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ABSTRACT 
 

Mammals have a poor ability to regenerate organs or tissues. In particular, brain neurons do 
not regenerate after damage. A good example of this limitation is the irreversible degeneration 
of midbrain dopaminergic neurons in Parkinson’s disease (PD). 

 
Several strategies are being developed to treat PD. The proposed treatments include 

transplantations and local reprogramming of brain cells. Transplantation approaches involve 
different sources of dopaminergic progenitors or neurons which can be sourced either in vivo 
from fetal ventral midbrain tissues, or in vitro from either embryonic stem cells or induced 
pluripotent stem cells. Reprogramming approaches try to directly convert local glial cells into 
dopaminergic neurons in vivo. While clinical progress has been made in trials, several issues 
need to be addressed, such as the safety of the techniques, and ethical considerations. 

 
In this thesis I explored how dopaminergic neurons could be generated locally in the ventral 

midbrain from the endogenous neural stem cells. I used newts as the animal model, which have 
an extraordinary ability to regenerate organs and tissues including limb, tail, heart, lens, spinal 
cord, and the brain. Previous studies showed that newts functionally recovered after 
mesencephalic and diencephalic ablation of dopaminergic neurons by a process which is fueled 
by regenerative neurogenesis. However, the cellular and molecular mechanisms after 
dopaminergic lesion have remained largely unrevealed, mostly because of the paucity of 
available molecular tools. In addition to the regeneration studies, studying newts broadens our 
understanding of the function and the shaping of the midbrain from a developmental and 
evolutionary perspective. 

 
The work in this thesis made use of recent technological advances, such as a newly 

assembled genomic resource, single-cell RNAseq (scRNAseq) and single-nucleus RNAseq 
(snRNAseq) methods, and genomic modification techniques. I implemented and refined those 
tools in the following projects. 

 
In Project I, I made use of new genomic and transcriptomic resources for the Iberian ribbed 

newt, Pleurodeles waltl. I identified gene orthologues of key dopaminergic determinants and 
other genes expressed in vertebrate ventral midbrain. I found examples of both evolutionary 
conservation and divergence. I designed and produced plasmids and gRNAs which were used 
to generate transgenic and mutant newts. I predicted reactivities of multiple commercially 
available antibodies that I tested in Pleurodeles waltl tissues. I also designed probes for single 
and multiplexed in situ hybridizations. 

 
In Project II, I studied the development of the Pleurodeles waltl ventral midbrain. Using 

scRNAseq/snRNAseq analyses in combination with immunohistochemical and functional 
analyses I focused on two aspects: (i) cellular heterogeneity, and (ii) transition of neural 
stem/progenitor cells from active proliferation to quiescence. Based on marker gene expression, 
I found high degree of conservations of major cell types between Pleurodeles waltl and 
mammals. I then studied in detail the development of the ventral midbrain with emphasis on 
the dopaminergic system. I uncovered that the cellular diversity observed in the adult ventral 
midbrain is established at the late larval stage, though the proportions of cell types change as 



   
 
 

 
 
 

development proceeds. I used the snRNAseq data to detect changes in gene expression from 
development to adulthood. The in silico data were confirmed by validating protein expression 
in the midbrain, by which I could observe defined subpopulations in their spatial distribution. 
Furthermore, I found that overexpression of the transcription factor NFI in vivo promotes the 
natural transition of stem/progenitor cells into quiescence. 

 
In Project III, I explored the cellular and molecular responses to dopaminergic injury in the 

Pleurodeles waltl ventral midbrain. I found, in accordance with the results of Project II, a 
downregulation of NFI correlating with the reactivation of ependymolial cells, which are neural 
stem cells in the newt brain. Overexpression of NFI after dopaminergic ablation inhibited the 
activation of ependymoglia. Bulk RNAseq analyses revealed sets of up- and downregulated 
genes which I explored further in the snRNAseq datasets. Furthermore, using the transgenic 
line mpeg1:GFP and PLX3397-mediated depletion, I revealed a role for 
microglia/macrophages in the reactivation of ependymolia after the ablation of dopaminergic 
neurons.  

 
In sum, the work provides new resources and entry points in how to consider the 

development and evolution of the newt ventral midbrain, and its ability to recover following 
loss of dopaminergic neurons. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



   
 
 

 
 
 

LIST OF PROJECTS 
 
This thesis is divided into the following projects: 

I. Implementing and refining the molecular toolkit for Pleurodeles waltl. 
 
II. Molecular categorization of cell populations with temporal resolution in the developing 
Pleurodeles waltl ventral midbrain. 
 
III. Response to dopaminergic neuron ablation with special focus on the interplay between 
microglia/macrophages and ependymoglia. 
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1. INTRODUCTION 
 
1.1. Parkinson’s disease 
 

Parkinson’s disease (PD) is the second most common neurodegenerative disease after 
Alzheimer’s disease. PD results from the degeneration of dopaminergic neurons in the 
substantia nigra of midbrain, which leads to a decrease in the neurotransmitter dopamine 
(Chinta and Andersen, 2005). The clinical symptoms of PD include bradykinesia, rigidity, and 
resting tremor (Kalia and Lang, 2015). There is no cure for PD at present. Current treatments 
are effective to temporarily relieve the symptoms of the disease, for example, by administration 
of levodopa (L-DOPA) or related substances and by deep brain stimulation (Reich and Savitt, 
2019). The main reason for the lack of cure for PD is that no treatment can lead to the repair or 
regenerate the damaged midbrain dopaminergic system.  

 
Cell replacement therapy is considered as an alternative to pharmacological treatment and 

brain stimulation. Human fetal ventral midbrain (VMb) tissues were transplanted into patients’ 
brain in several human clinical trials. These trials provided proof of concept for cell 
replacement therapy in PD (Lindvall and Bjorklund, 2004, 2011). Importantly, some patients 
showed recovery for several years (Kefalopoulou et al., 2014). However, this approach has 
several limitations: 1. The available human fetal brain tissues for transplantation is scarce; 2. 
It is hard to standardize human fetal sources, leading to variable results; 3. In some cases, 
undesirable side effects like graft‐induced dyskinesias can occur (Ásgrímsdóttir and Arenas, 
2020; Barker et al., 2015; Lindvall and Bjorklund, 2004; Parmar et al., 2020).  

 
An alternative cell replacement strategy is to produce dopaminergic progenitors or neurons 

from Embryonic stem cells (ESCs) or Induced pluripotent stem cells (iPSCs), followed by 
transplanting those into the brains of PD patients. Compared with using human fetal VMb 
tissues, the application of ESCs or iPSCs have several advantages: 1. Easier to produce them 
in large amount; 2. Easier to get higher purity; 3. Easier to standardize the manufacturing 
process; 4. Cells may be cryopreserved (Nolbrant et al., 2017; Parmar et al., 2020; Wakeman 
et al., 2017). At the same time, the following challenges are still not resolved fully: 1. How to 
accurately generate the right cell types? 2. Into which part of the brain should the cells be 
grafted for optimal outcomes? 3. How to support the viability of the grafted cells after the 
transplantation? 4. Can the transplanted neurons innervate the appropriate targets? 5. How to 
avoid immunological rejections from the patients? 6. Ethical considerations, especially related 
to the use of ESCs (Barbuti et al., 2021; Guo et al., 2021; Parmar et al., 2020). A series of 
animal experiments were conducted to test the feasibility of this approach and human clinical 
trials have been started, whose outcomes are yet to be determined (Barbuti et al., 2021; Guo et 
al., 2021; Kikuchi et al., 2017; Kriks et al., 2011; Parmar et al., 2020; Parmar et al., 2023; 
Takahashi, 2019; Wang et al., 2018; Xiong et al., 2021). 

 
The third strategy is the direct reprogramming of non-neuronal cell types, for example 

astrocytes, into dopaminergic neurons in vivo (Arenas, 2020; Arenas et al., 2015). The 
difficulties here include how to make the precise targeting and reprogramming at the correct 
areas in vivo, and if the reprogramed neurons can survive, integrate, and function as normal 
dopaminergic neurons in the niche. In a previous study with a mouse model of PD, astrocytes 
in striatum were converted into “induced dopamine-releasing (iDA) neurons” leading to partial 
correction of motor deficits (Rivetti di Val Cervo et al., 2017). However, these iDA neurons 
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were not able to form distant neuronal connections, and motor behavior could not be 
comprehensively restored (Arenas, 2020; Rivetti di Val Cervo et al., 2017). More recently, two 
studies targeted PTBP1 gene to achieve direct reprogramming of dopaminergic neurons in vivo 
(Qian et al., 2020; Zhou et al., 2020). Both studies claimed efficient reprogramming of 
astrocytes into dopaminergic neurons, as well as the restoration of motor behavior. In one of 
the studies PTBP1 was depleted in astrocytes in the striatum while in the in the substantia nigra 
in the other study. However, the efficacy achieved by depleting PTBP1 has become 
controversial and needs further confirmations (Chen et al., 2022; Guo et al., 2022a; Guo et al., 
2022b; Hao et al., 2023; Hoang et al., 2023; Hoang et al., 2022; Hoang et al., 2021; Hoang et 
al., 2020; Maimon et al., 2021; Wang et al., 2021; Wang and Zhang, 2022, 2023; Xie et al., 
2022; Yang et al., 2023a; Yang et al., 2023b).  
 

 
 
Fig. 1 | Midbrain dopaminergic regeneration in newts. (A) Schematic diagram showing the regeneration after 
dopaminergic damages. Figure modified from (Joven et al., 2019), reprinted with permission from the publisher: 
The Company of Biologists. (B) Midbrain dopaminergic neuron regeneration and recovery of locomotor 
performance in newts. Tyrosine hydroxylase (TH) in red. The figure was from (Parish et al., 2007), reprinted with 
permission from the publisher: The Company of Biologists. 
 

The fourth strategy would be the awakening of the endogenous quiescent stem cells or 
dopaminergic progenitors in the adult brains in situ. This approach is what the thesis focuses 
on. The Simon lab has previously shown that such a regeneration process is involved in the 
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restoration of the dopaminergic system in newts, which are semiaquatic salamanders (Parish et 
al., 2007) (Fig. 1). Furthermore, it was established that dopaminergic progenitors displaying 
stem cell features remain present in the adult mammalian midbrain. Similar like newts, these 
cells in the mouse are responsive to dopamine signaling, and it was possible to extend the 
normal embryonic dopaminergic neurogenic period by administration of dopamine receptor 
antagonist (Hedlund et al., 2016). These results indicate the feasibility of promoting 
dopaminergic neurogenesis in the adult mammalian midbrain as well and that it is possible to 
impose regenerative traits to mammalian cells based on experiments performed in newts. Two 
main difficulties are: (1) the exact identification of the relevant progenitors in newts and 
mammals, and (2) establishing methods for their activation in the mammalian brain so that they 
would produce new dopaminergic neurons. An additional challenge is to restore the innervation 
from the midbrain to the forebrain. Importantly, previous experiments showed the feasibility 
of creating new nigro-striatal connections of dopaminergic neurons in the adult brain, though 
this was achieved by transplanted cells (Torper et al., 2015).  

 
This thesis focuses on the newt midbrain to create entry points for rigorous cross-species 

comparisons in the future. It examines the evolutionary conservation of the dopaminergic 
system in the newt midbrain, and examines processes involved in the cell cycle regulation of 
stem/progenitor cells both during ontogeny as well as a response to injury. The work leverages 
on and refines recently developed genomic tools for newts. 
 

Table. 1 | Taxonomy of animal species commonly used for research 
 

Kingdom Phylum Class Order Family Genus-Species 

Animalia Chordata 

Mammalia 

Primates Hominidae Homo sapiens (Human) 

Rodentia Muridae 
Mus musculus (Mouse) 

Rattus rattus (Rat) 

Lagomorpha Leporidae Oryctolagus cuniculus (Rabbit) 

Aves Galliformes Phasianidae Gallus gallus (Chicken) 

Reptilia 
Crocodilia Alligatoridae Alligator sinensis (Alligator) 

Squamata Agamidae Pogona vitticeps (Lizard) 

Amphibia 

Anura 
Pipidae Xenopus laevis (Frog) 

Pipidae Xenopus tropicalis (Frog) 

Urodela 
(Salamander) 

Salamandridae 

Pleurodeles waltl (Newt) 

Notophthalmus viridescens (Newt) 

Cynops pyrrhogaster (Newt) 

Cynops orientalis (Newt) 

Plethodontidae Bolitoglossa ramosi 

Ambystomatidae Ambystoma mexicanum (Axolotl) 

Actinopterygii Cypriniformes Cyprinidae Danio rerio (Zebrafish) 
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1.2. Newts 
 
1.2.1. Newts as regeneration model organisms 
 

Newts are vertebrates with extraordinary regeneration abilities (Fig. 2A). Several newt 
species have been used as regeneration models, and the organs or tissues that have been 
reported to regenerate in newts including limbs, tail, spinal cord, lens, parts of heart, intestine, 
upper and lower jaw, male gonads, and brain (Joven et al., 2019) (Fig. 2A-B). While cellular 
and molecular details of newt limb and heart regeneration have been explored in more details, 
fewer is known about the mechanisms that control regeneration of midbrain dopaminergic 
neurons. Taxonomically, newts belong to the Family “Salamandridae”, Order “Urodela” 
(Salamanders), Class “Amphibia” (Fig. 2B) (Table. 1). The axolotl is the most frequently used 
regeneration model among Urodela with significant genomic information and methods, some 
of the methods are appropriate to be used in newts as well because of the high degree of 
similarity between newts and axolotl. (Echeverri et al., 2022; Joven et al., 2019). Nevertheless, 
there are important differences between newts and axolotls in terms of their life cycle, 
regeneration repertoire, and genomic composition (Joven et al., 2019), justifying the studies of 
both types of animals and to create genomic tools for newts as well. Some of the important 
tools will be introduced later in the thesis. 

 
In previous studies, two species of newt models have been used for studying dopaminergic 

development and regeneration: The American red spotted newt (Notophthalmus viridescens) 
and the Iberian ribbed newt (Pleurodeles waltl) (reviewed in (Joven and Simon, 2018), Fig. 
2A). I mainly used the Iberian newt (Pleurodeles waltl) in this thesis because of the emerging 
availability of genomic and transcriptomic data (Brown et al., 2022; Elewa et al., 2017; 
Matsunami et al., 2019), as well as genetically modified lines (reviewed in (Joven et al., 2019)). 
 

 
 
Fig. 2 | Newts and their genome. (A) Most often used newt species in regeneration research. Figure from (Joven 
et al., 2019), reprinted with permission from the publisher: The Company of Biologists. (B) The genome sizes and 
regeneration ability in different species. Figure from (Elewa et al., 2017), reprinted with the Creative Commons 
license: https://creativecommons.org/licenses/by/4.0/. 
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1.2.2. Development of genome and transcriptome resources for newt species  
 
Without genomic data it is not possible to reveal the molecular mechanisms behind newts’ 

excellent regeneration abilities. However, genomes and transcriptomes of newts have only 
recently been sequenced due to technical limitations (Brown et al., 2022; Elewa et al., 2017; 
Matsunami et al., 2019). Different from the human genome with around 3 Gb in size, genomes 
in salamander species are much larger: around 20 Gb in the newt Pleurodeles waltl, around 35 
Gb in newt Notophthalmus viridescens, around 39 Gb in the newt Cynops pyrrhogaster, around 
40 Gb in the newt Cynops orientalis, around 25 Gb in the newt Bolitoglossa5ntegri, and around 
35 Gb in the axolotl Ambystoma mexicanum (Arenas Gomez et al., 2017; Brown et al., 2022; 
Elewa et al., 2017; Litvinchuk et al., 2007; Wilhelm et al., 2003) (Fig 2). Another unique feature 
of the salamander genomes is the large number of long repetitive sequences, making the 
assembly very difficult without long sequencing reads (Brown et al., 2022; Elewa et al., 2017). 
Among newts, transcriptomes of Notophthalmus viridescens, Cynops pyrrhogaster, and 
Cynops orientalis were sequenced (Abdullayev et al., 2013; Biscotti et al., 2020; Looso et al., 
2013; Nakamura et al., 2014; Wang et al., 2023; Yu et al., 2019). However, no genome of these 
species was sequenced, mainly because of the heavy cost and the difficulty of sequencing long 
repetitive areas as mentioned before. These species are not suitable either for making transgenic 
lines because of their complex life cycle. For example, Notophthalmus viridescens has 
generation of time of at least 2 years, involving aquatic and terrestrial transitions which are 
cumbersome to mimic in animal facilities (Joven et al., 2019). 

 
Pleurodeles waltl is relatively easy to breed under laboratory conditions and amenable for  

genomic modifications (Joven et al., 2019). The first genetically modified Pleurodeles were 
being generated a decade ago using Tol2- and SceI-mediated transgenesis (Hayashi et al., 2019; 
Hayashi and Takeuchi, 2015; Hayashi et al., 2013; Joven et al., 2018), as well as CRISPR/Cas9-
directed mutagenesis, including mutants for tyrosinase (Tyr-/-), Pax3-/-, Pax6-/-, Pax7-/- and 
Tbx5-/- (Elewa et al., 2017; Suzuki et al., 2018). The first genome and transcriptome of 
Pleurodeles waltl was published in 2017 (Elewa et al., 2017). The transcriptome was derived 
from 10 different tissues/organs at 3 developmental stages and 2 regenerative stages. The 
genome was sequenced, the size was estimated to 20 Gb but the assembly remained fragmented 
because of the short sequencing reads from Illumina sequencing (Elewa et al., 2017). Unique 
features of Pleurodeles waltl were revealed, for example the expansion of Harbinger 
transposable elements and the expansion of miRNAs with embryonic stem cell-specific seed 
sequences (Elewa et al., 2017). In 2019, an additional transcriptome was published, generated 
from 12 different tissues/organs, unfertilized egg, or embryos at 8 developmental stages and 2 
regenerative stages (Matsunami et al., 2019). Very recently, my laboratory used advanced 
PacBio long sequencing reads to sequence the genome again. Combined with Hi-C reads for 
chromosome scaffolding and iso-sequencing of mRNAs from brain, limb, and spleen (Brown 
et al., 2022), the new genome showed a great improvement: it could be assembled into 1183 
pieces, 99.6% of which scaffolded into 12 chromosomes (Brown et al., 2022). Although the 
annotation of the Pleurodeles waltl genome is still not complete, it was possible to use the 
sequencing data to reveal fundamental aspects of the evolution of the vertebrate forebrain 
(Woych et al., 2022). I will present the application of these new genome resources in my studies 
later in this thesis. 

 
 
 

 



   
 
 

6 
 
 

1.3. Midbrain dopaminergic system 
 
1.3.1. Mammalian midbrain dopaminergic neurons 
 

Midbrain dopaminergic neurons were defined in the 1960s. In 1964, along with the 
identification of monoamine-containing neurons in brain, neurons in substantia nigra pars 
compacta (SNpc) of ventral midbrain were identified as dopaminergic neurons, which 
projected to dorsal striatum (the caudate and putamen) (Anden et al., 1964; Dahlstroem and 
Fuxe, 1964, 1965; Fuxe, 1965a, b). 

 
Although dopaminergic neurons constitute a relatively small cell population in the midbrain, 

they are important in regulating multiple functions in the body (Chinta and Andersen, 2005). 
Dysregulation of the dopaminergic system is associated with not only PD but also disorders 
like schizophrenia, restless legs syndrome and attention deficit hyperactivity disorder (Chinta 
and Andersen, 2005). 

 
In earlier studies, midbrain dopaminergic neurons were classified based on their anatomical 

locations. In mammals, dopaminergic neurons are distributed in three distinct nuclei in the 
midbrain: 1) substania nigra pars compacta (SNpc, A9 group). 2) ventral tegmental area (VTA, 
A10 group). 3) retrorubral field (RrF, A8 group) (Arenas et al., 2015; Dahlstroem and Fuxe, 
1964). Distinct midbrain dopaminergic neurons project to different brain areas and exert 
various functions. A VTA dopaminergic neuron subpopulation projects to nucleus accumbens 
(ventromedial striatum), olfactory tubercle, septum, amygdala, and hippocampus, and it is 
known as mesolimbic dopaminergic system (Chinta and Andersen, 2005). Another VTA 
dopaminergic neuron subpopulation projects to prefrontal, cingulate and perirhinal cortex, and 
this is called the mesocortical dopaminergic system (Chinta and Andersen, 2005). The VTA 
dopaminergic neurons control emotional behavior, natural motivation, reward, and cognitive 
function (Arenas et al., 2015). This cell population is also linked to psychiatric disorders, for 
example, anxiety and depression (Arenas et al., 2015). SNpc dopaminergic neurons project to 
dorsolateral striatum (the caudate and putamen) as mentioned before, forming the nigrostriatal 
dopaminergic system. This cell population plays a significant role in controlling voluntary 
motor movement (Chinta and Andersen, 2005). In PD, though multiple types of neurons 
degenerate, these are the cells among midbrain dopaminergic neurons that are mostly affected. 
VTA dopaminergic neurons are also diminished in PD but not to the same extent as SNpc 
dopaminergic neurons (Arenas et al., 2015; Chinta and Andersen, 2005) (Fig. 3). 
 

 
Fig. 3 | Brain regions with dopaminergic neurons in development (A) and adult rodent brain (B). Figure was 
adapted from “(Bjorklund and Dunnett, 2007)”, and reprinted with permission from the publisher: Elsevier. 
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1.3.2. Cellular composition and dopaminergic regeneration of the newt midbrain 
 

Similar to mammals, the midbrain of newts has both neural and non-neural cellular 
components. Although anatomically simplified, the functional equivalents can be identified of 
all major areas of the vertebrate brain (Joven and Simon, 2018). Despite the similarities, 
important differences have also been identified. The cells lining the ventricular system of the 
newt brain is one such example with special relevance for this thesis. These cells are generally 
denoted as ependymoglial cells. These cells are in an “ependymal” position and simultaneously 
express glial markers, such as the intermediate filament GFAP (Arsanto et al., 1992; Benraiss 
et al., 1996; Berg et al., 2010). Ependymoglial cells give also rise to neurons both during 
development and as a response to neuronal loss (Berg et al., 2010).  

 
Work in zebrafish highlighted an interplay between ventricular neuronal progenitors and 

immune system. In the brain activation of ventricular neuronal progenitors was shown to 
depend on signals from microglia (Kyritsis et al., 2012). Microglia has also been identified in 
the newt brain and manipulation of the inflammatory response impinged on the regeneration 
of dopaminergic neurons (Kirkham et al., 2011). Though previous studies have shown the 
multiple roles of microglia in regulation development, regeneration and function in different 
models, few studies have been done in newts (Mehl et al., 2022). An important question that 
was explored in this thesis was if there is a specific response among microglia/macrophages 
after dopaminergic injury. 

 
In the newt brain, neurons constitute the largest cell population. It is a heterogenous group 

of cells with different neurotransmitter identity, such as dopaminergic, cholinergic, 
serotonergic, GABAergic neurons, glutamatergic neurons (Joven et al., 2018). Although 
previous work using immunohistochemical analyses and in situ hybridizations unraveled 
targeted neuronal subtypes, our understanding is limited at higher molecular resolution. 
Detailed molecular profiling is important to define heterogeneity and correlate to functionality, 
and to determine the extent of evolutionary conservation, including the putative identification 
of unique newt-specific populations. This knowledge is important to uncover processes that 
lead to regeneration in newts and to carry out cross-species comparisons.  
 
1.3.3. Attributes of the newt dopaminergic system 
 

In general comparison with mammals, homologous regions with conserved gene expression 
patterns and connectivity are often present in the newt brain, despite of the scarce migration of 
neuronal cells during newt brain development (Joven and Simon, 2018).  

