing down anytime soon, letting us only imagine where the field will be in a
decade and further.
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