 
The first studies of the dopaminergic system in salamanders determined the expression 

patterns of both dopamine and tyrosine hydroxylase (TH) from a comparative neuroanatomical 
point of view (Dubé and Parent, 1982; Gonzalez and Smeets, 1991). TH expression has been 
used as a proxy for dopaminergic neurons as it is catalyzing the rate limiting step in dopamine 
biosynthesis (UniProt, 2023). These studies showed that in contrast to teleosts, there is a 
dopaminergic population in the VMb. This should not be taken as an indication that teleosts do 
not possess functionally equivalent midbrain dopaminergic neurons. Rather, it is believed that 
they are located more rostrally at posterior tuberculum of prosomere P3 in diencephalon (Rink 
and Wullimann, 2001; Yamamoto and Vernier, 2011).  
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The sequential appearance of the dopaminergic subpopulations during development in the 
brain of Pleurodeles waltl was firstly described by detailed immunohistochemical analyses, 
followed by quantitative tracing approaches that revealed different subpopulations (González 
et al., 1995; Joven et al., 2018). Several features of the dopaminergic systems are conserved in 
newts compared to other vertebrates, such as the expression domains of dopaminergic neurons 
and the functional consequences of their loss: the modulation of complex behaviors, such as 
instrumental learning, fear processing and decision making (González et al., 1995; González 
et al., 1996; Gonzalez and Smeets, 1991; Joven et al., 2018; Marín et al., 1997a, b). An 
important conserved feature is that the newt striatum is innervated by dopaminergic fibers 
originating from the ventral midbrain (Marín et al., 1997a, b). TH+ fibers were found to be 
widespread in the newt brains , but their precise role and targets have not been investigated in 
great details (González et al., 1995; Gonzalez and Smeets, 1991); and it is likely that the higher 
complexity of motor repertoire an animal species displays, the more complex are the 
dopaminergic projections. However, it cannot be excluded that there are newt-specific 
projection patterns. An example for such a species-specific diversity is the projection from 
midbrain to prefrontal cortex (PFC) in mammals, which is thought to correspond the projection 
to nidopallium caudolateral in avians (Güntürkün, 2005; Mogensen and Divac, 1982). An 
important difference to mammals is that the laterally migrated dopaminergic neurons are absent 
in the newt midbrain, suggesting the absence of the SNpc in newts (Smeets and Reiner, 1994). 
More studies are required to confirm this absence, as alternatively the functional heterogeneity 
of dopaminergic midbrain subpopulations may just not be reflected anatomically in the newt 
midbrain.  

 
Besides dopaminergic neurons, attention should be given to newt dopamine receptors.  In 

previous studies, an evolution pattern in subtypes of dopamine receptors has been revealed 
across different species (Callier et al., 2003; Yamamoto and Vernier, 2011). It would be 
worthwhile to confirm if newts follow this pattern, and if their dopamine receptors can play a 
role in dopaminergic regeneration (Berg et al., 2011). 
 
1.4. Neurogenesis during regeneration 
 

As described above, ependymoglial cells constitute a source for new dopaminergic neurons 
(Berg et al., 2010; Berg et al., 2011; Joven et al., 2018; Kirkham et al., 2014). Upon elimination 
of dopaminergic neurons in the mature non-proliferative midbrain, quiescent ependymoglial 
cells become reactivated to proliferate and differentiate into new dopaminergic neurons, fueling 
the recovery of locomotor activity (Berg et al., 2010; Berg et al., 2011; Hameed et al., 2015; 
Joven et al., 2018; Parish et al., 2007) (Fig. 1B). Dopamine signaling has been shown to be 
crucial in the activation of ependymoglial cells as it can be suppressed by administration of L-
dopa, which also efficiently inhibits regeneration. Furthermore quiescent ependymoglia re-
enter the cell cycle after treatment with dopamine receptor antagonist, even if without the loss 
of dopaminergic neurons (Berg et al., 2011). The three main unsolved questions related to 
ependymoglial cells that I aimed to explore are: 1. How do ependymoglial cells become 
quiescent during normal development. 2. How do quiescent ependymoglial cells resume 
proliferation after neuronal damage? 3. To what extent are the ependymoglial cells in the 
quiescent newt midbrain a homogenous or a heterogenous population? Throughout this thesis 
I will refer to ependymoglial cells as stem/progenitor cells as it is unclear how to make the 
distinction between their long-term self-renewal and neurogenic proliferation. 
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1.5. Quiescence of midbrain neural stem/progenitor cells in newts and mammals 
 

In mammals, it was long thought that neurons are not born in the adult brain. However, adult 
stem cell proliferation was detected in hippocampus and striatum in the human brain, as well 
as hippocampus and olfactory bulb in the mouse brain (Bergmann et al., 2012; Boldrini et al., 
2018; Eriksson et al., 1998; Ernst et al., 2014; Moreno-Jimenez et al., 2019; Spalding et al., 
2013; Tobin et al., 2019). A study however claimed that human hippocampal neurogenesis is 
restricted to the first years of life (Sorrells et al., 2018). Homeostatic or lesion-induced 
neurogenesis in the mammalian midbrain has not been conclusively detected. 

 
In both newts and mammals, midbrain dopaminergic neurons are derived from neural stem 

cells during development. Ependymoglial cells are retained throughout the entire life of the 
animal, acquiring a quiescent state as the brain grows during development (Joven and Simon, 
2018; Joven et al., 2018). In adult Pleurodeles waltl brain, some regions are largely quiescent 
areas, such as the midbrain, while other regions, such as the telencephalon remain more 
proliferative (Joven and Simon, 2018; Joven et al., 2018; Kirkham et al., 2014). Although the 
extent of proliferative regions slightly varies also among newt species, in general  there is a 
decrease in proliferation rate and an increase in the cell cycle length during development, 
associated to the appearance of a more mature phenotype in the ependymoglia, denoted type-1 
ependymoglia (Joven and Simon, 2018; Joven et al., 2018; Kirkham et al., 2014). The 
accumulation of this slow-dividing type-1 ependymoglia coincides with the brain regions 
becoming quiescent. Importantly, quiescent ependymoglial cells can resume proliferation and 
differentiate into dopaminergic neurons after midbrain dopaminergic lesion (Berg et al., 2010; 
Berg et al., 2011; Joven et al., 2018; Parish et al., 2007). This is a key difference between newts 
and mammals, and understanding the underlying mechanisms is a main object of this thesis. 
 
1.6. Heterogeneity of neural stem/progenitor cells 
 

An important question in neurogenesis is whether there are subtype specific stem/progenitor 
cells whose lineage identities are predetermined by the transcription factors they express. 
Several midbrain dopaminergic determinants were identified in mammals, such as Lmx1a, 
Lmx1b, Otx2, Engrailed1, Engrailed2, Msx1, Msx2, Neurogenin2 and Mash1 (Ang, 2006). 
scRNAseq and snRNAseq experiments provided molecular cues for further classification and 
defined species-specific differences (La Manno et al., 2016). In a study of mammalian midbrain, 
five groups of neural stem cells, five groups of early progenitor cells and four groups of 
neuroblasts were defined; and in murine midbrain, three groups of neural stem cells, one group 
of early progenitor cells, and eight groups neuroblasts were defined (La Manno et al., 2016). 
Multiple midbrain cell types were matched well between human and mouse, though unique 
traits also exist in each species (La Manno et al., 2016). 

 
    Very little is known about the heterogeneity of newt ependymoglial cells, especially in 

the midbrain. As mentioned before, previous studies identified 2 types of ependymoglial cells 
in newts’ brain: type-1 ependymoglia are GFAP+GS+ cells which  show stem cell features as 
they are resistant to AraC treatment, and type-2 ependymoglia correspond to GFAP+GS- cells 
with transit-amplifying characteristics and sensitive to AraC treatment (Joven and Simon, 2018; 
Joven et al., 2018; Kirkham et al., 2014). Type-2 cells are actively cycling, they are 
predominately located in proliferative areas, show short cell cycle length, and are Notch1-. 
Type-1 cells are largely quiescent, they are predominately located in quiescent areas, show long 
cell cycle length, and are Notch1+. It was found that the GFAP+GS- ependymoglial cells 
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gradually become GFAP+GS+ as the brain matures. Furthermore, in response to neuronal injury, 
type-1 cells are notch signaling dependent while type-2 cells are not (Joven and Simon, 2018; 
Joven et al., 2018; Kirkham et al., 2014). Similar to mammals, some transcription factors such 
as Pax6 and Nkx gene family members are expressed in restricted dorsoventral domains in the 
VMb of Pleurodeles (Joven et al., 2013b), but to what extent ependymoglial cells in the newt 
midbrain express dopaminergic determinants that were identified in mammals was not known. 
 
1.7. Genome editing techniques in salamanders 
 

A significant hurdle for salamander research has long been the lack of genetic loss of 
function assays. “RNA interference” has not been established  in salamanders, and it has been 
speculated that this may be due to naturally high activities of RNases in these species 
(Echeverri et al., 2022). Although morpholino-mediated knock down has been used in 
salamanders (Madhavan et al., 2006; Schnapp and Tanaka, 2005; Tsonis et al., 2011), this 
method has never become sufficiently effective. Establishing CRISPR (Clustered Regulatory 
Interspaced Short Palindromic Repeat) /Cas9 mediated genomic modifications in salamanders 
(Elewa et al., 2017; Fei et al., 2017; Fei et al., 2014) has also revolutionized the field of 
salamander regeneration research. Below, I will briefly review methods tested on salamanders. 
 
1.7.1. I-SceI meganuclease system 
     

I-SceI meganuclease is an intron-encoded homing endonuclease originally isolated from the 
yeast Saccharomyces cerevisiae (Jacquier and Dujon, 1985). By co-injection of I-SceI 
meganuclease enzyme with plasmids containing DNA flanked by I-SceI meganuclease sites 
into the eggs, DNA integration can be made to generate transgenic animals. Usually, a 
precondition of using the tool is identifying the regulatory sequences of the genes of interest, 
for example, the promoter region. The system has been reported to work in Pleurodeles waltl, 
Cynops pyrrhogaster, and axolotls (Casco-Robles et al., 2011; Currie et al., 2016; Gerber et al., 
2018; Hayashi et al., 2013; Khattak et al., 2009; Khattak et al., 2013; Kragl et al., 2009; 
Monaghan and Maden, 2012; Sobkow et al., 2006).  
 
1.7.2. Tol2 transposase system 
 

Tol2 is an autonomous transposase belonging to the hAT family of transposons. It was first 
isolated from the genome of teleost fish medaka Oryzias latipes (Koga et al., 1996). Because 
the initially identified Tol2 cis sequence was long, optimization experiments were conducted, 
and subsequently a “minimal” Tol2 element was isolated (Balciunas et al., 2006; Urasaki et al., 
2006). The method is based on the co-injection of DNA flanked by Tol2 elements with the 
mRNAs of Tol2 transposase (synthesized in vitro) into the eggs, leading to the integration of 
the desired sequences into the genome. Tol2 transposase system has been shown to be able to 
carry a DNA insert at least up to 70 kb with no reduction in transpositional activity (Balciunas 
et al., 2006; Suster et al., 2009). Knowing the regulatory sequences of the interesting genes, for 
example, the promoter sequences, is still a prerequisite in using this tool. Successful examples 
were shown in both newt Pleurodeles waltl and axolotl (Eroglu et al., 2022; Joven et al., 2018; 
Khattak et al., 2014; Khattak et al., 2013; Sandoval-Guzman et al., 2014; Woodcock et al., 
2017).  
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1.7.3. PiggyBac transposase system 
 

PiggyBac transposase system was initially identified from cabbage looper moth 
Trichoplusia ni (Fraser et al., 1996). Similar like the Tol2 transposase system, it is conducted 
by co-injecting DNA flanked by PiggyBac transposase elements with the transposase mRNAs 
into the eggs. PiggyBac transposase system has been reported with the capacity of carrying 
more than 100 kb in insert size (Li et al., 2011; Rostovskaya et al., 2012). Again, knowledge of 
the regulatory sequences in the interesting genes is needed before applying the tool. 
Unpublished data from our laboratory indicates its feasibility in newt Pleurodeles waltl. 

 
1.7.4. ZFN system 
     

Developed in late 1990s and optimized in 2000s, ZFN (Zinc-Finger Nucleases) is the first 
system which achieved specific targeting in genomes (Gaj et al., 2013). ZFN includes fusions 
of the nonspecific DNA cleavage domain from the FokI restriction endonuclease and zinc-
finger proteins. When it comes to genomic modification, ZFN can be guided to a specific 
genomic site based on the specificity of the designed zinc-finger domain, before inducing 
double-strand breaks and stimulating DNA damage response pathways at the targeted 
sequences by the ZFN dimer (Gaj et al., 2013). ZFN was screened and tested in axolotls, and 
precise modification at axolotl Oct4 genomic locus was made using the obtained ZFN pair 
(Echeverri et al., 2022). However, ZFN might have unspecific toxicity which could cause early 
embryonic lethality in axolotl (Echeverri et al., 2022), and has not been used frequently in 
salamanders. 
     
1.7.5. TALEN system 
 

TALEN (Transcription Activator-Like Effector Nucleases) was developed around 2010 
(Wei et al., 2013). It is based on the fusions of the FokI cleavage domain with the DNA-binding 
domains derived from TALE proteins. The TALE proteins contain multiple 33–35-amino-acid 
repeat domains each recognizing a single base pair (Gaj et al., 2013). Similar to ZFN, TALEN 
also induces double-strand breaks and stimulates DNA damage response pathways at the 
targeted sequences (Gaj et al., 2013). TALEN was also adapted in salamander models and 
proved to be more successful than the ZFN system. In a first pilot trial targeting endogenous 
tyrosinase gene or eGFP in transgenic axolotls, gene-specific loss-of-expression was observed 
(Echeverri et al., 2022). In addition, TALEN was found to more efficient and less toxic than 
ZFN in axolotl models, and the modified genomic alleles in F0 generations could readily  be 
transmitted to F1 progeny (Echeverri et al., 2022). Several TALEN constructs were 
successfully employed in both newts and axolotls (Hayashi et al., 2014; Kuo et al., 2015; 
Woodcock et al., 2017). 
     
1.7.6. CRISPR/Cas9 system 

 
The CRISPR/cas9 method originates from the adaptive immune system of prokaryotes. It 

became a milestone among genome editing tool during the first half of the 2010s (Cong et al., 
2013; Deltcheva et al., 2011; Jinek et al., 2012; Lander, 2016; Mali et al., 2013). The method 
has, similarly to other organisms, proved to be functional and efficient in salamander models 
by the co-expression of gRNAs against specific sites in the genome together with Cas9 protein 
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or mRNA (Cai et al., 2019; Elewa et al., 2017; Fei et al., 2016; Fei et al., 2018; Fei et al., 2017; 
Fei et al., 2014; Flowers et al., 2014; Furukawa et al., 2023; Gerber et al., 2018; Joven et al., 
2018; Oliveira et al., 2022; Sousounis et al., 2020; Suzuki et al., 2018; Takeuchi et al., 2022; 
Yu et al., 2022). Due to its efficacy it has become the dominating tool for genome modifications, 
both to mutate genes in loss of function studies as well for generating knock-ins, for example, 
for cell tracking studies (Echeverri et al., 2022; Fei et al., 2018). There are mainly four ways 
to conduct CRISPR/Cas9-mediated knock-ins: homologous recombination (HR), 
microhomology-mediated end joining (MMEJ), non-homologous end joining (NHEJ), and 
homology-mediated end joining (HMEJ) (Yao et al., 2017). NHEJ has been reported work 
successfully in axolotls (Fei et al., 2017; Oliveira et al., 2022; Sousounis et al., 2020). However, 
its efficiency was not high. Also, it introduced random directions in integration and various 
types of indels at the junctions, making an easy frameshift of the knock-in gene. Our laboratory 
tested HR in Pleurodeles waltl (unpublished studies). Although successful, its efficiency was 
low. Recent advance in techniques of gBlocks and HDR Donor Blocks may pave a new way 
for using HMEJ. By combination of the linear high-fidelity gBlocks or HDR Donor Blocks, 
instead of plasmids, with the small molecules acting as homology-directed repair (HDR) 
enhancer, the efficiency of knock-in could be increased (IDT, 2023).  

 
1.8. Gene expression profiling using scRNAseq/snRNAseq and spatial 
transcritpmics in salamanders  
 

Another facet of the molecular tools that was important to adapt for salamanders are 
scRNAseq/snRNAseq. Multiple platforms for scRNAseq/snRNAseq have been developed, for 
example, Drop-seq and Smart-seq (Hwang et al., 2018; Jovic et al., 2022). Drop-seq techniques 
like 10xGenomics can efficiently recover up to 10000 singlets per run in droplets, the number 
of genes detected per singlet is not high. Smart-seq is a sensitive method that can detect high 
number of genes per singlet. However, the techniques require singlets to be isolated into 
separated wells for reactions, and the whole procedures are more time-consuming. The 
scRNAseq/snRNAseq techniques have been applied to salamanders to reveal cellular 
heterogeneity during regeneration of limb, heart, and brain (Eroglu et al., 2022; Gerber et al., 
2018; Leigh et al., 2018; Lust et al., 2022; Subramanian et al., 2023; Woych et al., 2022). In 
this thesis, I have used 10xGenomics platform, given the high number of cells/nuclei I need to 
define the cell population in ventral midbrain.  

 
While RNAseq data from dissociated tissues are useful and instrumental to cluster cells that 

could define cell (sub)types as well as differentiation trajectories, they do not reveal the spatial 
location of cells in tissues and organs. To overcome this limitation, spatial transcriptome 
techniques have been developed (Marx, 2021; Ståhl et al., 2016). Often, there is trade-off 
between spatial resolution and sequencing depth. The field is rapidly progressing, and a 
recently developed Stereoseq method, allowing for genome-wide expression analyses at spatial 
resolution equivalent to a cell, unraveled overlapping neurogenic processes during 
development and regeneration in the axolotl brain (Wei et al., 2022).  
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2. RESEARCH AIMS 
 

The studies in this thesis aimed to solve the following aims: 
 
AIM I. Testing and implementing new genomic tools. 

 
AIM II. Defining the cell populations in the newt ventral midbrain. 
 
AIM III. Revealing the cellular and molecular transitions in the newt ventral midbrain 

during development. 
 
AIM IV. Characterizing cellular and molecular responses after dopaminergic damages 

in the newt ventral midbrain. 
 
 
 
 
 
 
 
 
 
 
 
  



   
 
 

14 
 
 

3. MATERIALS AND METHODS 
 
3.1. Animals 
     

Pleurodeles waltl were raised in the animal facility of Karolinska Institute under standard 
conditions (Joven et al., 2015). The newts were maintained at 12 hours light/12 hours darkness, 
18-24 °C and staged according to (Gallien, 1957; Joven et al., 2015; Shi and Boucaut, 1995). 
All the experiments were performed in compilation with Swedish and European ethical permits 
N211/15, Dnr 9091-2018, and Dnr 3581-2022. 
 
3.2. Generation of genetically modified animals by egg injection  
 

Tol2-mediated or CRISPR-mediated transgenesis by egg injection was conducted based on 
previous protocols (Fei et al., 2018; Khattak et al., 2014). In Tol2-mediated plasmid integration: 
a solution of Tol2 mRNAs (50 ng/ul) and the plasmid with Tol2 elements (10 ng/ul) was made, 
and each newt egg (fertilization was checked) was injected with 5-10 nl of the solution. In 
CRISPR-mediated transgenesis: (1). For CRISPR-mediated mutation, a 5-10 nl solution of 
gRNAs and Cas9 protein in 1x Cas9 buffer (CRISPR/Cas9 system), or a 5-10 nl solution of 
crRNAs and Cas12a protein (CRISPR/Cas12a system) was injected into newt eggs 
(fertilization was checked) based on the protocols (Fei et al., 2018). (2). For CRISPR-mediated 
knock-in, a 5-10 nl solution of gRNAs, Cas9 protein, and linear gBlocks doner in 1x Cas9 
buffer (CRISPR/Cas9 system), or a 5-10 nl solution of crRNAs, Cas12a protein and linear 
gBlocks doner (CRISPR/Cas12a system) was injected into newt eggs (which’s fertilization 
were checked) based on the protocols (Fei et al., 2018). Next, the eggs were maintained for 
hatch and development. Later, genotyping was conducted to examine the transgenic 
modifications. 

 
3.3. In vitro generation of Tol2 transposase mRNAs 
 

Synthesis of Tol2 transposase mRNAs was conducted based on previous description 
(Khattak et al., 2014). In brief, the plasmid containing “T7 promoter: Transposase” element 
was linearized by a restriction enzyme, then Tol2 transposase mRNAs was synthesized in vitro 
by HiScribe® T7 ARCA mRNA Kit (with tailing) (New England Biolabs, E2026S). Later, the 
synthesized mRNAs were purified by LiCl precipitation and dissolved in dNase-/rNase-free 
water. The Tol2 transposase mRNAs were stored at -80 °C before use. 
 
3.4. Design of gRNAs (Cas9) or crRNAs (Cas12a) for CRISPR system 
 

The genome assembly and RNA seq data in (Brown et al., 2022) was used to target the 
sequences of the interesting genome areas. Next, the PAM sites of CRISPR/Cas9 system were 
identified, and the gRNAs were designed using the online tool from Integrated DNA 
Technologies (IDT) (IDT, 2023). Finally, the potential off-target sites of the gRNAs were 
examined across the newt genome. See all primers and gRNA sequences used in 
Supplementary Table. 1. 
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3.5. Genotyping 
 

I performed genotyping by extracting DNA from the putative transgenic newts, designing 
primers to amplify the donor plasmid sequences by PCR (see all primers and gRNA sequences 
used in Supplementary Table. 1). The PCR product was cut from the gels, purified, and sent 
for Sanger sequencing. 

 
 
3.6. Tamoxifen administration  
 

According to published methods for axolotl (Fei et al., 2017; Khattak et al., 2014), a 
25.84mM tamoxifen stock solution was prepared for intraperitoneal injections by dissolving 
100 mg of 4-hydroxytamoxifen in 10 ml of DMSO. For water-based induction (20 mM), 77.4 
mg of 4-hydroxytamoxifen was dissolved in 10 ml of DMSO. The solutions were aliquoted to 
avoid freeze-thaw cycles and kept at −80 °C for up to 6 months. Each aliquot was used once 
and protected from light.  

 
Animals were anesthetized and weighted to determine the amount of 4-OH tamoxifen 

injection volume necessary, calculating 5 μl of per gram of body weight as a starting point. The 
adult animals were injected at a final dose of 50µg/g (Tamoxifen/animal weight). For larval 
animals, animals were weighted in groups and two groups were defined: 1.5-2cm larvae were 
injected with 0.3µl stock (1x1mm glass capillary mark) to achieve an approximate dose of 
0.06g/animal; 3cm larvae were injected with 1.4µl stock (4x1mm glass capillary mark) to 
achieve an approximate dose of 0.28g/animal.  

 
The analysis of the tissue was performed at least 7 days after the tamoxifen administration, 

as it has been reported that in axolotls the earliest recombination event is visible 5–7 d after 4-
OH tamoxifen treatment (Fei et al., 2017; Khattak et al., 2014). 
 
3.7. Edu administration 
 

Edu (5-Ethynyl-2′-deoxyuridine) is a thymidine analog used to assay DNA synthesis and 
track proliferation cells in multiple biological systems including the newts (Joven et al., 2018). 
Edu (900584, MERCK) was dissolved in saline (0.9% NaCl) to make a stock at 2 mg/ml. Later 
the EdU stock was injected intraperitoneally into the newts at a dose of 50 µg/g (Edu/body 
weight) at the decided time points. 
 
3.8. Dopaminergic chemical ablation in newt brain 
 

The dopaminergic chemical ablation protocol was adapted from our previous studies, which 
used drug 6OHDA (6-hydroxydopamine) to specifically ablate the midbrain dopaminergic 
neurons (Berg et al., 2010; Berg et al., 2011; Hameed et al., 2015; Joven et al., 2018; Parish et 
al., 2007). In short, ascorbic acid (A92902, MERCK) was dissolved in 0.9% NaCl to make the 
stock solution (0.2mg/ml), followed by dissolving 6OHDA (H4381, MERCK) into this 
ascorbic acid stock solution to make a 20 μg/μl 6OHDA solution. Later at the decided time 
points, this 6OHDA solution was delivered to ventral midbrain by intraventricular injection in 
newt Pleurodeles waltl. The dose used was 4-8μg/g (6OHDA/newt body weight). Sham injured 
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newts generated by intraventricular injection using the same dose but with the ascorbic acid 
solution. Control newts suffered no intraventricular injection. The effects of the ablation were 
examined by the loss of TH+ neurons in the ventral midbrain, or the absence of TH+ fibers in 
the striatum by immunohistochemistry. 
 
3.9. PLX3397 -mediated microglia/macrophage depletion 
 

PLX3397 (Pexidartinib) has been used to deplete microglia/macrophage populations by 
inhibiting CSF1R (Colony Stimulating Factor 1 Receptor) in animal models (Elmore et al., 
2014). The PLX3397 solution was made by mixing 50 mg PLX3397 powder, 1 ml DMSO, 4 
ml PEG300, 500 µl Tween-80, and 4.5 ml saline into a 10 ml stock solution (5 µg/µl of 
PLX3397), and the vehicle solution was made by mixing 1 ml DMSO, 4 ml PEG300, 500 µl 
Tween-80, and 4.5 ml saline into a 10 ml solution. Later, PLX3397 solution or vehicle solution 
were delivered to newts by intraperitoneal injection at the decided time points. The dose used 
was 50 µg/g (PLX3397/newt body weight). The effects of microglia/macrophage ablation were 
measured by immunohistochemistry. 
 
3.10. Tissue processing  
 

The Pleurodeles waltl newts were deeply anesthetized by immersion in a solution of MS222 
(MERCK) at a range of concentrations (0.02% for small larvae, 0.05% for large larvae, and 
0.1% for adults). Then the heads of newts were cut and transferred into 4% PFA for overnight 
fixation at 4 °C. After fixation, the brains were dissected out and immersed in a solution of 30% 
sucrose in PBS (14190144, Thermo Fisher Scientific) until they sank at 4 to 37 °C. For 
immunohistochemistry, the brains were pre-embedded at 37°C for 6-12 hours in 3.5% gelatin 
with 30% sucrose in PBS, then embedded in 7.5% gelatin with 30% sucrose in PBS for 6-12 
hours, and quickly frozen with dry ice. The frozen blocks were immediately cut or stored at -
80 °C. Sections of 20 μm were cut on a cryostat (Leica, CM3050S) at -30 °C in the transverse 
planes, collected on SuperFrost slides (Menzel Gläser Superfrost Plus) in three to five series 
depending on the sample sizes. Slides were immediately processed or stored at −80 °C until 
use. For in situ hybridization (ISH), the procedure was the same, except for the brains were 
embedded in Tissue-Tek® O.C.T. Compound (SAKURA) instead of gelatin and the sectioning 
temperature was -20 °C. 
 
3.11. Immunohistochemistry 
 

Immunohistochemistry procedures were adapted from the protocols in our previous study 
(Joven et al., 2018). First, slides of sections were permeabilized either in PBST (PBS+0.25% 
Triton X-100 (Tx, MERCK)) at 37 °C for 30 mins followed by either another 30 min of PBST 
at 37 °C, or 15-20 mins of 1X antigen retrieval buffer (DAKO S1699) depend on the primary 
antibodies used later (for details, see Supplementary Table. 2). After washing 3 times in PBST 
for 5-10 mins (last wash washed with PBS), the edges of slides were sealed with a hydrophobic 
barrier pen (ImmEdge), and blocked using blocking buffer (0.2% BSA, 0.2% fish skin gelatin 
[MERCK] and 0.2% Tx in PBS) at room temperature for 1 hour. The slides were then incubated 
with primary antibodies overnight at proper concentrations (see Supplementary Table. 2) at 
room temperature. The slides were washed with PBST for 3 times for 5-10 mins and incubated 
with the proper secondary antibodies (from: Donkey anti-Mouse IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor™ 488 (A-21202, Thermo Fisher Scientific), 
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Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 
555 (A-31570, Thermo Fisher Scientific), Donkey anti-Mouse IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor™ 647 (A-31571 ,Thermo Fisher Scientific), 
Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 
488 (A-21206, Thermo Fisher Scientific), Donkey anti-Rabbit IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor™ 555 (A-31572, Thermo Fisher Scientific), 
Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 
647 (A-31573, Thermo Fisher Scientific), Donkey anti-Goat IgG (H+L) Cross-Adsorbed 
Secondary Antibody, Alexa Fluor™ 488 (A-11055, Thermo Fisher Scientific), Donkey anti-
Sheep IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488 (A-11015, Thermo 
Fisher Scientific), Donkey anti-Rat IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, 
Alexa Fluor™ 488 (A-21208, Thermo Fisher Scientific), Donkey anti-Chicken IgY (H+L) 
Highly Cross Adsorbed Secondary Antibody, Alexa Fluor™ 488 (A78948, Thermo Fisher 
Scientific)) for 2 hours at room temperature, followed by 30 min incubation of DAPI for 0.5-3 
hours, and 3 times washing of PBST. If Edu staining was needed, it was performed at this point 
by incubating sections with 100 mM Tris pH 8.5, 1 mM CuSO4, 50-100 μM fluorescent azide, 
and 100 mM ascorbic acid as previously described (Salic and Mitchison, 2008). Finally, slides 
were mounted under coverslips with non-fluorescent mounting medium (DAKO).  
 
 
3.12. RNA probe synthesis and in situ hybridization 
 

Total RNA Purification Kits (NORGEN, 37500) and SuperScript™ IV Reverse 
Transcriptase (Thermo Fisher Scientific, 18090010) were used to generate the total cDNA from 
fresh dissected newt brains. Using the identified the newt orthologues, the RNA probe 
sequences were manually designed (Supplementary Table. 4), the DNA templates (with T7 
and T3 promoter at the two ends) of the probes were amplified from the total cDNA of brain 
using Phusion™ High-Fidelity DNA Polymerase (2 U/µL) (Thermo Fisher Scientific, F-
530XL). Next, the RNA probes (antisense or sense) were synthesized with DIG RNA Labeling 
Mix (11277073910, Merck), T7 RNA Polymerase (New England Biolabs, M0251S), and T3 
RNA Polymerase (New England Biolabs, M0378S). 

 
In situ hybridization was conducted in a similar way as described before (Subramanian et 

al., 2023). In the first day, the slides were dried at 53 °C for 2 h and immersed in cold 100% 
methanol at -20 °C for 10 min. After Proteinase K (Thermo Fisher Scientific, EO0491) 
treatment at 5 µg/ml for 7-10 min, the sections were acetylated in triethanolamine/acetic 
anhydride solution for 5 min. Next, the slides were pre-hybridized with 50% 
formamide/H2O/5M NaCl at 53-55 °C for 2 h, and hybridized with probes (0.75 ng/µL, the 
probes were heated at 80 °C for 5 min and chilled on ice for 5 min before used) at 53 °C for 
20-22 h. In the second day, the slides were firstly washed at 53 °C in 4x SSC/0.3% CHAPS  5 
min, 2x SSC/0.3% CHAPS/50% formamide 20 min, 2x SSC/0.3% CHAPS – 15 min, 0.2x 
SSC/0.3% CHAPS – 10 min, then washed at room temperature in (1:1) 0.2% SSC/PBST 10 
min, before the final wash of PBST 5min. Then the slides were blocked with blocking buffer 
(10% goat serum, containing 1% BSA in PBST) for 1 h, before incubated in alkaline phos- 
phatase conjugated anti-digoxigenin antibody (Roche) (1:1000) for 2 h. Next after washing the 
antibody with PBST, the sections were washed 3x for 5 min each in freshly prepared alkaline 
phosphatase buffer (100mM Tris-HCl pH 9.5, 50 mM MgCl2, 100mM NaCl, 0.1% Tween-20). 
Later the slides were incubated in BM Purple (Roche) before the color development was 
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terminated by incubating the sections in 0.5M EDTA. Finally, the slides were mounted with 
VectaMount AQ Mounting Medium (Vector Laboratories).  
 
3.13. Molecular cloning of plasmids for transfection in cell culture and newt 
brain electroporation 
 

Then the open reading frame (ORF) of newt NFIA was amplified from the total brain cDNA 
purified before with Phusion™ High-Fidelity DNA Polymerase (2 U/µL) (Thermo Fisher 
Scientific, F-530XL). The plasmid pT2K-p53DN-T2A-copGFP (a gift from Martine Roussel, 
Addgene plasmid # 109229 ; h=p://n2t.net/addgene:109229 ; RRID:Addgene_109229) was 
digested by BbvCI (New England Biolabs, R0601S) and EcoRI-HF (New England Biolabs, 
R3101S), before the amplified ORF of nFiA was infused by Gibson Assembly® Cloning Kit 
(New England Biolabs, E5510S) to generate the CMV: NFI-T2A-copGFP plasmid (Kawauchi 
et al., 2017). 
 
3.14. HEK293t cell transfection and immunocytochemistry 
 

HEK293t cells were cultured and transfected with either CMV: NFI-T2A-copGFP plasmids 
or CAG: GFP-loxp-cherry plasmids (as control) using Lipofectamine™ 2000 Transfection 
Reagent (Thermo Fisher Scientific, 11668019). Next the cells were fixed in 4% PFA, washed 
in PBST (0.25% Tx), blocked by 0.2% BSA, 0.2% fish skin gelatin (MERCK) and 0.2% Tx in 
PBS (blocking buffer), and incubated with primary antibodies at room temperature for 6-12 
hours. Then the cells were washed in PBST (0.25% Tx) and incubated with secondary 
antibodies and DAPI, before finally washed in PBST (0.25% Tx) and mounted with non-
fluorescent mounting medium (DAKO). Images of the sections were taken by Zeiss LSM880 
confocal microscope.  
 
3.15. Plasmid electroporation to ependymoglia of newt midbrain 
 

Plasmid electroporation was performed based on previous protocols (Joven et al., 2018; 
Kirkham and Joven, 2015). In brief, late larval newts were injected intraventricularly with 
either “CMV: NFI-T2A-copGFP” plasmids or “CAG: GFP-loxp-cherry” plasmids (as control). 
Larvae were placed in agarose chambers as previously described (Joven et al., 2018). Then, 
electroporation was performed with the (+) towards the ventral side of the larvae to achieve 
labelling of the ventral or lateral walls of the ventricle. A NEPA21 electroporator (Nepagene) 
attached to tweezers with round platinum plate electrodes 4 mm in diameter was used. Using 
“unidirectional setting (+)”, the brains were exposed to a first single pulse of 135 mV/cm 
(voltage), 5 cm (pulse length), 95 ms (pulse interval), and 0% (decay), followed by 5 pulses of 
99 mV/cm (voltage), 50 cm (pulse length), 999 ms (pulse interval), and 10% (decay). 
 
3.16. Imaging and image processing 
 

For slides of IHC, Zeiss (Axio Imager Z2) and confocal (LSM 700, LSM 880) microscopes 
were used to examine slides. The microscope was equipped with fluorescence illumination 
(HXP120V, HXP120C) and ZEN software (Zeiss) was used to take images. Brightness and 
contrast adjustments of images were processed in Fiji: ImageJ software. Morphological and 
quantitative analyses from confocal images were performed in Fiji: ImageJ. Cell counter was 
used to quantify positive cells and determine proportions of cell subpopulations. For 



   
 
 

19 
 
 

morphological quantitative analysis of the microglia, the shape of each microglia/macrophage 
cell in the interesting areas of the images was manually outlined. Then the circularity of each 
microglia/macrophage cell was measured by Fiji: ImageJ. Data were collected, processed and 
graphs were generated using Microsoft Excel as well as GraphPad Prism. For slides of in situ 
hybridization, a Leica DM5500 B Microscope was used for imaging the sections. Brightness 
and contrast adjustments of images were processed in Fiji: ImageJ software. 
 
3.17. Phylogram 
 

The protein sequences of the orthologues from different species were extracted from 
UniProt database or the new genome resource of Pleurodeles waltl (Brown et al., 2022; UniProt, 
2023). Next the protein sequences were analyzed in Clustal Omega by selecting “PROTEIN” 
(Omega, 2023). The phylogram was generated by choosing “Phylogenetic Tree”. Finally, the 
phylogram was processed in Adobe Illustrator software. 
 
3.18. BulkRNAseq and data processing 
 

Newt ventral midbrains were freshly dissected out, and their RNA was purified using Total 
RNA Purification Kits (NORGEN, 37500). Then, the extracted RNA was sent to Novogene Co 
to generate “eukaryotic strand-specific transcriptome library”. 

To process the raw data, Cutadapt package was used to trim the adapter sequences from 
paired-end reads (Martin, 2011):  
cutadapt -a ADAPTER_FWD -A ADAPTER_REV -o out.1.fastq -p out.2.fastq reads.1.fastq 
reads.2.fastq 

Next, STAR 2.7.9a package was used to make the index of newt genome, and then the 
RNAseq transcripts were mapped to the index (Brown et al., 2022; Dobin et al., 2013): 
 
STAR \ 
--runMode genomeGenerate \ 
--runThreadN 16 \ 
--genomeDir ./indexed_genome \ 
--genomeFastaFiles $genome_file \ 
--sjdbGTFfile $full_annotation.gtf\ 
--sjdbOverhang 124 \ 
--limitGenomeGenerateRAM 55000000000 
 
STAR --runMode alignReads --quantMode GeneCounts --runThreadN 16 --
genomeDir ./indexed_genome --outSAMtype BAM SortedByCoordinate --
readFilesCommand zcat --readFilesIn rnaseq1_1.fq.gz rnaseq1_2.fq.gz --sjdbGTFfile 
full_annotation.gtf --sjdbGTFfeatureExon exon --outFileNamePrefix rnaseq1_tr 

  
Then Subread package was used to count reads to genomic features (Liao et al., 2013, 2014): 

 
featureCounts -a full_annotation.gtf -o count_out -p -s 2 -T 10 -F GTF -t CDS 
*.bam >counts_out.log 
 

The differential expression was analyzed with DESeq2 package in R (Love et al., 2014). 
The sample-to-sample distances were calculated and visualized by PCA plot, or heatmap using 
pheatmap package. The top differentially expressed genes were visualized using volcano plot.  
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The genes that showed a statistically significant difference in gene expression (padj<0.05) 

were selected for functional gene ontology (GO) enrichment analysis. The human gene 
orthologues of the annotated genes were found using Uniprot conversion from transcript to 
gene name. The lists of genes were used to perform functional gene ontology (GO) enrichment 
analysis using the web server g:Profiler (Raudvere et al., 2019).  
 
3.19. Tissue dissociation and fluorescence-activated cell sorting (FACS) for 
scRNAseq and snRNAseq 
 

Tissues from newt ventral midbrain were dissociated either into single-cell suspension or 
single-nucleus suspension before FACS. For single-cell suspension, newt ventral midbrains 
were freshly dissected out and dissociated in one of the three enzymes: (1) 20 units/ml papain 
(Worthington, LK003176) in 70% EBSS (E6267-500ml, Sigma-Aldrich) with 0.5 mM EDTA 
(15575020, Thermo Fisher Scientific),  1 mM L-cysteine (C121800, Sigma-Aldrich), and 240 
units/ml DNase (58C18143, Worthington) at 27 °C for 30 min. (2) 2 mg/ml collagenase/dispase 
enzyme (11097113001, Roche) in 70% PBS at 27 °C for 30 min. (3) 10 mg/ml Bacillus 
licheniformis (BL) enzyme (P5380-25MG, MERCK) in 70% PBS at 4 °C (in cold room) for 
30-60 mins. Later the liquid was filtered with a 100 µm strainer and resuspended in 70% PBS 
with 2% BSA. This cell suspension was sent for FACS to enrich live singlets by cell viability 
and morphology into a collection tube.  

 
For single-nucleus suspension, first a lysis buffer (0.32M sucrose, 5 mM CaCl2, 3 mM 

MgAc, 0.1 mM Na2EDTA, and 10mM Tris-HCl) was made, then a lysis solution was freshly 
prepared by mixing 5 ml lysis buffer, 50 µl complete inhibitor (MERCK, 11873580001, one 1 
tablet in 500 µl Ultrapure nuclease free H2O), 50 µl DTT (0.1M), 50 µl 10% Triton X-100, and 
25 µl rNase inhibitor (TAKARA, 2313A) Next the newt ventral midbrains were freshly 
dissected out and dissociated in a douncer with 2.5 ml of the lysis solution. The tissues were 
dounced firstly with loose, then tight pistons. After the dissociation, the solution was 
centrifuged at 500 g, 4 °C, 5 min. Then the nuclei were resuspended in 1 ml 70% DPBS with 
2% BSA and 10 µl rNase inhibitor. Later, the nuclei suspension was filtered by a 70 µm nylon 
cell strainer into a FACS tube (pre-coated by 2% BSA). Finally, 7AAD stock (50 µg/ml in 70% 
PBS) was added to the suspension at 1:50 to stain the nuclei, and proceeded to FACS. Based on 
the fluorescence property of 7AAD (excited by 488 laser light and detected in the far-red range 
of the spectrum (650 nm long-pass filter)), the singlets of nuclei were sorted into a collection 
tube. 
     
3.20. scRNAseq/snRNAseq of newt ventral midbrains 
 
3.20.1. Single-cell/-nucleus capture, library construction, and sequencing 
 

Following the procedures of Chromium Next GEM Single Cell 3’ Reagent Kits v3.1 (Dual 
Index), the single-cell/-nucleus suspension obtained from previous dissociations were loaded 
into 10x Chromium Chip G and ran on the chromium controller. Then cDNA amplification and 
library construction were conducted for each sample. The quality of the cDNAs and libraries 
was examined using agilent 2100 bioanalyzer system. Finally, the library of each sample was 
sequenced on Illumina NovaSeq 6000-S2 v1.5.  
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3.20.2. Mapping  
 

A genome index for scRNAseq / snRNAseq analysis was generated using kallisto and 
bustool programs (Bray et al., 2016; Melsted et al., 2021). Then the reads of the samples were 
mapped to the index, and a count matrix was created for each library (Bray et al., 2016; Melsted 
et al., 2021). 

 
3.20.3. QC and filtering 
 

Knee plots were generated for each library after creating the count matrix of each library. 
Libraries were processed independently to filter out the droplets with low UMI counts, using 
the manually supplied cutoff based on inflection. R package Seurat was used to generate 
individual Seurat object from each filtered matrix (Hao et al., 2021). One more filtration was 
conducted on the Seurat objects to only keep the droplets with nFeature_RNA > 200,  
nFeature_RNA < 6500 and for the snRNAseq analysis in Chapter 3 an additional filter of 
nCount<15000 was applied. Next, R package DoubletFinder was used to detect and exclude 
doublet cells (McGinnis et al., 2019). The filtered Seurat objects were saved for the analyses 
in the later steps. 

 
3.20.4. Data integration and clustering 
 

The Seurat objects generated in the previous steps were integrated and clustered with R 
package Seurat (Hao et al., 2021). The Seurat objects were combined and split into a list with 
each dataset as an element. Then after identifying anchors using the FindIntegrationAnchors 
function, the anchors were passed to the IntegrateData function, which returned as an integrated 
Seurat object. The integrated data was scaled, and dimensionality reduction was conducted by 
PCA, TSNE, and UMAP. Louvain, K-means, and hierarchical clustering were tested on the 
integrated data. Louvain integration was chosen for further analysis. 
 
3.20.5. Differential expression across conditions in specific cell types 
 

In general, the function FindAllMarkers from R package Seurat was used to identify the top 
differentially expressed genes in each cluster (Hao et al., 2021). Then, the Louvain resolution 
(CCA_snn_res) that better explained cell types was selected on the basis of top expressed 
marker genes which orthologues were described in the literature. Seurat package in R was 
further used to visualize gene expression in UMAPs and violin plots. For a comprehensive 
analysis on event composition’s origin among samples and clusters, the total counts per cluster 
and condition were extracted, normalized and plotted using excel and graphpad Prism. 
 
3.21. Bias mitigation 

 
To avoid sampling bias not related to experimental conditions, sexes were evenly distributed 

among experimental groups and all groups were assigned similar sized animals. 
 
To confirm the absence of bias in data acquisition, quantification, and processing, samples 

were assessed by two researchers independently from each other. 
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3.22. Statistical analyses 
 

The number of values for each graph is always shown as individual dots. The variability is 
shown as mean ±SEM. Statistical significance was determined using Student's t-test for two 
group comparisons. One-way ANOVA with Bonferroni’s post-hoc test was used to analyze the 
differences of one independent variable between more than two groups. ANOVA with 
Bonferroni’s post-hoc test was used to analyze the differences of two independent variables 
between multiple groups. 
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4. RESULTS AND DISCUSSION 
 
4.1. Applying and refining the genomic toolkits for Pleurodeles 
waltl 
 

The recent progress in generating genomic resources and developing transgenic techniques 
has led to novel tools for newt research (Brown et al., 2022; Elewa et al., 2017; Hayashi and 
Takeuchi, 2015; Hayashi et al., 2013; Matsunami et al., 2019; Suzuki et al., 2018). In this 
chapter, I present the advances I made in using these new resources for increasing our 
understanding of newt regeneration. 
 
4.1.1. Identifying gene orthologues for study of the ventral midbrain 
 

I first identified the newt protein and mRNA orthologues by blasting human/mouse 
orthologue proteins against newt transcriptome databases using the annotations and assemblies 
published in (Brown et al., 2022; Elewa et al., 2017; Matsunami et al., 2019). By blasting the 
mRNA against the genome, I identified gene elements, including 5’ upstream regions, exons, 
introns, 3’ downstream regions, and chromosomal locations of selected genes. The last version 
of the genome assembly that I use in most of this thesis contains 56,783 conserved protein 
coding isoforms, which are named “gene1”, “gene2”, and so on. For the purpose of gene 
nomenclature and downstream analysis in this thesis, genes were given a Uniprot ID based on 
the highest homology found in the database (Brown et al., 2022). Hereafter, the format 
“gene12345” means there was no hit on Uniprot and “gene12345-Uniprot ID” when isoforms 
were assigned to a given Uniprot ID. 
 

My main focus was to find genes related to the ventral midbrain development and 
dopaminergic neurogenesis reported in other species (La Manno et al., 2016; Saunders et al., 
2018). An emphasis was on key dopaminergic determinants, such as tyrosine 3-hydroxylase, 
which catalyzes the rate-limiting step in the biosynthesis of catecholamines, dopamine, 
noradrenaline, and adrenaline (Hook et al., 2018; Salmani et al., 2023; Tiklova et al., 2019; 
UniProt, 2023). I found two tyrosine hydroxylase (Th/Ty3h) genes (gene28570-TH and 
gene36549-TH) in the Pleurodeles waltl genome, located on two different chromosomes 
(chromosome 3 and 4). Different to mammals, where a secondary loss of Th2 gene is assumed, 
other vertebrates also contain 2 genes enconding for Th (Yamamoto et al., 2010). This result 
indicates that Pleurodeles walt contains two copies like teleost fish and the presumed ancestor 
of jawed vertebrates. I also identified the dopamine receptors D1a, D1b (dopamine D5 
receptor), and D1c (which belong to D1-like family) as well as D2, D3, and D4 (which belong 
to D2-like family) in Pleurodeles waltl. Most of the gene orthologues related to dopaminergic 
subpopulations had only one copy in Pleurodeles waltl, such as Nurr1, Otx2, Lmx1a, Lmx1b, 
Aldh1a1, Calb1 (Calbindin), Calb2 (Calretinin), En1 and En2 (Ang, 2006; Arenas et al., 2015). 
Interestingly, Pitx3 which is known to be important for the survival of a subset of dopaminergic 
neurons (Hwang et al., 2003; Maxwell et al., 2005; Nunes et al., 2003; van den Munckhof et 
al., 2003), was not found in the newt genome. More research is necessary to confirm whether 
this lack of Pitx3 is real and not due to annotation problems. A limitation of this study is that 
the annotation is not final and future versions will likely improve the resolution of these 
findings. 
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In relation to other key cell types in the ventral midbrain, I found both evolutionary 
conservation and divergence. An important mechanism for acquiring new genes and creating 
genetic novelty in organisms is gene duplication (Magadum et al., 2013). I found, for example, 
a duplication of the oligodendrocyte marker Mbp on chromosome 2 (gene19846-Mbp and 
gene19872-Mbp) (Fig. 4). For the microglia/macrophage marker Mpeg1, three gene variants 
were detected on chromosome 4 (gene31079-Mpeg1, gene31082-Mpeg1 and gene31083-
Mpeg1) (Fig. 5). Two variants of the ependymoglial marker gluthamine synthesase gene 
(Gs/Glna/Glul) were identified in Pleurodeles waltl on two different chromosomes 
(gene32391-Glna in chromosome 4 and gene49443-Glna in chromosome 6). Molecular 
phylogeny analysis of protein orthologues by Clustal Omega suggested that both GLNA 
proteins of Pleurodeles waltl have a counterpart in the frog, while the teleost and mammalian 
proteins are divergent (Omega, 2023) (Fig. 6). These results illustrate examples for conserved 
and divergent proteins, as well as suggesting a loss of the GLNA isoforms in the mammalian 
and bird lineages. Alternatively, one Glna gene was present in the common ancestor of 
vertebrates, undergoing duplication events in teleosts, amphibians and reptiles.  
 

 
 
Fig. 4 | Duplication of the oligodendrocyte marker MBP was found on newt chromosome 2. The purple 
vertical lines represent exons (9 exons in gene19846-Mbp and 8 exons in gene19872-Mbp). The red vertical lines 
mark the start and end of the gene.  
 
 
 

  
 
Fig. 5 | Three versions of the macrophage marker MPEG1 (gene31079-Mpeg1, gene31082-Mpeg1, and 
gene31083-Mpeg1) were found on newt chromosome 4 genes (represented by purple arrows). The purple 
arrows represent genes. The red vertical lines mark the start of each gene. 
 
4.1.2. Generation of genetically modified newts  
 

Transgenic Pleurodeles expressing fluorescent proteins in specific cell types have been 
generated by manipulating their genome using various techniques in one-cell-stage embryos 
(Elewa et al., 2017; Eroglu et al., 2022; Hayashi et al., 2013; Joven et al., 2018). Gene regulatory 
elements in newts are largely unexplored. One approach to generate genetically modified newts 
is by integrating a donor plasmid into their genome. The donor plasmid expresses a protein of 
interest under the genomic regulatory element to target a specific cell type. This approach has 
been successful in several cases in newts and other species (Kawakami, 2007; Tsissios et al., 
2023). Another alternative I chose was to use CRISPR/Cas9 technology to target specific loci 
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in the genome. CRISPR/Cas9 is used to generate loss of function mutants, but it can also be 
used to integrate donor sequences in a locus of interest for cell tracing (Fei et al., 2017). I made 
several constructs to target ependymoglial cells and their progeny in the dopaminergic lineage. 
I chose to start with these early during the thesis work because creating these genetically 
modified animals is time consuming. Not only do newts have a long generation time, but there 
could have arisen technical problems as well. However, I was hopeful that if any of these lines 
succeeded, it could move the projects of this thesis forward and provide important tools for 
subsequent studies beyond this thesis. Given the unpredictability of successful generation of 
genetically modified animals, I tested several constructs. These would allow for conditional and 
non-conditional expression of fluorescent cell trackers as well as mutation of genes known to 
be important in dopaminergic neurogenesis in mammals. Below I present the genetically 
modified newts I was involved in generating to target ependymoglial cells and their putative 
progeny. 
 

 
 
Fig. 6 | Phylogram tree of the GLUL (GLNA) genes from Danio rerio (zebrafish), Pleurodeles waltl (Pw), 
Xenopus laevis (frog), Podarcis muralis (Wall lizard), Gallus gallus (Chicken), Mus musculus (Mice), and 
Homo sapiens (Human). Three isoforms were detected in zebrafish and Xenopus laevis. Two isorforms were 
detected in Podarcis muralis. Only one GLNA protein was detected in Homo sapiens, Mus musculus (Mice) and 
Gallus gallus. Both isoforms from Pleurodeles waltl show some distances to the mammalian genes. Two isoforms 
of Xenopus laevis and one of Danio rerio are close to one isoform (gene49443) of Pleurodeles waltl, while another 
isoform of Xenopus laevis is close to the other isoform of Pleurodeles waltl (gene32391).  
 
 
 
4.1.2.1 Tol2-mediated transgenesis 
 

In order to integrate a donor plasmid into a salamander genome, the Tol2 transposase is one 
of the most widely used procedures (Berg et al., 2010; Eroglu et al., 2022; Tilley et al., 2022). 
The procedure involves injecting a mixture of Tol2 mRNA and a donor plasmid that contains 
the sequences of a regulatory element, followed by gene(s) of interest, and both of them flanked 
by Tol2 elements. 
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Fig. 7 | Map of the plasmid Tol2-human GFAP: GFP-Tol2 (hGFAP:GFP). An EGFP is under control of the 
human GFAP promoter, while both of them were flanked by the Tol2 elements.  

 
4.1.2.1.1 Generation and validation of transgenic newts 
 

I have designed and produced multiple plasmids by molecular cloning and amplification (Fig. 
7, Sup. Fig. S1). These plasmids were used to inject single cell fertilized embryos to try to 
generate F0 founders of new transgenic lines (see Table. 2). Of note, Pleurodeles waltl needs 
one year to reach adulthood, which means that I needed to wait at least that time to confirm 
germline transmission by breeding. I then confirmed the transgenesis in the first generation by 
genotyping and/or phenotyping (see example of tgTol2(Hsa.GFAP:GFP)Simon in Fig. 8). Before 
the transgenic line tgTol2(Hsa.GFAP:GFP)Simon was generated, our lab relied on electroporation 
techniques to visualize and trace the progeny of GFAP+ cells (Berg et al., 2010). With a 
transgenic line the efficiency of electroporation would no longer pose a problem, and it would 
also allow for long term tracing of GFAP+ expressing cells. Similar to its application in axolotls, 
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the limitation of this method is that it relies on conserved promoters/enhancers and the 
expression of reporter proteins need to be validated for each case (Tilley et al., 2022). 
 

Table. 2 | The plasmids generated for Tol2-mediated transgenesis in different cell types 
 

Plasmid Promoter 
source 

Expected 
phenotype 

Phenotyped Genotyped 

tgTol2(Hsa.GFAP:GFP)Simon  
(Berg et al., 
2010) 
 

GFP in 
ependymoglia 

Epifluorescence 
and 
immunostaining 

Yes 

tgTol2(Dre.Dat:GFP)Simon  
(Xi et al., 
2011) 
 

GFP expression 
in dopaminergic 
neurons 

Epifluorescence No 

tgTol2(Hsa.GFAP:NLStdTomatoNLS)Simon 

 

 

(Berg et al., 
2010) 
 
 

tdTomato in 
nuclei of 
ependymoglia 

Epifluorescence No 

tgTol2(Mmu.Th:NLStdTomatoNLS)Simon 

 

 

 
(Chan et al., 
2017) 
 

tdTomato in 
nuclei of 
dopaminergic 
neurons 

Epifluorescence No 

tgTol2(Rno.TH:GFP)Simon 

 

 

 

 
(Oh et al., 
2009) 
 

GFP in 
dopaminergic 
neurons 

No No 

 
 

 
 
Fig. 8 | Analysis of tgTol2(Hsa.GFAP:GFP)Simon by IHC. The GFP under the control of the human GFAP 
promoter co-localized with GFAP expression in ependymoglia (filled arrowheads). Some ventricular cells 
containing GFAP protein did not express GFP (empty arrowheads). Scale bar: 100 µm. 
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4.1.2.1.2 Tol2-mediated transgenesis and test of the Ert2-Cre-Ert2 system  
 

ERT2-Cre-ERT2 is a useful system that allows temporal control of Cre recombinase expression 
upon tamoxifen administration. In combination with the loxP system, this can be used to trace 
the progeny of specific cells when recombination results in the expression of a fluorescent tracer 
(Fei et al., 2017). I designed and cloned a plasmid containing the ERT2-Cre-ERT2 cassette in 
order to be able to label the ependymoglia and their progeny in the context of regeneration: I 
started with the Col1A2:TFPnls-T2a-ERT2-Cre-ERT2 plasmid (Fig. 9A; kindly donated by E.M. 
Tanaka) (Gerber et al., 2018), in which I replaced the Col1A2 promoter and the TFP by H2b-
EBFP (a sequence to express blue-fluorescent protein in the nucleus and also kindly donated by 
E.M. Tanaka; Fig. 9B). The generated sequence was confirmed by Sanger sequencing (Fig. 9C). 
Next, I added a human GFAP promoter to generate tgTol2(Hsa.GFAP:h2b-EBFP-T2a-ERT2-
Cre-ERT2)Simon (Fig. 9D). 

 

 

 
 
Fig. 9 | Generation of the plasmid for inserting the Ert2CreErt2 system into ependymoglia for Tol2-
mediated transgenesis. After integrating the Ert2creErt2 and EBFP from Plasmids (A) and (B) to generate 
Plasmid (C), a human GFAP promoter was inserted into Plasmid (C) to generate the plasmid (D), which contained 
tgTol2(Hsa.GFAP:h2b-EBFP-T2a-ERT2-Cre-ERT2)Simon. 
 

Single-cell fertilized cells were then injected with the Tol2 enzyme plus the plasmid D shown 
in Fig. 9D. The F0 animals were screened by epifluorescence (Fig. 10A) and genotyped by PCR 
(Fig. 10B). The positive animals were named according to the standardized nomenclature for 
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transgenic salamanders (Nowoshilow et al., 2022; Yun et al., 2022) as: tgTol2(Has.Gfap:h2b-
EBFP-T2a-ERT2-Cre-ERT2)Simon ; hereafter I use standard abbreviation with the Simon-lab label 
for Pleurodeles waltl (Pw): (PwGFAP: EBFP-CreERT2). F0 positive larvae were raised to adulthood 
and directly bred with other transgenic lines expressing the LoxP system available in our facility 
(Fig. 10C). These were: 

 
• PwNucCyt [tgTol2(CAG:loxN-lox2272-loxP-H2B:EBFP2-loxN-H2B:mEYFP-lox2272-

H2B:mCherry-loxP-H2B:mCeru;CAG:loxN-lox2272-loxP-H2B:EBFP2-loxN-
tdTomato-lox2272-H2B:mCeru/mTq2-loxP-mEYFP)Simon] (Joven et al., 2018) 
 

• PwGFP-loxP-Cherry [tgSceI(CAG:loxP-GFP-loxP-Cherry)Simon] (Joven et al., 2018) 
 
 

• PwCherry-loxP-H2B:YFP [tgTol2(CAG:loxP-Cherry-loxP-H2B:YFP)Simon] (Eroglu et al., 
2022) 

 
We selected animals that expressed either EBFP or CRE in the tail as well as the fluorescent 

protein of interest. These were the readouts for germline transmission in the first generation that 
resulted in expression of the transgenes after the crossing. In the absence of tamoxifen, Cre-
LoxP recombination did not occur, as confirmed in the three types of crossings (Fig. 10D). 
Unfortunately, no color change was observed after the tamoxifen treatment, despite several trials 
of administration (either in water or intraperitoneal injections), in either larvae or adults (Fig. 
10E). This system test yielding negative results could be caused by several reasons: 1. The 
integration of the tol2 constructs in the genome is random (Kawakami, 2007). This means that 
the expression of the transgenes could be inhibited if the integration happens inside a silenced 
genomic area (Hansen, 2020). 2. To our knowledge, tamoxifen-mediated recombination has 
never been demonstrated in the newt. Future studies can be done to test further concentrations 
and administration methods in order to optimize the efficiency of tamoxifen. 

 
4.1.2.2. CRISPR/Cas 9-mediated gene editing 
 

CRISPR/Cas9-mediated genomic modifications have been successfully implemented in 
recent years but not yet extensively applied because of the preliminary nature of the annotation 
and assembly of the genome. I designed three gRNAs to target the first exon of Lmx1b, a known 
dopaminergic determinant (Yan et al., 2011), as well as primers for genotyping (Fig. 11A). The 
most efficient gRNA was gRNA12. The F0 generation was genotyped and animals carrying 
mutations in the Lmx1b gene (Fig. 11B) were allowed to breed with each other. The offspring 
was screened by genotyping. Heterozygous F1:Lmx1b+/- newts were kept for breeding and the 
two homozygous F1:Lmx1b-/- mutants were euthanized after metamorphosis as they were not 
growing well. Examination of the mutant brains showed a trend of decrease in the number of 
TH+ cells (Fig. 11C-D). Currently, the heterozygous F1:Lmx1b+/- is maintained in the lab. This 
result shows that I succeeded generating Lmx1b mutant newts and suggests that Lmx1b is a key 
gene for the correct development of dopaminergic neurons in the newt ventral midbrain, like in 
mammals (Deng et al., 2011; Doucet-Beaupre et al., 2016; Laguna et al., 2015; Yan et al., 2011). 

 
I next tested NHEJ-, MMEJ-, and HMEJ- mediated knock-in of on Lmx1b gene in order to 

be able to visualize the lineage derived from Lmx1b expressing cells in the newt ventral 
midbrain. To this end, I generated donor plasmids containing EBFP-T2A-ERT2-Cre-ERT2 

combined with gRNAs targeting the first or last exon of Lmx1b. (Fig. 12). However, after egg 



   
 
 

30 
 
 

injections, PCR on the Lmx1b cutting site only showed mutations at the site of gRNAs targets; 
no knock-in were detected for any of the three methods (data not shown). This result is in line 
with the poor efficiency of CRISPR-directed knock in reported in axolotl (Fei et al., 2018; Fei 
et al., 2017). 
 

 
 
Fig. 10 | Production and testing of the new transgenic line tgTol2(Hsa.Gfap:h2b-EBFP-T2a-ERT2-Cre-
ERT2)Simon. (A) Screening of the F0 animals based on phenotype; the larva in the image shows EBFP in the central 
nervous system (CNS). (B) Examples of genotyping by PCR. Both EBFP and Cre were amplified to select the 
positive F0s. (C) Schematic drawing showing the crossings performed with other lines previously produced in the 
Simon laboratory in order to test the Cre-LoxP recombination system. (D) Example of a tail section used for 
selection of F1s obtained by the breeding depicted in (C) using phenotyping by immunohistochemistry. Note that 
in the absence of tamoxifen, no Cre-LoxP recombination occurs in the animals. (E) Example of a brain section 
where Cre-LoxP recombination was not observed after tamoxifen administration. Despite multiple trials, the ERT2-
Cre-ERT2 system did not work in my hands. Scale bar in (E) is valid for all images: 100µm. 
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Fig. 11 | Genetic modifications of Lmx1b gene in the newt. (A) Genomic location of Lmx1b first exon in 
chromosome 6. Blue arrows represent gRNAs; yellow arrows show primers for genotyping. (B) Frameshift 
mutations detected in a F1:Lmx1b-/- mutant embryo. (C) Representative image showing TH staining in ventral 
midbrains of wildtype (left) and mutant  F1:Lmx1b-/- (right). (D) The animals shown had similar size and weight, 
but the  F1:Lmx1b mutants showed fewer TH cells. Statistical analysis could not be conducted due to the low 
number of samples available (only 2 Lmx1b-/- newts), but it shows a trend of decreased TH+ cells in F1:Lmx1b-/- . 
Scale bar: 100 µm. 
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Fig. 12 | Donor plasmids. Used for (A) NHEJ-, (B) HMEJ-, and (C) MMEJ- mediated knockins of “H2b-EBFP-
T2A-Ert2CreErt2” at the newt Lmx1b gene. 
 
4.1.3. Predicting cross-species antibody reactivities 
 

To be able to visualize different cell types in the ventral midbrain, I screened commercially 
available antibodies because very few antibodies have been raised specifically against newt 
proteins. Aiming to improve the process of antibody screening, I used the transcriptomic 
resources to predict if an antibody might work cross-species based on the degree of sequence 
homology. I screened commercial antibodies in which the amino acid identity of the antigen 
was at least 40% (most of them were 60-90%). The cross-reactivity in the newt was accepted if 
the antibody gave the expected staining pattern as it does in mammals. As an example, the 
antigen sequence for the commercial antibody “goat anti-human Otx2 antibody (AF1979, 
R&D/Novus)” was blasted to the predicted newt Otx2 protein sequence, and high antigen 
identity (90%) was detected (Fig. 13A). Subsequently, I performed IHC and, based on the 
expected staining (in this case I used TH to confirm anatomical location and catecholaminergic 
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identity), this antibody was categorized to be effective in the newt brain (Fig. 13B-E). In this 
way, I first predicted cross-reactivity and then performed IHC in newt brain tissue for a large 
number of antibodies. Positive control tests for the antibodies in the species they were raised 
against for were not performed because the antibodies may require modified staining 
conditions in the newt (Table. 3). I observed that the highest identities did not sufficiently 
ensure the efficiency of the antibodies tested (using the T-test between percentages of 
antibodies that showed cross-reactivity versus those that did not, p=0.3773). In several cases, I 
observed cross-reactivity despite a low degree of homology; this result indicates that the 
tridimensional protein structure might be more relevant than the actual amino acid sequence 
conservation to predict cross-species reactivity of antibodies. 

 
 

 
Table. 3. Antibodies tested by IHC after predicting identities of their antigens to the newt protein 
orthologues.  
 

Antibody Catalog 
number and 
Producer 

Expected labeling Identity with the 
antigen (%)  

Cross-
reactivity 

Human Otx2 
Antibody 

AF1979, 
R&D/Novus 

neural stem/ progenitor 
cell, neuron 

95  Yes 

Anti-Otx1 + Otx2 
antibody 

Ab21990, 
Abcam 

neural stem/ progenitor 
cell, neuron 

93 Yes 

OTX2 
Recombinant 
Rabbit Monoclonal 
Antibody 
(14H14L5) 

701948, 
Thermo Fisher 
Scientific 

neural stem/ progenitor 
cell, neruon 

75 No 

Anti-SOX2 
antibody 

ab97959, 
Abcam 

neural stem/ progenitor 
cell, neruon 

Not known;  
the antigen sequence is 
proprietary  

Yes 

AIF-1/Iba1 
Antibody 

NB100-1028, 
R&D/Novus 

microglia/macrophage 75 Yes 

Anti Iba1, Rabbit 019-19741, 
Wako 

microglia/macrophage 75 Yes 

Tyrosine 
Hydroxylase 
Antibody 

NB300-110, 
R&D/Novus 

dopaminergic neuron 87  Yes 

Tyrosine 
Hydroxylase 
Antibody 

NB300-109, 
R&D/Novus 

dopaminergic neuron 74 Yes 

Anti-Tyrosine 
Hydroxylase 
Antibody, clone 
LNC1 

MAB318, 
MERCK 

dopaminergic neuron 69 Yes 

Anti-Tyrosine 
Hydroxylase 
Antibody 

AB152, 
MERCK 

dopaminergic neuron 74 Yes 

GFAP Antibody NBP1-05198, 
R&D/Novus 

neural stem cell 84  Yes 

Anti-GFAP−Cy3™ 
antibody, Mouse 
monoclonal 

C9205, 
MERCK 

neural stem cell 86 Yes 

Anti-Vimentin 
Antibody 

AB5733, 
MERCK 

neural stem cell 78 Yes 
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Antibody Catalog 
number and 
Producer 

Expected labeling Identity with the 
antigen (%)  

Cross-
reactivity 

Human/Mouse/Rat 
Vimentin Alexa 
Fluor® 647-
conjugated 
Antibody 

IC2105R, 
R&D/Novus 

neural stem cell 78 Yes 

SOX6 Polyclonal 
Antibody 

PA5-34616, 
Thermo Fisher 
Scientific 

dopaminergic neuron, 
neural progenitor 

86 No 

SOX6 Antibody NBP1-86149, 
R&D/Novus 

dopaminergic neuron, 
neural progenitor 

78 Yes 

Human/Mouse 
Nurr1/NGFI-B beta 
/NR4A2 Antibody 

AF2156, 
R&D/Novus 

 98  Yes 

Nurr1/Nur77 
Antibody (E-20) 

sc-990, Santa 
Cruz 

neural progenitor, neuron 100 No 

Nurr1 Polyclonal 
Antibody 

PA5-22830, 
Thermo Fisher 
Scientific 

neural progenitor, neuron 100 No 

GPR37-3 #GPR37-3, 
MABTechnolo
gies 

oligodendrocyte 94 No 

Human GPR37 
Antibody 

MAB44502, 
R&D/Novus 

oligodendrocyte 74 No 

Human/Mouse 
Aldehyde 
Dehydrogenase 
1‑A1/ ALDH1A1 
Antibody 

AF5869-SP, 
R&D/Novus 

dopaminergic neuron 78 No 

Anti-ALDH1A1 
antibody 

ab9883, 
Abcam 

dopaminergic neuron 79 No 

Anti-LMX1b 
antibody 

ab129306, 
Abcam 

dopaminergic neuron, 
neural progenitor 

86 No 

LMX1B Polyclonal 
Antibody 

PA5-34471, 
Thermo Fisher 
Scientific 

dopaminergic neuron, 
neural progenitor 

92 No 

LMX1A Polyclonal 
Antibody 

PA5-34470, 
Thermo Fisher 
Scientific 

dopaminergic neuron, 
neural progenitor 

65 No 
 

c-Fos (E-8) 
Antibody 

sc-166940, 
Santa Cruz 

neural stem/progenitor 
cell, 
microglia/macrophage 

96 Yes 

Calbindin D-28k 300, Swant neurons 83 Yes 
Calretinin 7697, Swant neurons 84 Yes 
NFIA Antibody PCRP-NFIA-

2C6, DSHB 
neural stem/ progenitor 
cell, neuron 

97 Yes 

Monoclonal Anti-
NFIX antibody 
produced in mouse 

SAB1401263, 
MERCK 

neural stem/ progenitor 
cell, neuron 

93 Yes 

PTBP1 Rabbit pAb A6107, 
Abclonal 

neural progenitor cell 83 Yes 

Human HNF-3 beta 
/FoxA2 Antibody 

AF2400, 
R&D/Novus 

neural stem/ progenitor 
cell, neuron 

64 No 

FOXA2 Polyclonal 
Antibody 

PA518169, 
Thermo Fisher 
Scientific 

neural stem/ progenitor 
cell, neuron 

100 No 
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Antibody Catalog 
number and 
Producer 

Expected labeling Identity with the 
antigen (%)  

Cross-
reactivity 

FOXA2 Antibody PCRP-
FOXA2-3A2, 
DSHB 

neural stem/ progenitor 
cell, neuron 

86 No 

HNF-3β Antibody 
(M-20) 

sc-6554, Santa 
Cruz 

neural stem/ progenitor 
cell, neuron 

83 Yes 

Human/Mouse/Rat 
MBP Antibody 

MAB42282, 
R&D/Novus 

oligodendrocyte 60 No 

MBP Antibody (12) NB600-717, 
R&D/Novus 

oligodendrocyte 86 Yes 

MOG Antibody 
(CL2858) 

NBP2-46634, 
R&D/Novus 

oligodendrocyte 45 No 

Human/Mouse/Rat 
Olig2 Antibody 

AF2418, 
R&D/Novus 

oligodendrocyte 
precursor cell, 
oligodendrocyte 

65 No 

Human/Rat SOX10 
Antibody 

MAB2864, 
R&D/Novus 

oligodendrocyte, 
schwann cell 

69 No 

Human SOX10 
Antibody 

AF2864, 
R&D/Novus 

oligodendrocyte, 
Schwann cell 

70 Yes 

FoxO1/FKHR 
Antibody (83N7F8) 
- BSA Free 

NBP2-31376, 
R&D/Novus 

microglia/ 
macrophage 

68 No 

Human EGR1 
Antibody 

MAB2818, 
R&D/Novus 

microglia/ 
macrophage 

95 No 

Stat1 (D1K9Y) 
Rabbit mAb 

14994, Cell 
Signaling 
Technology 

microglia/ 
macrophage 

83 No 

Human LYPD1 
Antibody 

AF6855, 
R&D/Novus 

dopaminergic neuron 84 No 

VIP Antibody 
(576721) 

MAB6079, 
R&D/Novus 

dopaminergic neuron 100 No 

Mouse/Rat Wnt-5a 
Antibody 

AF645, 
R&D/Novus 

neural stem/ progenitor 
cell 

91 No 
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Fig. 13 | Screening and testing of OTX2 antibody for the newts.  (A). Blast results comparing the sequence of 
the antigen of goat anti-human Otx2 antibody (AF1979, R&D/Novus) and the newt Otx2 orthologue. (B-E). IHC 
with goat anti-human Otx2 antibody (AF1979, R&D/Novus, shown in green) labeled brain regions including 
telencephalon (B), choroid plexus (“ch” in B), hypothalamus (C), diencephalon, meIcephalon (D) and isthmus 
(E), in agreement with previous literature in other vertebrates (Hoch et al., 2015; Larsen et al., 2010; Puelles et 
al., 2006; Puelles et al., 2004). All fluorescent microscopy images were taken with the same settings to depict the 
different intensities found in each brain region. TH staining (red) is shown to facilitate the anatomical 
interpretation. Abbreviations: aHyp: alar hypothalamus; bHyp: basal hypothalamus; ch:choroid plexus; Di: 
diencephalon; POA: preoptic area; r0: isthmus; VMb: ventral midbrain. Scale bar in (B) is valid for all images: 
100µm. 
 
4.1.4. Designing RNA probes for single and multiplexed mRNA detection 
 

An alternative method to immunohistochemical analyses to detect gene expression is in situ 
hybridization (ISH) that detects mRNA in the tissue. ISH methods have been significantly 
developed the past years by the RNAscope technology that allows for detection of multiple 
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mRNAs in the same section (Wang et al., 2012). I made use of all available transcriptomes for 
newts to identify mRNAs of genes with relevance for defining cell types as well as their 
functions. Supplementary Table. 3 lists the genes I generated probes for by blasting the target 
mRNA orthologues of other species against the available transcriptomes data sets (Brown et 
al., 2022; Elewa et al., 2017; Matsunami et al., 2019). ISH showed variable success. GFAP 
mRNA was detected in the ependymoglial cell layer, as expected (Fig. 14A-B). ISH for Lmx1b 
showed strong expression in the ventral midbrain, in the area where the TH+ neurons are located 
(Fig. 14C-D). This results probe that the genomic and transcriptomic resources of Pleurodeles 
waltl can be used to design probes that can be used to visualize gene expression patterns in the 
tissue. 

 
 

 
 
Fig. 14 | In situ hybridization by digoxigenin-labelled probes in the newt brain. (A)-(B) Representative image 
of a forebrain section (late active larval stage) showing expression of Gfap in the ventricular zone (arrows). (C)-
(D) Representative image of a midbrain section (late active larval stage) showing expression of Lmx1b in the 
mantle zone of the ventral midbrain (arrows). Scale bar: 100 µm. 
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4.2. Defining cell populations in the development of Pleurodeles 
waltl ventral midbrain 
 

At the start of this project, previous studies had defined a limited number of cell types in 
the newt midbrain. To understand the molecular and cellular underpinnings of neurogenesis 
and regeneration, a detailed map of the cell population is required. This knowledge is a 
prerequisite to study the complex interplay likely to govern the injury response that leads to 
functional regeneration. It is also important to determine heterogeneity among known cell 
types and define them in molecular terms. Likewise, it is important to characterize the events 
in the newt brain and to carry out cross-species comparisons with non-regenerative species. 
These comparisons could highlight cellular and molecular components that allow or disallow 
successful regeneration to occur.  
 

A particular feature of the newt brain is that it retains the radial glial cell-like 
ependymoglial cells throughout its lifetime. This could mean the newt brain remains in a more 
immature state compared to mammals, which gradually lose radial glial cells in most parts of 
the brain during ontogeny. Hence, I had two major aims in this project: first, to determine the 
cellular composition of the newt brain, and second, to compare the cellular diversity in larval, 
adult, and aged newts. To do that, I generated and analyzed single-cell and single-nucleus 
RNA sequencing datasets (scRNAseq and snRNAseq). In silico-defined cell clusters based on 
molecular profiles were validated by IHC, with a special focus on the dopaminergic 
development.  
 
4.2.1. Adaptation and comparison of dissociation protocols for scRNAseq and snRNAseq 
in ventral midbrain of the newt 
 

When this project started, neither scRNAseq nor snRNAseq studies had been conducted in 
the newt CNS. Methods needed to be generated for tissue dissociation, cell and nuclei 
purification, and for single-cell or single-nucleus library preparation. To overcome this, I first 
adapted cell dissociation methods for rodent brains, then tested them on newt brain tissues 
(Tiklova et al., 2019). Ventral midbrains (from either larval stage 54 newts or young adults) were 
freshly dissected out on ice (Fig. 15A), pooled and homogenized by gentle pipetting in 
dissociation media. I tested tissue dissociation using three different methods: papain dissociation 
for 30-60 min at 27 °C, collagenase/dispase for 30-60 min at 27 °C, and a protease from Bacillus 
licheniformis for 30-60 min at 4 °C. I first compared papain versus collagenase/dispase and 
found that the enzymes did not make a difference in cell viability (Fig. 15B). The recovered live 
cells of both methods ranged between 300 to 4000 cells per ventral midbrain. I successfully 
optimized FACS-sorting for newt cells, which are much bigger than the mammalian ones. 
Subsequently, protease from Bacillus licheniformis was tested and found that this enzyme 
recovered many more live cells (35094 cells from 3 ventral midbrains at st56) compared to the 
previous two methods (Fig. 15C), hence this protocol was used for further experiments. 
RNAlibrary preparations and sequencing were conducted by the ESCG facility at SciLifeLab 
(Stockholm).  
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Fig. 15 | Workflow to obtain single cell suspensions for scRNAseq. (A) Step-by-step depictions of the ventral 
midbrain dissection process. Red dashed lines indicate from where the tissue was excised. On the bottom, a 
representative image of a freshly dissected ventral midbrain is shown. Di=diencephalon, r0=isthmus, 
VMb=ventral midbrain. White dashed lines indicate the border between brain segments. Scale bar: 200µm. The 
brain schematic drawings in the top of (A) are from (Joven et al., 2013a). (B) Comparison of two protocols using 
different enzymes did not show statistically significant differences in cell viability. Cell viability was found to be 
higher in larvae compared with adults. 2-way ANOVA was used. The numbers of samples analyzed are labelled 
under the histogram, each sample consisted of 2-5 pooled ventral midbrains. (C) The cell suspensions were 
purified by FACS to select for live cells and discard dead cells and cellular debris. Note that the Bacillus 
licheniformis protease yielded more live cells that the collagenase/dispase method. Each sample consisted of 3 
ventral midbrains of the same batch of newts at st56. 

 
Unfortunately, the number of cells recovered in the sequencing was still very low. In our first 

attempts, only 3756 single cells passed the quality control (QC) using six larval VMb from one 
trial plus 11 young adult VMb from a second trial (see Supplementary Table. 5). I decided to 
try an alternative, so I adapted a method of single nuclei dissociation to newt brain tissues which 
had yielded good results in rodent brains (Salmani et al., 2023). The four main differences with 
the previous single-cell dissociation method were: the tissue was not fresh but snap-frozen, all 
procedures were performed in ice, RNase inhibitor was incorporated, and the dissociation in 
lysis buffer was mechanical not enzymatic. Newt ventral midbrains of larvae (n= 15 VMb from 
two trials), young adults (n= 7 VMb from two trials), and old adults (n= 3 VMb from one trial) 
were dissociated and purified by FACS (Supplementary Table. 5). The suspended nuclei were 
selected by FACS using the far-red dye 7AAD. Next, the single-cell libraries were prepared 
using the Chromium Next GEM Single Cell 3’ Reagent Kits v3.1 (Dual Index), which were 
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sequenced at National Genomics Infrastructure (NGI, Stockholm) to achieve 25000-50000 
reads per singlet for each of the samples. The reads of scRNAseq and snRNAseq were mapped 
to the new newt genome. After QC filtering and doublet removal, 3756 single-cell 
transcriptomes and 25,429 single-nucleus transcriptomes were obtained, indicating an 
improvement of the snRNAseq protocol over the scRNAseq one. Nevertheless, when comparing 
scRNAseq with snRNAseq, I found that scRNAseq detected more transcripts per event for both 
larvae and adults (Fig. 16). Unsupervised clustering of the datasets separately showed more 
clusters in the nucleus dataset, probably due to the higher number of events (Sup. Fig. S2). This 
indicates that despite of fewer transcripts being detected per event using the snRNAseq protocol, 
higher numbers of events can be recovered and the genes detected are sufficient to illustrate cell 
diversity, making it better than using the scRNAseq protocol. In conclusion, I favored the single-
nucleus dissociation method, which gave many more events than the single-cell one.  
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Fig. 16 | Quality control (QC) of each sample. Violin plots showing the number of genes (nFeatures_RNA) or 
transcripts (nCounts_RNA) per cell or nucleus (black dots). See Supplementary Table. 5 for details on the samples 
shown. 
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4.2.2. Cell type diversity of the newt ventral midbrain in homeostasis 
 

To get an overview of the cell type diversity of the newt ventral midbrain, I merged the 
scRNAseq and the snRNAseq datasets. Unsupervised Louvain clustering of the combined data 
classified 29,185 events in 11 to 38 clusters (Fig. 17A). The integrated events were distributed 
in all the clusters within the UMAP space on both sample type (cell/nucleus) (Fig. 17B, C) and 
stage (larva, young adult, and old adult) (Fig. 17D-F). Thus, neither the method nor the stage 
had a strong bias towards specific cell types. 

 
I then computed the differential expression of genes at different levels of resolution and 

obtained the lists of genes that define each cluster. Based on the expression of the newt 
orthologues of conserved genes (La Manno et al., 2016; Linnarsson, 2023; Lust et al., 2022; 
UniProt, 2023; Woych et al., 2022) (Fig. 18A), I selected the clustering resolution 
CCA_snn_res.1.5 that best explained the cell diversity (including some degree of heterogeneity 
of major cell types) and assigned cell identities to clusters. Twelve major cell populations were 
identified, including: neural stem/progenitor cells, microglia/macrophages, oligodendrocytes, 
oligodendrocyte precursor cells (OPCs), meningeal fibroblasts, erythrocytes, intermediate 
progenitor cells/immature neurons, and five types of differentiated neurons (including 
dopaminergic, serotonergic, cholinergic, GABAergic and glutamatergic neuronal subtypes) (Fig. 
18B-C). 
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Fig. 17 | Integration of scRNAseq/snRNAseq dataset. (A) Hierarchical tree indicating the levels (CCA_snn_res.) 
obtained after unsupervised clustering by Louvain of the scRNAseq/snRNAseq combined dataset. UMAP 
showing the distribution of events, in the combined dataset, coming from scRNAseq (B), snRNAseq (C), larvae 
(D), young adults (E), and old adults (F). 

 
In brief, I detected all the expected major cell types that have been described in the mouse 

ventral midbrain (Linnarsson, 2023), which means a high degree of conservation of all major 
cell types between Pleurodeles waltl and other vertebrates including mammals, as previously  
described (Joven and Simon, 2018). The cell categories and their subtypes are explained in detail 
in the following subheadings. 
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Fig. 18 | Integrated UMAP with cell types identified. (A) Dot-plot showing the top expressed genes in each 
cluster of the scRNAseq+snRNAseq combined dataset. (B) UMAP of 29185 singlets at CCA_snn_res.1.5. 
classified the data set in 28 clusters. (C) Cell type manual curation based on key conserved markers grouped the 
clusters into 12 main categories. 
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4.2.2.1. Neural stem/progenitor cells (ependymoglia) 
 

Cluster 6 shared top expressed genes with clusters 15 and 25 at the selected 
CCA_snn_res.1.5. (Fig. 19A), so they were scrutinized together. Among the top expressed 
genes, gene49443-Glna, gene4266-Sox2, indicated that these cells could represent 
ependymoglia, the neural stem/progenitor cell population in the newt (Joven and Simon, 2018; 
Joven et al., 2018; Kirkham et al., 2014). In line with previous studies (reviewed in (Joven and 
Simon, 2018)), the proliferation marker gene47101-Ki67 was higher in cluster 6 and 25 than 
cluster 15 (Fig. 19G), while gene49443-Glna showed a opposite expression pattern (Fig. 19C). 
This observation suggests that cluster 15 may contain low-proliferative (quiescent) type-1 
ependymoglia, while clusters 6 and 25 likely probably harbor highly-proliferative (active) type-
2 ependymoglia. Other genes found in these three clusters included genes that have been 
previously described as markers of neural progenitors in other species (Linnarsson, 2023): 
gene31687-Nfia, gene16792-Eaa1 (orthologue of human astrocytic marker SLC1A3/GLAST), 
and gene32540-Nfix (Fig. 19B-F). I used the markers gene49795-Lmx1b, gene11807-Slit2, 
gene16061-Gpr98 and gene21790-Sulf1 (Linnarsson, 2023) to  tentatively identify cluster 25 as 
the dopaminergic progenitor ependymoglia. It is known that the dopaminergic neurons that arise 
from ependymoglial cells after 6-OHDA lesion (Berg et al., 2010). However, whether, 
dopaminergic neurons come from a restricted subpopulation of progenitors, like in mammals 
(Andersson et al., 2006; Yan et al., 2011), has not been described. My data show that there are 
at least three transcriptionally distinguishable subtypes of ependymoglia, one of them 
resembling the mammalian dopaminergic progenitors. To visualize the spatial location of these 
three clusters in the tissue, I performed IHC for some of the markers mentioned above. SOX2, 
GS and NFIA were detected to visualize this population (Fig. 20). 
 
4.2.2.2. Oligodendrocyte precursor cells 
 

Oligodendrocyte precursor cells (OPCs) are a cell type indispensable to regenerate mature 
oligodendrocytes, the myelin producing cells (Chamberlain et al., 2016). They are a cell 
population difficult to detect by traditional techniques in newts and, to our knowledge, only 
described for the first time in the Pleurodeles forebrain using scRNAseq (Woych et al., 2022). 
I identified this population in our new dataset (cluster 22) using newt orthologues of the 
mammalian markers (Miron et al., 2011): gene12154-Pgfra, gene29841-Cspg4 (mammalian 
Ng2), the proteoglycan gene16130-Cspg2, gene60537-Olig1, gene60536-Olig2, gene16868-
Pdzd2, and gene29924-Otu7a (Fig. 21A-G, O). I found genes that were expressed in both 
OPCs and ependymoglial cells, such as gene44685-Gfap, gene21783-Prex2 and gene36616-
Sox5 (Fig. 21H-J, L-N). Interestingly, this gene combination is unique to one cluster in the 
developing mouse brain. However, it does not correspond to OPCs in mouse, but to dorsal 
forebrain radial glia (Linnarsson, 2023). In the adolescent mouse, GFAP, Prex2 and Sox5 are 
co-expressed in midbrain astrocyte clusters, but not in OPCs or oligodendrocytes (Linnarsson, 
2023). This suggests that the newt OPC cell cluster described herein may contain a subset of 
the mammalian astrocyte counterpart. On another note, some unannotated newt genes were 
found highly expressed in the population, for example, gene8919 (Fig. 21K). More research 
on these transcripts and their genomic location are needed to clarify the relevance and potential 
novelty of these unannotated genes. I tried to visualize this subpopulation in the tissue using 
Olig2 IHC, but unfortunately this antibody did not work in newt tissue (see Table. 3). 
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Fig. 19 | The neural stem/progenitor cell (ependymoglia) clusters and selected markers. (A) The 
ependymoglial cell population was characterized as clusters 6, 15 and 25 in the UMAP at CCA_snn_res.1.5. (B)-
(K) Top expressed genes in the three clusters of ependymoglia suggest that cluster 25 may represent the 
dopaminergic progenitor one. 
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Fig. 20 | IHC in the newt midbrain to detect stem/progenitor cells. (A). GS staining in adult newt. Arrows 
point to type-1 ependymoglia (GS+), and arrowheads point to type-2 ependymoglia (GS-). (B). SOX2 staining in 
larva (Conducted by Dr. Laura Lahti). (C). NFIA staining in adult newt. Scale bar: 100µm. 
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Fig. 21 | The OPC cell cluster and selected markers. (A) OPC population was characterized as cluster 22 in the 
UMAP at CCA_snn_res.1.5. (B)-(K) Top expressed genes in the cluster of OPC. (L)-(O) Singlets of cluster 22 
were extracted and stained again to show clearer expression of Gfap, Prex2, Sox5, and Pdfra. 
 
 
 
 



   
 
 

49 
 
 

4.2.2.3. Oligodendrocytes 
 

Mature oligodendrocytes are detrimental to dendritic and axonal regeneration as they express 
myelin and neurite growth inhibitory proteins that inhibit branch formation, growth and 
plasticity (Silver et al., 2014). Oligodendrocytes were identified as cluster 12 at 
CCA_snn_res.1.5 of the combined dataset (Fig. 22A). In mammals, the classical markers 
include Mypr, Cd9, Sox10, Cn37 and Mbp (Miron et al., 2011; Yadav et al., 2023). I found the 
Pleurodeles counterparts gene18940-Mypr, gene36735-Cd9, gene33288-Sox10, gene44357-
Cn37. Both Mbp genes mentioned in section 4.1 (gene19872-Mbp and gene19846-Mbp, Fig. 4) 
were strongly expressed in this cluster (Fig. 22B-G). Interestingly, an unannotated newt gene 
(gene19847) that neighbors gene19846-Mbp was restrictedly expressed in oligodendrocytes 
(Fig. 22I). This finding suggests that this area of the genome could be crucial for the function 
of oligodendrocytes. Moreover, gene35256-Gpr37 which encodes for the newt orthologue of 
the receptor of the neuroprotective and glioprotective factor prosaposin (Meyer et al., 2013), 
was highly enriched in oligodendrocytes (Fig. 22H). This gene has been reported to be enriched 
in mammalian oligodendrocytes (Yang et al., 2016). To visualize cluster 12, I did IHC for the 
aforementioned markers MBP and GPR37 (Fig. 22J). Newt oligodendrocytes are an 
understudied cell type, despite their importance as inhibitors of CNS regeneration 
demonstrated in many other animal models (Silver et al., 2014). The present RNAseq results 
provide new information on this cell type, opening new avenues for comparative and 
regenerative studies.   

 
 

4.2.2.4. Microglia/Macrophages 
 

In the CNS, resident microglia and blood monocytes initiate and maintain an injury-induced, 
long-lasting inflammatory response. Depending on the context, this can be beneficial or 
detrimental for regeneration  (Silver et al., 2014). Although they share a myeloid lineage, 
microglia are the CNS-resident macrophages that enter the brain parenchyma early in 
development, while the so-called border associated macrophages (BAMs) reside in the 
meninges, the choroid plexus, and the perivascular spaces (Utz et al., 2020). 
Microglia/macrophages were identified as an individual cluster with newt orthologues of 
mammalian classical markers including gene45605-Pigr, gene16736-Fyb, gene53742-CSF1R, 
gene47418-C1qc, gene53490- and gene43680-Aif1 (IBA1) (Fig. 23A-F). As mentioned before, 
three Mpeg1 genes were detected in the newt genome (Fig. 5). However, only gene31079-
MPEG1 was detected in my RNAseq dataset, suggesting that the other two copies found could 
represent pseudogenes (Fig. 23G). Despite the low number of transcripts of Mpeg1 gene in the 
dataset, immunohistochemistry for GFP and IBA1 in transgenic mpeg1:GFP newts 
demonstrated that both proteins are co-expressed in the majority of the microglia and BAMs 
(Fig. 23H). In chapter 3, I have used these markers to shed light on this cell subpopulation in a 
regenerative context. 
 
 
Fig. 22 (next page) | The cluster and markers of oligodendrocytes. (A) The oligodendrocyte population was 
characterized as cluster 12 in the UMAP at CCA_snn_res.1.5. (B)-(I) Top expressed genes in the cluster of OPC. 
(J) Immunohistochemistry of MBP and GPR37 in the newt ventral midbrain. Both markers were found primarily 
in the myelin in the fiber zone. Arrows point to the co-localization of MBP and GPR37. Scale bar: 50 µm. 
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Fig. 23 | The cluster and markers of microglia/macrophages. (A) The microglia/macrophage population was 
characterized as cluster 16 in the UMAP at CCA_snn_res.1.5. (B)-(G) Top expressed genes in the cluster of 
microglia/macrophages. (J) Immunohistochemistry of GFP and IBA1 in the brain of MPEG1: GFP transgenic newt. 
Scale bar: 100µm. 
 
4.2.2.5. Meningeal fibroblasts 
 

The leptomeninges (arachnoid and pia layers) have vascular, immune, and mainly fibroblast 
cell types. There is increasing evidence of the role of meningeal fibroblasts in physiological 
responses to CNS pathology (Dorrier et al., 2022). Perivascular fibroblast classical markers 
include collagen-1, laminin α1 and platelet-derived growth factor receptor-α (PDGFRα) 
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(Hannocks et al., 2018; Kelly et al., 2016; Vanlandewijck et al., 2018). I confirmed the presence 
of these classical markers in cluster 21 and found additional genes among the top expressed 
transcripts of this cell population, including gene28851-Tmem2, gene24976-Co3a1, gene61918-
Nid2, gene10168-At8b3, gene6106-Aebp1, gene36084-S38a4 and gene32391-GLNA (Fig. 24A-
H). The orthologue genes of mouse label the cell population of meningeal fibroblasts  in a mouse 
database (Linnarsson, 2023). Of special interest is the case of GLNA. According to the UniProt 
database (UniProt, 2023), mammals have only one Glul (Glna) gene copy that encodes for 
glutamine synthetase. This gene is expressed not only in meningeal fibroblasts, but also in all 
glial cell types, vascular-related cell types, and in a few neuronal subpopulations (Linnarsson, 
2023). As mentioned before, I found two Glna genes in Pleurodeles (Fig. 6). Interestingly, the 
two genes show divergent expression patterns in our dataset. Gene49443-GLNA marks neural 
stem/progenitor cells (ependymoglia), microglia/BAMs and oligodendrocytes (Fig. 6), while 
gene32391-GLNA marks the meningeal fibroblast cluster (Fig. 24H). Not only GLNA, but also 
gene63609-Syne2 and gene8486-AT1A2 showed co-expression in fibroblasts and glial cells (Fig. 
24I-J). These results indicate that newts have meningeal fibroblasts similar like the ones 
described in mammals. The finding of the two newt Glna genes with differential cell type-
specific expression patterns requires more investigation, as these two genes may have diverged 
in function, thereby providing an evolutionary advantage. 
 
4.2.2.6. Erythrocytes 
 

Like in most non-mammalian vertebrates, newt erythrocytes (red blood cells) are nucleated 
(Claver and Quaglia, 2009), which allows them to be detected using snRNAseq. The small 
cluster 24 was identified as erythrocytes (Fig. 25A) using the UniProt database (UniProt, 2023). 
Among the top-expressed transcripts I found genes encoding for the alpha or beta globin chains 
of hemoglobin (gene1698-Hba2, gene1309-Hba1). Other genes defining this cluster included 
gene197-Hem0, gene29418-Nrk2, gene7775-Tfr2, and gene44641-B3at (Fig. 25B-E). Unlike 
humans, which have only one HBB gene, the newt expressed gene1312-Hbb1, and gene1721-
Hbb2, indicating there has been a duplication in the beta globin chain gene (Fig. 25F-G). 
Interestingly, some cells in the neighboring intermediate progenitor cells/immature neuron 
cluster also expressed genes encoding the alpha or beta globin chains of hemoglobin (gene1309-
Hba1, gene1698-Hba2, gene1312-Hbb1, or gene1721-Hbb2) while Hba2 and both Hbb newt 
transcripts were also found in differentiated neurons (Fig. 25B-G). Few transcripts of Hbb1 and 
Hbb2 were detected in the dopaminergic neurons (cluster 20, will be discussed later) of the 
newts (see the violin plot in Fig. 25F-G). Hba-a2 and Hbb transcripts have been reported to 
occur in rat and human neurons, including A9 dopaminergic neurons in the substantia nigra 
(Richter et al., 2009). Expression of hemoglobin in these neurons may be associated with 
cellular susceptibility in Parkinson disease (Codrich et al., 2017). The finding that hemoglobin 
in dopaminergic neurons could be a conserved feature in vertebrates further emphasizes the 
relevance of using newts as animal model for Parkinson disease research. 
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Fig. 24 | The cluster and markers of meningeal fibroblasts. (A) Meningeal fibroblast cell population was 
characterized as cluster 21 in the UMAP at CCA_snn_res.1.5. (B)-(J) Top expressed genes in the cluster. 
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Fig. 25 | The cluster and markers of erythrocytes. (A) The erythrocyte population was characterized as cluster 
24 in the UMAP at CCA_snn_res.1.5. (B)-(G) Top expressed genes in the cluster. 
 
4.2.2.7. Neurons 
 

Most of events in our combined dataset were identified as neurons by their expression of the 
newt orthologues of the pan-neuronal marker genes gene32565-ELAV3, gene31466-ELAV4, 
and gene7866-DLG4 (Fig. 26A-C). At CCA_sn_res.1.5, IHC showed ELAV3/4+ (HUC/D+) 
neurons were mostly restricted to the SVZ and MZ of ventral midbrains, and all the TH+ cells 
were ELAV3/4+ (Fig. 26D). Eighteen clusters were included in the category of “neuron”, 
including clusters 0, 2-5, 7-11, 13, 17-20, 23, 26 and 27 (see Fig. 18C to visualize the extent of 
neurons grouped together). A closer look into each of these clusters allowed me to define 
neuronal subtypes (see below). 
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Fig. 26 | The clusters and markers of differentiated neurons. (A)-(C) Expressions of pan-neuron genes. (D) 
Immunohistochemistry of HuC/D with TH. Arrows point to the co-localization of TH neuron with HuC/D staining. 
Scale bar: 100µm. 
 

Cluster 11 was characterized by showing both ependymoglial (see Fig. 19B-G) and neuronal 
(Fig. 26A-C) markers. Because of this peculiarity, together with the expression of Tbb and Dcx 
genes in the cluster (Fig. 27A-D), I defined this cluster as intermediate progenitor 
cells/immature neurons. Interestingly, the majority of the nuclei/cells in this cluster came from 
the larval samples, and very few nuclei coming from old newts populate this cluster (Fig. 17D-
F).  
 

Differentiated neurons were categorized based on the expression of well-known 
neurotransmitters and neurotransmitter-related molecules. Using this method, I could detect 
monoaminergic neurons (Fig. 28A-D) (including dopaminergic ones cluster 20, Fig. 28E-H,  
and serotonergic ones cluster 19, Fig. 29I-L), cholinergic neurons (cluster 19, Fig. 29A-D), 
glutamatergic neurons (clusters 0, 1, 3, 10, 13, 14, 17, 18 and 27, Fig. 29E-H) and GABAergic 
neurons (clusters 2, 4, 5, 7, 9 and 23, Fig. 29I-L).  
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Fig. 27 | The intermediate progenitor cells/immature neuron cluster and selected markers. (A) Intermediate 
progenitor cell/immature neuron population was characterized as cluster 11 in the UMAP at CCA_snn_res.1.5. 
(B)-(G) Top expressed genes in the cluster. 
 

Monoaminergic neurons were allocated in clusters 19 and 20 (Fig. 28A), defined by the 
expression of the synaptic vesicular amine transporter gene46485-Vmat2 (Fig. 28B) and the 
aromatic-L-amino-acid decarboxylase gene19440-Ddc (Fig. 28C). In addition, two unannotated 
newt genes, gene46483 (Fig. 28D) and gene46484 (data not shown), were detected in both 
clusters. These two genes were the neighbors of gene46485-Vmat2, indicating that this genome 
area was crucial for both dopaminergic neurons and serotonergic neurons. I found two different 
transcripts that are encoded by the newt genes: gene28570-Ty3h and gene36149-Ty3h. This 
finding agrees with the duplication of TH genes already reported in other in amphibians 
(Yamamoto and Vernier, 2011). Interestingly, the expression of these two genes was cluster-
specific, implying the diversification of the regulatory elements and potentially also of protein 
functions. High expression of gene28570-Ty3h (denoted as orthologue of TH1 in zebrafish) 
(Yamamoto et al., 2010) was detected in cluster 20, which was identified as dopaminergic 
neurons by the co-expressions of gene49795-Lmx1b, gene32788-Lmx1a, and gene16887-GRP 
(Fig. 19H, 28E-H). As mentioned before, gene49795-Lmx1b is also expressed in the neural 
progenitor cluster 25, indicating that the dopaminergic cells of cluster 20 could develop from 
this neural progenitor cell population (Fig. 19H). Interestingly, the mammalian SN 
dopaminergic marker gene28059-Sox6 (Poulin et al., 2020) was detected in cluster 20 (Fig. 28L) 
though in very few singlets. This indicates that some dopaminergic neurons located in the newt 
VMb may functionally act like the SN dopaminergic neurons in mammals. It should be noted 
also that gene28059-Sox6 was highly expressed in OPCs (cluster 22), and this is conserved with 
previous findings in mammals (Baroti et al., 2016; Stolt et al., 2006; Wittstatt et al., 2019). 
Unlike calbindin, which was not found to be expressed in the dopaminergic cluster, other 
dopaminergic markers of SNpc (eg: Aldh1a1 and Girk2) or VTA (eg: Otx2) were detected in 
cluster 20, but the number of singlets were also very few (data not shown). This can be explained 
by the low number of total dopaminergic neurons recovered in the dataset. The second TH gene, 
gene36149-Ty3h (denoted as orthologue of TH2 in zebrafish) (Yamamoto et al., 2010), was 
detected in some cells of cluster 19 (Fig. 28I-J). This cluster also contained serotonergic neuron 
markers, as determined by the expression of tryptophan 5-hydroxylase 1. This enzyme catalyses 
the rate-limiting step in the synthesis of serotonin and is encoded by the newt gene gene27993-
Tph1 (Fig. 28K). Though one previous study in zebrafish suggested the TH2+ neurons were 
dopamine-synthesizing neurons (Yamamoto et al., 2010), a later study found TH2 was actually 
responsible for the function of serotonin, making TH2 a marker gene of serotonergic neurons 
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(Ren et al., 2013). For this reason, cluster 19 was identified as serotonergic neurons. I have used 
anti-TH antibodies to visualize these cells (see Table. 3); however, it is unclear whether those 
antibodies recognized one or both proteins that I found in the sequencing data. The existence of 
dopaminergic and serotonergic neurons in the newt brain was reported more than 40 years ago 
(Dubé and Parent, 1982). Subsequent studies have demonstrated their homology with the 
mammalian counterparts (reviewed in (Joven and Simon, 2018)), but until now there are no 
studies describing two separate TH genes which are expressed by two distinct subpopulations. 
My next step will be to generate probes and detect where those two catecholaminergic cell types 
are located in the tissues.  
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Fig. 28 (previous page) | Differentiated neuron clusters and selected markers (1 of 2). (A)-(D) Monoaminergic 
neurons (clusters 19 and 20) express Vmat2 (B), Ddc (C), and gene46483 (D). (E)-(H) Dopaminergic neuron 
cluster 19 (E) was defined by the expression of one of the two newt genes found encoding for tyrosine hydroxylase, 
gene28570-Ty3h (F), Lmx1a (G), and Grp (H). (I)-(K) Serotonergic neuron cluster 20 (I) was defined based on 
the expression of Tph1 (J). Additionally, a second newt gene encoding for tyrosine hydroxylase, gene36149-Ty3h, 
was differentially expressed in this cluster (K). Furthermore, Sox6 was detected in both clusters with a higher 
expression in cluster 20 (L). 
 

The cholinergic neurons were identified as the cluster 26 (Fig. 29A), expressing the newt 
orthologue that encodes for choline O-acetyltransferase, gene48482-Clat (Fig. 29B). Other 
genes detected in the cluster included gene16650-Isl1, gene11807-Slit2, and gene53512-Slit3 
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(Fig. 19I, 29C, D), which are known to play roles in cholinergic neuron development 
(Linnarsson, 2023). Interestingly, gene11807-SLIT2 was also detected in the neural progenitor 
cluster 25 expressing gene49795-Lmx1b (Fig. 19H, I). This observation led me to hypothesize 
that both monoaminergic neurons and cholinergic neurons could develop from the same neural 
progenitor population, which can be addressed with future experimental validations. The 
anatomical description of cholinergic system in the Pleurodeles brain is available in the 
literature (Marín et al., 1997c). Based on the dissected areas selected for sequencing, the 
cholinergic cells defined in this study may correspond to the few cell bodies described in the 
posterior tubercle, oculomotor and trochlear nuclei, and the isthmic tegmentum (Marín et al., 
1997c). 

 
The remaining neuronal populations found in this study have not been previously described 

in newts. As a first approach, I classified them based on their putative excitatory or inhibitory 
nature. 

 
Inhibitory neurons (GABAergic neurons) were distributed in six clusters at 

CCA_snn_res.1.5 (Fig. 29E). I classified them as inhibitory neurons based on the expression of 
newt orthologues that putatively encode for the glutamate decarboxylases 1 and 2, gene25603-
DCE1 and gene2770-DCE2 (Fig. 29F-G), together with the gene51578-VIAAT (Fig. 29H) 
which encodes for the newt’s vesicular inhibitory amino acid transporter (orthologue of 
SLC32A1). The data outlined here contain an unprecedented resource regarding the neuronal 
heterogeneity of the newt ventral midbrain. 

 
Excitatory neurons (Glutamatergic neurons) were a large population consisting of nine 

different clusters at CCA_snn_res.1.5 (Fig. 29I). The newt orthologues encoding for the 
vesicular glutamate transporters gene55427-VGLU1 and gene30102-VGLU2 were used to 
define these clusters as glutamatergic (Fig. 29J-K). The gene gene35336-VGLU3 was also 
present but very few reads were detected (Fig. 29L).  
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Fig. 29 | Differentiated neuron clusters and selected markers (2 of 2). (A)-(D) Cholinergic neurons (cluster 26) 
in the newt midbrain express Clat (B), Isl1 (D), and Slit3 (D). (E)-(H) GABAergic neurons were composed of 6 
different clusters (2, 4, 5, 7, 9 and 23). Glutamate decarboxylase-encoding genes Dce1 (F), and Dce2 (G) together 
with VIAAT (H) were used to characterize this cluster. (I)-(L) Glutamatergic neuron diversity in the newt midbrain 
was highlighted by 9 clusters at CCA_sn_res_1.5 (). These cell clusters were characterized as glutamatergic based 
on the expression of gene55427-Vglu1 (J), gene30102-Vglu2 (K) and gene35336-Vglu3 (L). 
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4.2.3. Cellular composition of newt ventral midbrain changes during life span. 
 

In this chapter, I present the cellular and molecular changes I found in the transitions from 
larval to mature to aged newt ventral midbrain using single-nucleus RNAseq analysis in 
combination with IHC.  
 
4.2.3.1. The main cell types of the ventral midbrain are established at late active larval 
stage. 
 

An important question to explore in brain development is when the different cell populations 
appear. Some neuronal subpopulations such as dopaminergic and cholinergic neurons in the 
VMb are present from early larval stages, although the number of neurons and complexity of 
their innervation pattern increases during a developmental time window (Joven et al., 2018). It 
is unknown whether this could be a rule that applies to all neuronal subpopulations and other 
cell types in the CNS. To tackle this question with transcriptomics, I excluded the scRNAseq 
data to prevent a method-biased analysis of the results and integrated the data obtained from 
single nuclei (Fig. 30A). By analyzing the snRNAseq integrated dataset of late active larvae, 
1year old young adults, and 9 years old adults, all the cell types described in chapter 4.2.2 could 
be identified at CCA_snn_res.2 (Fig. 30A-B). Importantly, the nuclei contributing to each of the 
clusters originated from samples from the 3 life stages (Fig. 30C-E). This indicates that the 
cellular heterogeneity found in the mature newt ventral midbrain is already established at late 
active larval stage. This resembles the situation in the Pleurodeles forebrain, where all adult 
neuronal subtypes are already getting established during development (Woych et al., 2022). 
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Fig. 30 (previous page) | Late larvae have established the main cell populations in their ventral midbrains. 
(A) UMAP of the snRNAseq integrated dataset of late active larvae, young adults, and old adults at 
CCA_snn_res.2. Both microglia/macrophages and oligodendrocytes were identified as single clusters at this 
resolution. (B) Cell categories in the snRNAseq integrated dataset of the 3 stages. (C-E) Individual plotting of 
late active larvae, young adults (1 year old), and old adults (9 years old) on the UMAP.  
 
4.2.3.2. The cellular composition changes with maturation and aging. 
 

Previous studies have described the cellular composition of the mammalian ventral midbrain 
at different life stages (Braun et al., 2022; La Manno et al., 2016; Siletti et al., 2022). However, 
it is not known if the cellular composition changes in newt brain with maturation and ageing. 
To visualize potential dynamic changes in the composition of ventral midbrain cell types during 
the life span of the newts, I plotted the percentages of nuclei’s origin (by stages) in all the clusters 
(Fig. 31A). I found that among all clusters, the clusters 18 and 19 contained very few nuclei of 
larval origin, while clusters 24 and 26 were scarce in events of aged origin (Fig. 31A).  I then 
normalized the percentage of nuclei’s origin by life stage total nuclei numbers. Relative 
proportion of clusters 18 and 19 representing microglia/macrophages and oligodendrocytes by 
each life stage suggest that these populations are already present in larvae, but their numbers 
expand with age (Fig. 31B-C). The relative amount of cells belonging to clusters 24 and 26 
along the life span of newts suggests that there is a decline of meningeal fibroblasts and circuit-
forming neurons in the aged newt ventral midbrains (Fig. 31D-E). The oligodendrocyte 
expansion was confirmed by immunohistochemical analyses of MBP and GPR37 expression 
(Fig. 31F). These results indicate that both immune cells and myelinating oligodendrocytes in 
newt ventral midbrain are minor components of the larval brains, which greatly increase in 
numbers during brain maturation and aging. Similar patterns of microglia and oligodendrocytes 
increase are found in mammalian development and aging (Barry-Carroll et al., 2023; Nishiyama 
et al., 2021). Previous studies have shown that interactions among microglia, oligodendrocyte 
and neurons are crucial in brain development (Kalafatakis and Karagogeos, 2021; Mehl et al., 
2022; Peferoen et al., 2014). It would be valuable to explore if similar cell interactions occur in 
newts. In contrast, meningeal fibroblasts and circuit-forming neurons displayed a decline in 
percentages with maturation and aging.  Interestingly, previous studies showed that specific 
leptomeningeal cells have neurogenic potential (Bifari et al., 2017; Nakagomi and Matsuyama, 
2017). It would be interesting to explore whether the newt leptomeningeal cells have neurogenic 
potential, and its relation to newt regeneration ability. Cluster 26 marker genes are related to 
roles in sculpting neural circuits in brain development (Luhmann et al., 2016; Penn and Shatz, 
1999). The decline in this neuronal subtype in aged brains suggests that newts experience a 
decrease in neural plasticity with age, like other vertebrates. 
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Fig. 31 (previous page) | Cellular composition changes with maturation and aging. (A) Percentages of the 
nucleus from late active larvae, young adults, and old adults in each cluster at CCA_snn_res.2. (B)-(E) The 
percentages of the nuclei in clusters (at CCA_snn_res.2) of microglia/macrophages (B), oligodendrocytes (C), 
meningeal fibroblasts (D), and circuit-forming neurons (cluster 26) across the 3 stages. (F) The expansion of 
oligodendrocytes from late larva to adult was detected by IHC of MBP and GPR37. The yellow squared areas 
were enlarged in the right panels. Arrows point to the co-expression of GPR37 and MBP. Scale bar: 100µm in the 
left images and 50µm in the right enlarged images. 
 
 
4.2.3.3. Potential dopaminergic subpopulations 
 

While mammalian dopaminergic neurons are found in both VTA and SN in mammals, newts 
do not have laterally migrated TH+ cells in the midbrain (Smeets and Reiner, 1994). This could 
indicate either that dopaminergic neurons corresponding to mammalian SN neurons are not 
present in the newt midbrain or that they are located also in the VTA. While only functional 
analyses along with analyses of projections could fully resolve this question, a good starting 
point is the analysis of marker genes that are differently expressed in the VTA and SN in 
mammals. I first tried to analyze the scRNAaseq and snRNAseq data but the yield for 
dopaminergic neurons was too low. Therefore, I used immunohistochemical analyses instead. 

 
I first analyzed the expression of calbindin (CALB1 or CB), which marks VTA dopaminergic 

population in the mammalian midbrain dopaminergic neurons (La Manno et al., 2016). As 
previously reported (Joven et al., 2013c), CALB1 was not detected in newt midbrain 
dopaminergic neurons (marked by TH and NURR1), but it was expressed in more dorsally 
located cells, whose exact identity is yet to be determined (Fig. 32A).  
 
 
 
 
 
 
 
Fig. 32 (next page) | CB and CR expression in ventral midbrain of the newt. (A) IHC of CB with TH and 
NURR1 in adult midbrain. No co-expression was detected.  Scale bar: 100 µm. (B) IHC of CR and TH in 
midbrains of newts from st45 to st56. Arrows point to CR+TH+ cells.  Scale bar: 100 µm. (C) Quantifications of 
the percentages of CR+ cells in midbrain dopaminergic neurons (marked by TH) from st37 to st56. Each dot 
represents the percentage of CR+ cells in TH+ neurons of one newt in the whole ventral midbrain. 7 newts were 
counted at st45 while 3 newts were counted in each of the other stages. 31-286 TH+ cells were counted per newt, 
the lower values corresponding to early developmental stages. Ordinary one-way ANOVA with Bonferroni’s 
multiple comparisons test. **p<0.01, ***p<0.001, ****p<0.0001. Means ± s.e.m. are shown. (D) Quantifications 
of the percentages of CR+TH+ cells along the rostrocaudal axis at st55c. 3 newts were counted. 254-308 TH+ cells 
were counted per newt. Ordinary one-way ANOVA with Bonferroni’s multiple comparisons test. *p<0.05. Means 
± s.e.m. are shown. (E) Quantifications of the percentages of CR+TH+ cells along the rostrocaudal axis at st56. 3 
newts were counted. 235-286 TH+ cells were counted per newt. Ordinary one-way ANOVA with Bonferroni’s 
multiple comparisons test. **p<0.01. Means ± s.e.m. are shown. 
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In contrast, the expression of calretinin (CALB2 or CR), another calcium-binding protein 
with neuroanatomical distribution has been reported in Pleurodeles (Joven et al., 2013c), was 
detected in some of the newt midbrain dopaminergic neurons (Fig. 32B). I found that the 
percentages of CR+ cells among TH-expressing neurons in the VMb gradually decreased during 
ontogeny (Fig. 32C). Interestingly, these cells were more abundant in rostral VMb (Fig. 32D, 
E). Determining the significance of this observation would need further experimentation. Next, 
I analyzed the expression patterns of OTX2 and SOX6 as they are key transcription factors for 
the specification of the mammalian VTA and SN (Panman et al., 2014). I found that SOX6 and 
OTX2 labeled mostly mutually excluding subpopulations within TH+ VMb cells (Fig. 33A). 
This resembles the situation reported previously in mouse development from stage 13.5 to 18.5 
(Panman et al., 2014). Quantifications indicated that the proportions of some of these 
subpopulations change during development (Fig. 33B): while the percentages of OTX2+/SOX6- 
and OTX2+/SOX6+ cells remained constant, the OTX2-/SOX6- subpopulation increased and the 
OTX2-/SOX6+ decreased with age (Fig. 33B, 33C). This is consistent with the reports in mice, 
where Sox6 expression decreases during development (Panman et al., 2014). Given the 
rostrocaudal differences I found in the distribution of CR+/TH+ cells (Fig. 32D-E), I analyzed 
the distribution of SOX6+/TH+cells and found that they are less abundant in the caudal part of 
the VMb, suggesting that the putative SN in the newt occupy mostly the rostral and middle 
aspects of the VMb (Fig. 33D).” In mammals, OTX2 has a higher expression in VTA than in 
SN (Poulin et al., 2020). I did not find differences in the proportion of OTX2+/ TH+ between 
developmental and adult stages (Fig. 34A). The distribution of OTX2+/TH+ expressing neurons 
showed a low-to-high gradient in a rostral-to-caudal direction (Fig. 34B-D). This may suggest 
that the heterogeneity among the dopaminergic neurons that is manifested in lateral migration 
in mammals could be traced to a rostral-caudal distribution in newts. Altogether, these data 
indicate that although partially intermingled, the putative SN in the newt may occupy more 
rostral portions of the VMb, while the VTA cells may be preferentially located in more caudal 
areas. 

Due to the low number of dopaminergic neurons in my dataset, it was hard to explore their 
transcriptional heterogeneity at a high resolution. Generation of transgenic newt lines, like Th: 
GFP or Dat1: GFP (which the Simon lab is in the process to produce) should allow to increase 
the resolution by enriching for sufficient number of dopaminergic neurons using FACS prior to 
scRNAseq/snRNAseq, as performed in previous studies in mammals (Salmani et al., 2023; 
Tiklova et al., 2019). Another potential option to increase the resolution is to apply 
scRNAseq/snRNAseq techniques that can catch more features per singlets, for example Smart-
seq3 (Hagemann-Jensen et al., 2020; Hagemann-Jensen et al., 2022). 

 
Fig. 33 (next page) | SOX6 and OTX2 highlight dopaminergic subpopulations in the newt ventral midbrain. 
(A) Representative image of immunohistochemistry of SOX6, OTX2 and TH in a postmetamorphic newt (st56). 
Scale bar: 100 µm. The solid arrow points a TH+SOX6+OTX2- cell, the hollow arrow points a TH+SOX6-OTX2- 
cell, the solid arrowhead points a TH+SOX6-OTX2+ cell, the solid arrowhead points a TH+SOX6+OTX2+ cell. (B) 
Analysis of the percentages of OTX2+/SOX6-, OTX2+/SOX6+, OTX2-/SOX6- and OTX2-/SOX6+ in dopaminergic 
neurons (marked by TH) at two different stages. Two-way ANOVA (****p<0.0001, not shown in the graph) with 
Bonferroni’s multiple comparisons test showed statistically significant differences only in the OTX2-/SOX6- 
subpopulation (****p<0.0001, not shown in the graph) and the OTX2-/SOX6+ subpopulation (***p=0.0002, not 
shown in the graph). Means ± s.e.m. are shown. (C) The percentages of SOX6+ cells at st53 and st56. Each dot 
represents the percentage of cells of one newt in the whole rostrocaudal extent of the ventral midbrain. N=3-6 
newts were used in each stage. Student’s T test. ****p<0.0001. Means ± s.e.m. are shown. (D) Quantifications of 
SOX6+ cells in dopaminergic neurons in rostral, medial and caudal levels in newts at st56. 6 newts were used for 
counting. Each dot represents the cell percentage of one newt in the areas. Ordinary one-way ANOVA with 
Bonferroni’s multiple comparisons test. *p<0.05, **p<0.01. Means ± s.e.m. are shown. For (B), (C), and (D), 
144-283 TH+ cells were counted per newt.  
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Fig. 34| OTX2+ dopaminergic subpopulation in the newt ventral midbrain. (A) The percentages of OTX2+ 
cells in dopaminergic neurons (marked by TH) from st37 to st56. Each dot represents the percentage of cells of 
one newt in the whole rostrocaudal extent of the ventral midbrain. N=3-9 newts were used in each stage. (B) 
Quantifications of OTX2+ cells in dopaminergic neurons in rostral, medial and caudal levels in newts at st55c. 6 
newts were used for counting. (C) Quantifications of OTX2+ cells in dopaminergic neurons in rostral, medial and 
caudal levels in newts at st56. 6 newts were used in counting. In (B) and (C), each dot represents the cell percentage 
of one newt in the different areas. For (A), (B), and (C), 31-158 TH+ cells were counted per newt, the lower values 
corresponding to early developmental stages. Ordinary one-way ANOVA with Bonferroni’s multiple comparisons 
test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Means ± s.e.m. are shown. (D) Immunohistochemistry of 
OTX2+ cells in dopaminergic neurons from rostral (section 0) to caudal (section 4) at st55c. Scale bar: 100 µm. 
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4.2.4. Molecular transitions between various cell types 
 

Besides the changes in the proportions of various cell types, molecular transitions occur 
within different cell types during midbrain maturation and aging (Braun et al., 2022; Joven et 
al., 2018; Kirkham et al., 2014; La Manno et al., 2016; Siletti et al., 2022). However, the 
molecular changes in key cell types of the newt VMb are largely unknown. To gain new 
understanding of the molecular transitions during newt’s life span, I analyzed the snRNAseq 
dataset containing nuclei from larvae, 1 year old adults, and 9-year-old adults (Fig. 16). I 
selected the suitable Louvain resolution for each cell type, as different cell types were best 
visualized at different Louvain resolutions on the UMAP. To tackle this, the top differentially 
expressed genes were identified for the clusters of “ependymoglia” (clusters 3 of the snRNAseq 
dataset at CCA_snn_res.0.25), “intermediate progenitor cells/immature neurons” (clusters 1 of 
the snRNAseq dataset at CCA_snn_res.0.65) and “dopaminergic neurons” (clusters 23 of the 
snRNAseq dataset at CCA_snn_res.2) (Fig. 35). Then the differentially expressed transcripts 
across life stages in the defined cluster of the cell type were analyzed. Given the focus of this 
thesis in the dopaminergic neurogenesis, I tried to uncover the transcriptional changes 
underlying quiescence acquirement by ependymoglia, formation of new neurons and 
dopaminergic maturation.  
 

 
Fig. 35| Selection of each cell type for analysis at the suitable Louvain resolution. (A) Hierarchy tree of 
Louvain clustering. (B)-(C) Selecting ependymoglia in cluster 3 at CCA_snn_res.0.25. (D)-(E) Selecting 
intermediate progenitor cells/immature neurons in cluster 1 at CCA_snn_res.0.65. (F)-(G) Selecting dopaminergic 
neurons in cluster 23 at CCA_snn_res.2. 

 
As mentioned before, quiescence acquirement of ependymoglia is a key process in brain 

maturation (Joven and Simon, 2018; Joven et al., 2018; Kirkham et al., 2014), making 
ependymoglia as an indispensable target population for analysis. I first confirmed the expected 
higher expression of proliferation markers such as gene47010-KI67, and lower expression of 
quiescent, Type-1 ependymoglial marker gene49443-GLNA in larval stage compared to adult 
stages (Fig. 36A). This is consistent with the previous studies (Joven et al., 2018; Kirkham et 
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al., 2014), strengthening the validity of this method to uncover molecular changes at the 
population level. I then performed unbiased analysis to discover the most DEG in ependymoglia 
along the newt life span. In support of the major presence of highly proliferative, type-2 
ependymoglia in the larval brain, two ribosomal protein genes showed higher enrichment in 
larva compared with adult stages (Fig. 36A). This agrees with the previous finding about the 
upregulation of ribosomal proteins in activated neural stem cells (Baser et al., 2017; Llorens-
Bobadilla et al., 2015). Neuronal membrane glycoprotein gene59244-GPM6B was found at a 
higher expression in larval stage (Fig. 36A) when the ependymoglia is more active. A previous 
study showed the expression of its orthologue in  reactive astrocytes after traumatic brain injury 
(Choi et al., 2013). It would be interesting to explore if there is an upregulation of this gene upon 
brain injury also in newts. Interesting, increased expression of gene63609-SYNE2 was detected 
along brain maturation and aging (Fig. 36A). Given SYNE2 has been described to be involved 
in centrosome attachment in neural progenitors, it would be valuable for future research to 
explore if (and how) SYNE2 regulates ependymoglial quiescence (Wallis et al., 2021). 
Furthermore, I identified a upregulation of gene19770-JARD2 along brain maturation and aging 
(Fig. 36A), which orthologue is known as a regulator of histone methyltransferase complexes 
and can act as an accessory subunit for the core PRC2 complex (Chen et al., 2020; Chen et al., 
2018; Pasini et al., 2010). This agrees with previous studies showing its regulatory roles in stem 
cell quiescence, activation, and differentiation (Berg et al., 2010; Celik et al., 2018; Ishibashi et 
al., 2021; Mejetta et al., 2011).  

 
The intermediate progenitors/immature neurons clusters share some marker genes with 

neural stem cells and astrocytes in mammals (Beckervordersandforth et al., 2010; Codega et al., 
2014; Pilz et al., 2018; Urban et al., 2019). This led me to hypothesize that these cells may suffer 
similar dynamical regulation in the process of quiescence acquirement, as well as being another 
potential pool to replenish neurons in the adult brain upon injury. In my analysis, I found the 
differential expression of gene19770-JARD2 and several ribosomal protein genes (Fig. 36B), 
which are similar to what I found in ependymoglia (Fig. 36A). This indicates that newt 
intermediate progenitors/immature neurons share some similar transcriptional changes with 
ependymoglia. Interestingly, gene43450-AIF1L, which’s mammalian orthologue was known to 
promote actin bundling, showed upregulation after brain maturation. This result is in coherence 
with a recent study which showed the increase of aif1l during maturation of Xenopus midbrain 
(Ta et al., 2022) (Fig. 36B). More studies are needed to clarify the significance of this gene 
regulation. 

 
The heterogeneity of midbrain dopaminergic neurons across different life stages has been a 

topic of intense research in mammals during the last decade (Hook et al., 2018; La Manno et 
al., 2016; Poulin et al., 2018; Poulin et al., 2020; Poulin et al., 2014; Salmani et al., 2023; 
Saunders et al., 2018; Tiklova et al., 2019). An important question for the understanding of 
Parkinsonian models and the human disease is the vulnerability of dopaminergic neurons as well 
as the effect of aging (Branch et al., 2014; Chan et al., 2010; Kamath et al., 2022; Pereira Luppi 
et al., 2021; Salmani et al., 2023). Given the regenerative neurogenic potential of newts upon 
dopaminergic damage (Berg et al., 2010; Berg et al., 2011; Joven et al., 2018; Parish et al., 2007), 
a question that remains to be answered is whether newts show transcriptional changes in the 
VMb dopaminergic cells with maturation and aging. In this analysis, I found a higher expression 
of gene2556-PTPR2 in larval compared to adult stages (Fig. 36C). In one previous study, 
reduced levels of dopamine, serotonin, and norepinephrine were found in mouse with deletion 
of the gene orthologue and IA-2 protein (Nishimura et al., 2009). Another study showed 
decreased expression of the gene orthologue in human patients of Parkinson’s disease (Grunblatt 
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et al., 2004). Thus, the lower expression of the gene2556-PTPR2 in the population of adult newts 
may imply an increased tendency of degeneration in the dopaminergic neurons upon aging. On 
the other hand, gene53784-GPX3, whose orthologue protects from oxidative damages 
(Esworthy et al., 1991), showed a downregulation in old adult newt cells (Fig. 36C). This 
suggested a decreased ability of reducing hydrogen peroxide, lipid peroxides and organic 
hydroperoxide in dopaminergic neurons of the aged newts, which could make them more 
vulnerable. This may support the model with a conserved vertebrate program in age-related 
degeneration of dopaminergic cells. gene2984-SIA8F displayed a higher expression in old adult 
newts (Fig. 36C). Downregulation of the human orthologue of gene2984-SIA8F in 
dopaminergic neurons from postmortem brains of patients with Parkinson’s disease has been 
reported (Huang et al., 2023). Also, an anti-inflammatory and neuroprotective effect was shown 
by overexpression of gene2984-SIA8F in dopaminergic neurons of MPTP-treated mice (Huang 
et al., 2023). The results indicate that a protection against dopaminergic degeneration in old 
adult newts by gene2984-SIA8F. Furthermore, I explored the signaling pathways predicted by 
the upregulated genes of larval dopaminergic neurons compared to adult stages using the web 
server g:Profiler (Raudvere et al., 2019). While multiple signaling pathways for neural 
development were predicted, pathways involved in the response to oxygen-containing 
compounds were also found (Fig. 36D). This may suggest a stronger resistance to oxidative 
stress in larval dopaminergic neurons. 
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Fig. 36 (previous page) | Differentially expressed genes and analysis in ependymoglia cluster (A), intermediate 
progenitor cells/immature neuron cluster (B), and dopaminergic neuron cluster across the three stages (C). Wilcox 
test was used for the statistical analysis, and genes with |log2FC|>0.2 and P value<0.01 were screened. A selection 
of these genes are displayed in figure (A)-(C). The predicted signaling pathways from upregulated genes in larval 
dopaminergic neuron population are displayed in (D).  
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4.2.5. NFI transcription factors in newt ventral midbrain development  
 

Nuclear Factor I (NFI) transcription factors were identified as key factors that promote the 
quiescence of stem cells during brain development (Clark et al., 2019; Martynoga et al., 2013). 
To see if there are similar mechanisms in the newt, I explored the expression of Nfi genes in 
the ependymoglia cluster from the previous snRNAseq dataset. I speculated that NFI genes 
would be upregulated, given the regulative roles of NFI in neural quiescence (Hoang et al., 
2020). Except for gene39658-NFIA, the NFI genes did not show upregulation in mean 
expressions, though trends of more high-expressing cells of the genes could be observed along 
development. A reasonable explanation for this may be that although more NFI+ cells appear 
along development, more NFI- neural progenitors were also generated, making the mean 
expression level more or less constant. I next used IHC to analyze these potential changes in 
ventral midbrain tissue sections during the development of the midbrain dopaminergic neuron 
population (Fig. 38). I used the TH staining in this case as an anatomical reference, to ensure 
that I was analyzing the same brain area across stages. I found that NFI IHC showed no 
expression at early active larval stage 37, when proliferation is very active in the developing 
larvae (Joven et al., 2018).  Starting at late active larval stage 45, when ependymoglia begins to 
undergo quiescence in the Pleurodeles larval brainstem (Joven et al., 2018), I detected NFIA 
expression in the VZ; this remained high at later stages including after metamorphosis (Fig. 38). 
Note that the strongest NFIA+ cells in adult ventral midbrain were not the ependymoglia along 
the VZ, but the specific cells in the SVZ (Fig. 38). These results showed similar a role of NFI 
found in stem cells before (Clark et al., 2019), indicating this function of promoting quiescence 
is conserved in brain of Pleurodeles. 
 

 
 
Fig. 37 | Violin plots showing changes of gene expression of NFI transcription factors in ependymoglia 
across the newt life span. Only the gene39658-NFIA among the NFI factors showed increased expression during 
ontogeny (Wilcox test of |log2FC|>0.2 and P value<0.01). The other NFI genes only show a trend as newts mature. 
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Because I found that upregulation of NFI factors (Fig. 38) occurred at the same 
developmental stages than the acquisition of the quiescent state by ependymoglial cells (Joven 
et al., 2018), next I explored whether the ependymoglial quiescence can be accelerated by 
manipulating NFI . I generated a plasmid expressing NFiA with GFP (CMV: NFIA -t2A-GFP) 
and validated the NFIA expression in cell culture (Fig. 39A). Next, I electroporated the “CMV: 
NFI -t2A-GFP” plasmid or control plasmid “CAG: GFP-loxP-Cherry” into the ependymoglia 
of developing newt midbrain at a developmental stage when these cells are still highly 
proliferative (Joven et al., 2018). I found a marked reduction of MCM2+ /GFP+ cells after 
NFIA overexpression compared to the brains electroporated with the control plasmid, 
indicating an accelerated cell cycle exit by ependymoglial cells, as a result of NFIA 
overexpression (Fig 39B-D). Again, the result agrees with the previous manipulation study in 
cultured neural stem cells (Martynoga et al., 2013). 
 

 
 
Fig. 38 | Co-staining and counting of NFI with TH in ventral midbrain of the adult newt. The expression of 
NFI in midbrain with dopaminergic neurons (marked by TH) in the newts from st37 to st56. Arrows point NFI+TH+ 
cells. Scale bar: 100 µm. 
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Fig. 39 | (A) Experimental design of in vitro plasmid test. HEK cells were electroporated with the plasmid CMV: 
NFIA -t2A-GFP. A’.Immunostaining for GFP and NFIA demonstrates that the plasmid generated can induce the 
production of both GFP and NFIA in HEK cells. Scale bar: 100 µm. (B) Experimental design for larva 
electroporation. Stage 35-36 larvae were electroporated with either the plasmid CMV: NFIA -t2A-GFP or a control 
plasmid expressing GFP. Tissue was collected 5 days later for analysis. B’., B’’. Representative images of sections 
analyzed. Scale bar: 100 µm. (C) Quantification of the percentage of GFP+ cell distribution showed no statistically 
significant differences between groups. Two-way ANOVA with Bonferroni’s multiple comparisons test. *p<0.05. 
Means ± s.e.m. are shown. (D) The GFP+ cells containing ectopic expression of NFIA proliferated less than the 
control electroporation ones. T-test. Means ± s.e.m. are shown. 
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4.3. Dopaminergic injury response in the newt midbrain 
 

Our laboratory has elucidated cellular and molecular mechanisms of dopaminergic 
regenerative neurogenesis in a 6-OHDA-induced Parkinsonian model in newts (Berg et al., 
2010; Berg et al., 2011; Hameed et al., 2015; Joven et al., 2018; Parish et al., 2007)). In this 
section, I describe my findings using the latest technologies. These findings increase our 
understanding of the early response to dopaminergic ablation, the innate immune system, and 
the re-activation of stem cells. In the following experiments I always compared three conditions: 
6-OHDA intraventricular injection (6-OHDA), sham intraventricular injection (sham) and 
uninjured controls (control). 
 
4.3.1. The role of NFI in dopaminergic injury response 
 

In the previous section, I showed how NFI expression first appears in the developing ventral 
midbrains when the ependymoglia is acquiring quiescence, and how overexpression of these 
transcription factors decreases proliferation. These observations led me to hypothesize that Nfi 
factors may also play a role during the injury response, as it has been shown in zebrafish (Hoang 
et al., 2020). First NFIA expression patterns was determined after dopaminergic injury (Fig. 
40A). As predicted, NFIA labeling was weak in the 6-OHDA treated animals at 14 days post 
injury (d.p.i.) (Fig. 40B). Quantifications of TH+ cells were used to confirm successful 
dopaminergic ablations (Fig. 40C, F). The percentage of NFI+ cells in the innermost layer which 
was closest to the ventricle (SVZ) confirmed a downregulation of NFI in both 6-OHDA and 
sham groups at 7 d.p.i. (Fig. 40D), which correlated with a non-significant trend of increased 
proliferation, as measured by the percentage of MCM2+ ependymoglia (Fig. 40E). This 
downregulation of NFI in sham implies that the instant injury response could also inhibit the 
expression of NFI in neural progenitor cells. However, at 14 d.p.i., the downregulation of NFI 
was only seen in the 6-OHDA group (Fig. 40G), together with a significant increase in 
ependymoglial cell proliferation (Fig. 40H). These results indicate a difference between 
Pleurodeles and mammals in regulating injury response: Pleurodeles induces ventricular glial 
cell proliferation by a long-lasting downregulation of NFI, while mammals do not (Hoang et al., 
2020). 
 

Given the relationship between NFI expression levels and proliferative activity of 
ependymoglia showed in both development and dopaminergic injury response, I wanted to 
explore if the proliferation of ependymoglia after dopaminergic injury could be suppressed by 
manipulating NFI expression as shown in a previous study (Martynoga et al., 2013). To fulfil 
the goal, I conducted dopaminergic ablation on late active larvae. Eleven days after ablating the 
dopaminergic neurons, intraventricular injection was performed followed by electroporation of 
either the plasmid “CMV: NFiA-t2A-tGFP” or a control plasmid “CAG: GFP-loxp-Cherry”, i.e., 
the two plasmids mentioned before (Fig. 41A, B). The success of the dopaminergic ablation 
was determined: TH+ cells were significantly reduced in both 6-OHDA groups, with no 
differences in the amount of TH+ cells irrespective of which plasmid was electroporated. (Fig. 
41C). The proliferation activity of the GFP+ cells at 13 d.p.i. upon dopaminergic damage  
decreased when NFiA was overexpressed (Fig. 41D). In combination with my results in Fig. 40, 
this result indicates that NFI factors could directly or indirectly regulate ependymoglial 
proliferation after dopaminergic lesion in newts. To really define if NFIA is important for 
generation of TH neurons from the ependymoglia upon 6-OHDA, genetic lineage tracing 
experiments linked to overexpression of NFIA is the next set of experiments to be performed. 
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Fig. 40 (previous page) | Expression of NfiA in newt ventral midbrain after 6-OHDA-mediated 
dopaminergic lesion. (A) Schematic drawing showing the experimental design. Adult newts were used (n=4-7 
animals/timepoint and condition). (B) Representative images of ventral midbrain sections showing the expression 
of NFIA and TH at 14 d.p.i.. Scale bar: 100 µm. (C)-(E) Quantifications at 7 d.p.i.. (F)-(H) Quantifications at 14 
d.p.i.. (C) and (F) show total number of TH+ cells. (D) and (G) show percentage of NFIA+ cells in the SVZ 
(quantification was conducted in the innermost layer which was closest to the ventricle). (E) and (H) show 
percentage of MCM2+ cells in the VZ. Ordinary one-way ANOVA with Bonferroni’s multiple comparisons test. 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Means ± s.e.m. are shown.  
 
 

 
 
Fig. 41 | Manipulation of NfiA in ependymoglia of midbrain after dopaminergic lesion. (A) Schematic 
drawing showing the experimental design. Larval newts were used (n=4 animals/timepoint and condition). (B) 
Representative images of ventrally-electroporated brain sections showing the expression of TH, GFP and MCM2 
at 13 d.p.i. after 6-OHDA. The electroporated plasmid is indicated in the left. Scale bar: 100 µm. (C) 
Quantifications at 13 d.p.i. showing the total number of TH+ cells. Two-way ANOVA with Bonferroni’s multiple 
comparisons test. **p<0.01. Mean ± s.e.m. is shown. (D) Percentage of MCM2+ cells in the GFP+ ependymoglia 
at 13 d.p.i. shows a significant decrease in proliferation upon overexpression of NfiA. T-test. **p=0.0021. Mean 
± s.e.m. is shown.  
 
4.3.2. Bulk RNAseq of newt ventral midbrains reveals gene regulatory networks 
 

Dopaminergic injury response is a complex process which cannot be achieved solely with 
NFI (Berg et al., 2011; Hameed et al., 2015; Joven et al., 2018). To uncover the genes involved 
in the 6-OHDA-mediated re-activation of ependymoglial proliferation, I performed bulk 
RNAseq, a powerful next generation sequencing method for monitoring changes in gene 
expression under different conditions. I sequenced samples from freshly dissected ventral 
midbrains (n=2 samples per condition, each sample was pooled with 2 ventral midbrains) at 14 
d.p.i., when the proliferation of ependymoglia is at its peak in 6-OHDA condition but not 
significantly increased in the sham group compared to control (Fig. 40 H). 



   
 
 

79 
 
 

After processing the raw data, I first assessed sample-to-sample variability. The data was 
normalized by variance stabilizing transformations (VST) and plotted the samples in a distance 
plot and a PCA (Fig. 42). The injured and the control samples clustered separately by PC2, but 
not by PC1. 31% of the variance between the experimental groups could be explained by PC2 
(Fig. 42B). Although it would have been beneficial to include additional samples, the present 
results (displayed and discussed later) were enough to reveal several of the molecular pathways 
implicated in the injury responses. I compared the conditions between them and found multiple 
up- and downregulated genes. I then analyzed the genes that fulfilled the criteria of a 
statistically significant difference in gene expression (padj<0.05) as well as a |log2FC|>1. I 
next added the annotations and found the human gene orthologues where possible. I used the 
latter lists of genes to perform functional gene ontology (GO) enrichment analysis using the 
web server g:Profiler (Raudvere et al., 2019). This analysis was used to uncover key biological 
processes and transcription factors involved in the newt midbrain response to 6OHDA injury. 
 

 
 
Fig. 42 | Assessment of sample-to-sample variability. (A) Distance plot of the samples analyzed. (B) PCA 
showing the variability among the samples analyzed by bulk RNAseq. 
 

Given injury responses happened in both 6-OHDA and sham conditions, the first step was 
to characterize the responses that were not unique from dopaminergic damage. To fulfil the 
goal, I first compared sham versus control samples. I found 16 downregulated and 81 
upregulated newt genes (Fig. 43). Of the 16 downregulated genes, 13 had a human orthologue. 
The 13 orthologues showed few hits in the GO analysis: miRNA:hsa-miR-335-5p and skin 
disease related signaling pathways (Fig. 44). 52 out of the 81 upregulated newt genes could be 
analyzed using human orthologues for GO, showing strong upregulation of immune system-
related processes (Fig. 44). The results agree with the expectation of immune responses which 
are usually turned on after injury (Kirkham et al., 2011). 
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Fig. 43 | Volcano plot showing the differentially expressed genes (dots) in sham versus control experimental 
conditions. Genes with both a p.adj<0.05 and |log2FC|>1 are shown in red (16 downregulated genes and 81 
upregulated genes). For clarity, only the top 10 hits are annotated in the figure. 
 

Since ependymoglial reactivation only happened after dopaminergic injury, it can be 
assumed that certain elements specific in 6-OHDA samples are responsible for the reactivation. 
Before pinpointing the elements, the total responses from 6-OHDA samples need to be 
analyzed. I compared 6-OHDA samples to control samples, found 27 downregulated and 364 
upregulated genes (Fig. 45). Of these, 17 and 266, respectively could be assigned a human 
orthologue. As expected, dopaminergic neuron-related biological processes were significantly 
downregulated (Fig. 46A). The most significantly upregulated genes were still related to 
immune response processes, and vesicle-related signaling pathways showed higher expression 
in 6-OHDA. (Fig. 46B). Noticing many immune response processes and vesicle-related 
signaling pathways were also detected in “sham vs control” (Fig. 44B), it can be speculated 
that these signaling pathways are not specific for inducing ependymoglial reactivation. 
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Fig. 44 | g:GOSt multiquery Manhattan plot of downregulated (A) and upregulated (B) genes in sham 
compared to control experimental conditions. X-axis shows the functional terms grouped and colour-coded by 
data source. The most significant biological processes are shown as pinned circles with a numeric ID and are 
described in more detail in the table below the image. 
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Fig. 45 | Volcano plot showing the differentially expressed genes (dots) in 6-OHDA versus control 
experimental conditions. Genes with both a p.adj<0.05 and |log2FC|>1 are shown in red (27 downregulated genes 
and 364 upregulated genes). For clarity, only the top 10 hits are annotated in the figure. 
 

To uncover the genes involved in the specific response to ependymoglial reactivation after 
dopaminergic loss, I compared 6-OHDA samples to sham samples. In the 6-OHDA, I found 22 
downregulated and 45 upregulated genes with padj<0.05 and |log2FC|>1 cutoff (Fig. 47). The 
top downregulated genes included gene40104-ST3A1, gene6704-SC6A4, gene28570-TY3H 
and gene62032-GCH1, which again confirmed the successful ablation of dopaminergic 
neurons. Interestingly, multiple processes related to Parkinson disease were found to be related 
to these genes, including cognition, learning and memory, social behavior, dopamine 
biosynthesis, monoamine transport and postural tremor (Fig. 48). This is an expected result 
further supporting the successful dopaminergic lesion. Two of the upregulated genes identified 
here were gene57982-PLSL and gene49975-2B1A, which are related to the immune system. Of 
the downregulated genes, 17 were assigned to a human orthologue. The Reactome results 
pointed to a downregulation of genes involved in NGF-stimulated transcription, nuclear events 
(kinase and transcription factor activation) and NTRK1 signaling (Fig. 48A). I found 34 
upregulated genes that could be assigned to human orthologues. The GO analysis showed 
upregulated processes including cell adhesion molecule binding, podosome, CAPG-PRMT5 
complex, extracellular organization and immune response (Fig. 48B). Considering that the 
functions of immunity in salamander regeneration are not well understood (Bolanos-Castro et 
al., 2021), I had a closer look into the immune upregulated processes. Among the immune 
signaling pathways, I found upregulation of MHC protein complex binding, type-II interferon 
signaling, IL-4, IL-13, IL-6 and IL-18 signaling pathways. 
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Fig. 46 | g:GOSt multiquery Manhattan plot of downregulated (A) and upregulated (B) genes in 6-OHDA 
compared to control experimental conditions. X-axis shows the functional terms grouped and colour-coded by 
data source. The most significant biological processes are shown as pinned circles with a numeric ID and are 
described in more detail in the table below the image. 
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Fig. 47 | Volcano plot showing the differentially expressed genes (dots) in 6-OHDA versus sham 
experimental conditions. Genes with both a p.adj<0.05 and |log2FC|>1 are shown in red (22 downregulated genes 
and 45 upregulated genes). For clarity, only the top 10 hits are annotated in the figure. 
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Fig. 48 | g:GOSt multiquery Manhattan plot of downregulated (A) and upregulated (B) genes in 6-OHDA 
and sham conditions. The X-axis shows the functional terms grouped and colour-coded by data source. The most 
significant biological processes are shown as pinned circles with a numeric ID and are described in more detail in 
the table below the image. 
 
 
4.3.3. Newt brain injury response: cellular players and molecular mechanisms indicated 
by snRNAseq 
 

The bulkRNAseq analysis indicates that specific immune responses could be crucial for 
ependymoglial reactivation. To reveal a higher resolution of the genes involved in newt brain 
response to injury, both 6-OHDA and sham injuries were performed followed by snRNAseq. I 
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analyzed these new data together with the subset of uninjured (naïve) brains of young adults 
presented in chapter 2, as the nuclei were obtained in the same way and the libraries had similar 
quality control values (see nFeature and nCount in Sup. Fig. S3A). Interestingly, following 
hierarchical clustering, this dataset contained more clusters at the same resolution values than 
the previous developmental dataset (compare UMAPs in Fig. 18B with Sup. Fig. S3B, or 
ClusTrees in Fig. 17A with Sup. Fig. S3C), suggesting that additional cell types or states appear 
in the newt ventral midbrain upon brain injury. Keeping this in consideration, I decided to first 
analyze the data using a low value of CCA_snn_res, as this clustering was sufficient for me to 
distinguish the main cell subpopulations of interest based on key markers (Fig. 49A-B, Sup. 
Fig. S4-S5). In this dataset, approximately 10000 ±2250 nuclei represent each of the 
experimental conditions (the exact number of nuclei per condition are provided in Fig. 49C-E). 
The proportion of cell origin for each of the clusters is shown in Fig. 49F. All clusters are 
composed of cells from the three experimental conditions, although in cluster 9, characterized 
as erythrocytes, the contribution of cells coming from the naïve brains is minor. Remarkably, 
the 6-OHDA samples contributed with low numbers in the monoaminergic neurons (cluster 8), 
and with high proportions to several other clusters, including microglia/BAMs (cluster 4), 
meningeal fibroblasts (cluster 5), OPCs (cluster 7), and neuronal subtypes clusters 12 and 13) 
(Fig. 49F). While the increase of microglia/BAMs agrees with our bulk RNAseq results (see 
4.3.1.) and previous reports (Kirkham et al., 2011), the increase of meningeal fibroblasts could 
represent fibrotic scarring or formation of reticular networks similar to the ones reported after 
neuroinflammation (Dorrier et al., 2022). On the other hand, the increase of OPCs and 
oligodendrocytes could indicate a stronger protection from myelination on neurons against 
toxins or immune stresses (Simons and Nave, 2015). 
 

I then decided to explore the differentially expressed genes, with a major focus on trying to 
understand how the 6OHDA experimental group differed from the other two conditions. I first 
looked into the expression of the up- and downregulated genes that were found in the previous 
chapter by bulkRNAseq analysis. Splitting the data by either cluster or experimental condition, 
I plotted all the hits in violin plots, which highlighted both the number of cells that express a 
given gene as well as the expression level at which they do so. For most of the cases the 
snRNAseq correlated well with the pattern predicted by bulkRNAseq analysis (Sup. Fig. S6-
S9). First, by plotting the RNA assay data into the defined clusters, I could visualize which cell 
types accounted for the gene expression changes observed in the bulk RNA seq (Sup. Fig. S6, 
S8). I then confirmed these observations by plotting the expression data by experimental 
condition (Sup. Fig. S7, S9). As a proof of concept for this type of analysis, I plotted 
dopaminergic-related genes and observed a clear downregulation of Th genes and Dat 
expression in the 6-OHDA group compared to sham and controls (Sup. Fig. S10A-C). On the 
contrary, Lmx1b gene was found to be upregulated after dopaminergic ablation (Sup. Fig. S10D).  
 

To illustrate cell-type specific differential gene regulation, I selected three genes from the 
sham versus 6-OHDA comparison shown in Fig. 47 that had unveiled information on three 
clusters of interest in the snRNAseq dataset at CCA_snn_res.0.1 (Fig. 50 A-F). Agreeing with 
the expectation, the newt orthologue of Ty3h (TH1) was found to be strongly expressed in cluster 
24, the dopaminergic population. For 6-OHDA, fewer cells and transcripts were detected, in line 
with the bulkRNAseq results (Fig. 50A-C, Sup. Fig. S10). Oasl2, which is an antiviral enzyme 
that plays a critical role in cellular innate antiviral response (Eskildsen et al., 2003; Kakuta et 
al., 2002), was found predominantly in microglia/macrophage cluster and overexpressed 
specifically in the 6-OHDA lesioned cells (Fig. 50D-H). These results indicate that cell type-
specific gene expression changes are consistently underlying the response to injury leading to 
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newt brain regeneration. To reveal more of these unknown cell type-specific changes, I did 
subsets of the clusters of interest and performed unbiased DEG analysis in the snRNAseq data 
(Fig. 50G, Sup. Fig. S11-S12). This method uncovered a large number of genes with expression 
changes in different cell types. This provides a framework for generating new hypotheses that 
will eventually lead to the understanding of cellular and molecular mechanisms by which newts 
regenerate dopaminergic cells upon injury.  
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Fig. 49 | Single-nucleus RNAseq analysis of 6OHDA, sham, and control ventral midbrain of young adult 
newts at 14 d.p.l.. (A) UMAP of 30585 nuclei at CCA_snn_res.0.1. (B) Key marker gene of each cluster in the 
UMAP at CCA_snn_res.0.1. (C)-(E) Nucleus of each treatment conditions (6OHDA, sham, and control) on the 
UMAP. (F) Proportions of nucleus of each treatment condition in each cluster at CCA_snn_res.0.1. 
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Fig. 50 | BulkRNAseq-based and unbiased DEG analysis in single-nucleus RNAseq dataset. (A)–(F) Analysis 
of the DEG screened from bulkRNAseq in single-nucleus RNAseq dataset at CCA_snn_res.1. (G) Unbiased DEG 
analysis of microglia/BAMs in single-nucleus RNAseq dataset. All the genes in this figure fulfil Wilcox test of 
|log2FC|>0.2 and P value<0.01. 
 
4.3.4. Microglia and macrophages are required for the reactivation of ependymoglial 
cell proliferation 
 

CNS-resident macrophages are composed of parenchymal microglia and border-associated 
macrophages (BAMs), both contributing to CNS development, homeostasis and diverse 
pathological states (Mundt et al., 2022). Despite the importance of the innate immune cells in 
the CNS, the mechanisms by which these cells may act upon neuron-producing glia are 
unknown. Here, I present the experiments on how BAMs and microglia activate a regenerative 
response after 6-OHDA injection. 
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4.3.4.1. Microglia and BAMs’ infiltration precedes entry to cell cycle by ependymoglial 
cells in the VMb 
 

As mentioned before, most of the top differentially expressed genes that was found in the 
bulk RNAseq data are related to immune processes. Supported by the in silico results, I tested 
the hypothesis that microglia/macrophages may play a key role in the ependymoglial 
proliferation. I first characterized the midbrains of the transgenic line 
tgTol2(Dre.mpeg1:eGFP)MHY/SIMON (referred as mpeg1:GFP henceforth) (Tsissios et al., 2023) 
that had been generated to trace microglia/macrophages. Analysis of co-expression of GFP with 
IBA1 (Kirkham et al., 2011) (Fig. 51A-B) showed that 93.20% of the GFP-expressing cells 
were positive for IBA1 (n=955 cells). This indicated that the mpeg1:GFP Pleurodeles transgenic 
line is suitable for visualizing innate immune macrophages and resident microglia in the newt 
brain (Fig. 51C). 

 
 

 
Fig. 51 | Assessment of the expression of IBA1 in mpeg1:GFP positive cells from transgenic newts. (A) 
Overview of a midbrain section with quantifications were performed. The inset shows the region depicted in (B), 
containing parenchyma as well as choroid plexus. Scale bar: 500µm. (B) Representative image showing IHC 
against GFP to detect mpeg1+ cells and the use of IBA1 to detect microglia and BAMs. Scale bar: 200µm. (C) 
Quantifications indicated that 95.07% of microglia and 86.99% of BAMs were double labelled by GFP and IBA1. 
Quantifications were performed on 11 newts (n=435 microglia cells and n=520 BAMs). Mean±SEM. 
 

I next examined the ventral midbrain after 6-OHDA administration. Both naïve brains 
(uninjured) and sham injured (which entails a mechanical injury by the intraventricular injection 
procedure, in these cases a similar volume of vehicle was injected) were used as controls (Fig. 
52A). From 7 d.p.i., GFP+ cells increased significantly in the 6-OHDA injected brains compared 
to controls, and the GFP+ cell numbers remained elevated for 30 days (Fig. 52B-C). At 14 d.p.i., 
I found that the number of GFP+ cells did not significantly differ between sham and control 
ventral midbrains. However, there were multiple GFP+ cells in the dorsal midbrain, around the 
area where the brain had been mechanically injured (Fig. 52C) . One week later, these cells 
seemed to have spread throughout the entire midbrain. This was indicated by the increased 
number in the ventral midbrain at 21 d.p.i. in the sham group, when it reached similar numbers 
to those observed in the 6-OHDA-injected samples (Fig. 52C) . At 28 d.p.i., both 6-OHDA and 
sham groups displayed fewer GFP+ cells, indicating that the inflammatory response was 
resolving (Fig. 52C) . Next, quantification of MCM2+ in the VZ was used as a proxy to 
understand the dynamics of ependymoglial proliferation. Importantly, I only detected a 
statistically significant increase of MCM2+ ependymoglial cells after 6-OHDA injection, the 
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increase was significant and peaked at 14 d.p.i (Fig. 52D). These results suggest that 
microglia/macrophages could have a role in ependymoglial reactivation. This indicates a 
specific early response to 6-OHDA by microglia, since the increased number of microglia at 21 
d.p.i. does not lead to an increase in MCM2+ ependymoglial cells after sham injury. 
 

 
 
Fig. 52 | Infiltration of microglia/BAMs and reactivation of ependymoglia after dopaminergic injury. (A) 
Experimental design. (B) Representative images of VMb showing GFP+ cells and cells in proliferation (MCM2+) 
at 14 d.p.i.. Scale bar: 100 µm. (C) Quantifications showing GFP+ cell dynamic presence in the VMb after injury. 
(D) The percentage of proliferating VZ cells (MCM2+) indicates the dynamics of ependymoglial proliferation in 
the VMb. Mean±SEM. In (C) and (D), 2-way ANOVA with Bonferroni’s multiple comparisons test was conducted. 
The statistical details are specified in the figure (n=3-6 newts per condition).  
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4.3.4.2. Phenotypic changes in microglia/BAMs after lesion 
 

RNA sequencing analyses indicated regulation of immune genes involved in cell motility and 
shape, but it was unclear if these changes in gene expression could induce noticeable changes 
in the cell phenotypes of microglia and BAMs in Pleurodeles.  To test this, I performed a 
morphological quantitative analysis comparing the circularity of GFP+ cells across the three 
conditions. Similar analyses have linked cellular morphology with the diversity of microglial 
subtypes or states (Paasila et al., 2019). No differences in GFP+ cell circularity at 7 d.p.i were 
observed. In addition to the increase in GFP+ cell number mentioned before (Fig. 53A), changes 
in the morphology of microglia were detected in 6OHDA and sham at 14, 21, and 28 d.p.i., as 
well as in BAMs at 21 d.p.i (Fig. 53B-C). Interestingly, the morphology in the microglia at 14 
d.p.i. and the BAMs at 21 d.p.i was more dendritic for the 6OHDA group than in the shams (Fig. 
53B-C). These results support the hypothesis that the changes in gene expression have a direct 
effect in the phenotype of VMb-located microglia and BAMs. 
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Fig. 53 (previous page) | Circularity of microglia and BAMs. (A) Representative images showing microglia (top 
row) and BAMs (bottom row) observed at 14 d.p.i.. Scale bar: 100 µm. (B) Quantitative analysis on the circularity 
of GFP+ cells found in the brain parenchyma indicates a phenotypic transition of microglia towards a more 
amoeboid morphology in the ventral midbrain. This is noticeable from 14 d.p.i. onwards in the 6-OHDA group and 
from 21 d.p.i in the sham group. Mean±SEM. Two-way ANOVA with Bonferroni’s multiple comparisons test. The 
statistical details are specified in the figure (n=3 newts per condition). (C) Quantitative analysis on the circularity 
of GFP+ cells found in the choroid plexus and outside of the meninges indicates a transient phenotypic change of 
BAMs towards a more amoeboid morphology in the ventral midbrain proximity from 14 d.p.i. onwards in the 6-
OHDA group and from 21 d.p.i in the sham group. Mean±SEM. Two-way ANOVA with Bonferroni’s multiple 
comparisons test. The statistical details are specified in the figure (n=3 newts per condition).  
 
4.3.4.3. Pharmacological depletion of microglia/BAMs inhibited ependymoglia 
reactivation in the ventral midbrain after 6-OHDA injection 
 

My results in previous sections as well as the studies from other groups have indicated the 
indispensable role of microglia/BAMs in ependymoglial reactivation (Mehl et al., 2022). To 
test the functional significance of the presence of microglia/BAMs, the CSF1R inhibitor 
PLX3397 was administered, which is a widely used drug to ablate microglia and macrophages 
(Elmore et al., 2014). I then explored the consequences of immune cell ablation in the context 
of brain injury (Fig. 54A). Using mpeg1:GFP newts, I next confirmed experimentally that the 
drug depleted GFP+ cells in the brain without affecting the ependymoglial population (data not 
shown). As predicted, the PLX3397 administration did not affect the TH+ population in any of 
the experimental conditions (Fig. 54B). Importantly, the CSF1R gene is expressed specifically 
in the cluster characterized as microglia/BAMs, which suggested that the drug could target 
these cells also in the newt brain (Fig. 54C). I observed a strong reduction in the number of 
GFP+ cells (Fig. 54D-E), leading to a marked reduction in the number of MCM2+ 
ependymoglial proliferation cells to the levels seen in sham-injected and naïve brains (Fig. 54D, 
F). This result indicates that the infiltration of activated microglia/macrophages is 
indispensable for the reactivation of ependymoglial proliferation after dopaminergic injury in 
the newt ventral midbrain. Studies in recent years have revealed that microglia/macrophages 
are significant players in mediating repairs or regenerations in both newts and mammals 
(Bellver-Landete et al., 2019; Kyritsis et al., 2012; Li et al., 2020; Tsissios et al., 2023). One 
previous study revealed a role of microglia/macrophages in regulating ependymoglia 
proliferation after dopaminergic lesion in zebrafish (Caldwell et al., 2019). However, this study 
did not examine the effect after a specific ablation of the microglia/macrophages, also it did not 
explore the roles of subtypes of microglia/macrophages. My data of microglia/macrophage 
ablation and RNAseq can fill in this gap. Furthermore, it will be valuable to conduct cross-
species comparison on their populations and examine if they make a difference in regulating 
the regeneration ability. 

 
Fig. 54 (next page) | Microglia/BAMs ablation after dopaminergic damage. (A) Experimental design: at 7 
d.p.i. after 6-OHDA injection/sham, the CSF1R inhibitor PLX3397 was administered intraperitoneally every 48h 
to mpeg1:GFP transgenic Pleurodeles waltl, except for the last dose which was given 24 hours after the previous 
one. Tissue analysis was performed at 14 d.p.i. (B) The PLX3397 treatment did not affect the numbers of TH+ 

cells in the VMb in any of the experimental groups. (C) UMAP showing the expression of CSF1R in the 
snRNAseq injury dataset (top). Violin plot demonstrating that the CSF1R expression is specific of the 
microglia/BAMs cluster (bottom). (D) Representative images showing the effect of dopaminergic chemical 
ablation followed by microglia/BAMs depletion on the presence of GFP+ cells and the proliferation of 
ependymoglia. Scale bar: 100 µm. (E) PLX3397 treatment strikingly reduced the GFP+ cells in the VMb after 6-
OHDA. (F) PLX3397 treatment prevented the 6-OHDA injury-induced proliferative response of ependymoglia, 
not affecting the baseline in the other two experimental groups. For (B), (E), and (F), Mean±SEM. Two-way 
ANOVA with Bonferroni’s multiple comparisons test. The statistical details are specified in the figure (**p<0.05, 
***p<0.001, ****p<0.0001; n=3 to 6 newts per condition). 
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5. PERSPECTIVE 
 
5.1. Pleurodeles waltl in the genomic era: progress and limitations 
 

The genomic toolkit for newt research has dramatically improved during the past decade. 
The advance comes mainly from two areas: genome and transcriptome sequences as well as 
methods for genetic modifications such as transgenesis and mutations using CRISPR 
technologies. While random insertion of exogenous DNA into the genome has been feasible 
for a long time, the recent chromosome scale assembly of the of Pleurodeles waltl genome 
provides unprecedented opportunities to functionally probe key genes during development and 
regeneration by targeting various loci. The available sequences also allow for identification of 
both evolutionarily conserved as well species-specific genomic elements. An important 
example for the latter is the expansion of certain transposable elements and miRNAs (Brown 
et al., 2022; Elewa et al., 2017). However, a current limitation is the still preliminary nature of 
gene annotations resulting in a substantial number of unannotated sequences (Brown et al., 
2022). It remains to be seen whether these sequences represent bona fide species-specific 
innovations or that they will be classified as non-coding regions as the community will refine 
the annotation. Relating the unannotated sequences to RNA sequences in transcriptomes could 
be a way forward to identify those that are never expressed in any of the analyzed tissues. There 
are also several examples of gene duplications in the Pleurodeles waltl genome. At present it 
is not totally known either if in the cases of duplicated genes, both copies are used in different 
contexts or if one of the copies represents a pseudogene. Although there are several examples 
of such duplications, the Pleurodeles waltl genome does not seem to have undergone major 
genome wide duplication of the kind that is observed in teleosts (Jaillon et al., 2004). This 
poses also a challenge to predict which loci should be targeted using CRISPR/Cas9 mediated 
genome modifications. Nevertheless, the existing tools offer already today a variety of versatile 
approaches to functionally probe various signaling pathways and to track cells as well as their 
progeny during regeneration. 
 
5.2. Cross-species comparative analyses of cell types 
 

scRNAseq /and snRNAseq analyses are powerful to discern cell types from each other in a 
mixed population. It is of course important to make a distinction between the notion of cell 
cluster generated by an algorithm and a cell type. The analyses presented in this thesis were 
performed in a way that the clustering was biased towards cell types defined in other species. 
This is a common way of handling RNA sequencing data, and it helps to identify homologous 
cell types in a cross-species comparative setting. As such several cell types were identified as 
conserved in Pleurodeles waltl compared to mammals, such as neurons, microglia. 
macrophages, oligodendrocytes, oligodendrocyte precursor cells, meningeal fibroblasts, and 
erythrocytes. Also, among neurons it was possible to define clusters with gene expression 
profile characteristic for various subtypes. When it comes to dopaminergic neurons in the 
midbrain, it has been previously shown that a laterally migrated population is missing in newts 
(Smeets and Reiner, 1994) indicating that newts do not have a group of dopaminergic neurons 
that correspond anatomically to those found in the substantia nigra in mammals. However, I 
observed dopaminergic subpopulations within the newt VMb defined by the co-expression of 
calretinin and/or Otx2. The scRNAseq/snRNAseq data in this thesis identified some 
dopaminergic neurons in the midbrain that do express SOX6 (Fig. 27L), which marks 
dopaminergic neurons in the mammalian substantia nigra. These results corroborate the notion 
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that the dopaminergic population in the newt midbrain is functionally heterogeneous and some 
cells in the newt VTA are functionally equivalent to cells found in the mammalian substantia 
nigra. The dopaminergic innervation of the striatum and the behavioral changes observed upon 
6-OHDA ablation (Joven et al., 2018) also support the existence of a functional equivalent of 
the mammalian substantia nigra. Further studies to refine the connectivity and spatial 
expression patterns should be performed to confirm the existence and localization of the 
putative substantia nigra in Pleurodeles waltl. 
 

The thesis also dealt with neural stem/progenitor cells in the newt. The results in this thesis 
represent a useful resource to disentangle seemingly homogenous cells from each other that 
today are collectively denoted as ependymoglia in the newt. Characterizing this cell population 
in terms of heterogeneity and function both during homeostasis as well as during regeneration 
is important to understand key differences compared to their mammalian counterparts. Two 
questions are important to explore in this context: 1. What is the relationship between the 
ependymoglia of newts and the astrocytes of adult mammals? 2. Could the existence of unique 
cell type “ependymoglia” be an important reason behind the regenerative ability of the newt 
brain? Several studies indicated that in mammalian brain ventricular radial glia act as NSCs in 
development, while astrocytes are NSCs in specialized niches in the adult brain (Chojnacki et 
al., 2009; Zhao and Moore, 2018). The parenchyma of the adult newt brain is largely devoid of 
GFAP-expressing nuclei, which was interpreted as an indication of the lack of astrocytes. 
However, an alternative hypothesis is that a subpopulation of ependymoglia could directly 
correspond to mammalian astrocytes, the main difference is that these cells retain their contact 
with the ventricles. Ependymoglial cells express typical mammalian astrocytic markers 
(present results) and their dendritic arborizations are in contact with both neurons, blood 
vesseles and meninges (Joven et al., 2018), just like the mammalian astrocytes. In line with this 
hypothesis, astrocytes in the mammalian brain express GLNA+ (GS+) similarly to some of the 
ependymoglia in the newt brain. For addressing the second question it is imperative to 
comprehensively compare the injury responses between newt ependymoglia and mammalian 
radial glia/astrocytes. The existence of radial glia-like cells in the mouse midbrain that are 
retained postnatally (Hedlund et al., 2016) provides an ideal platform for systematic cross-
species comparison. A promising starting point for such studies is the regulation of the 
transcription factors belonging to the NFI family, which show similar regulation during 
ontogeny in newts and mammals, and which appear to have a regulatory function in newts (see 
results). 

  
It is also likely that signaling from other cellular components of the brain will have an impact 

on the fate NSCs. The thesis highlighted a role for microglia/macrophages in the activation of 
ependymoglia. The results suggesting that microglia stimulate ependymoglial cells are in line 
with observations made in another non-mammalian regenerative species, the zebrafish, both 
during brain and spinal cord regeneration (Cavone et al., 2021; Kanagaraj et al., 2022). It will 
be important to elucidate whether the same paracrine factors are involved in the zebrafish as in 
the newt. Similarly, it will be important to understand why microglia activation does not lead 
to an inflammatory response with a detrimental effect in these anamniote species. It is possible 
that the immune system in zebrafish and newts produces the right cocktail of pro- and anti-
inflammatory cytokines to promote regeneration and not a scar as in mammals. Interestingly, 
manipulating the innate immune response during newt lens regeneration can lead to scar 
formation instead of regeneration (Tsitssios et al., 2023). It is also possible that the lack of 
parenchymal astrocytes in the newt (and zebrafish for that matter) is a reason for the lack of 
the cytokine-mediated self-amplifying loop between astroglia and microglia activation, which 
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is observed in mammals, and which leads to sustained inflammation (Crotti and Glass, 
2015). Hence the interplay between microglia and macroglia, including also oligodendrocytes 
should be a target of future experiments in the newt brain (Peferoen et al., 2014; Song et al., 
2022). 
 
5.3. Activation of neural stem/progenitor cells by cellular and molecular 
manipulations 
 

An important aim of my study is to pinpoint possible means to activate resident neural 
stem/progenitor cells. Given the considerable cellular and molecular conservations between 
newts and mammals as this thesis and other studies (e.g. (Woych et al., 2022)) revealed, it is not 
unconceivable that manipulation of selected targets identified in Pleurodeles waltl could 
promote regeneration in mammals. The feasibility of such an approach is indicated by the 
extension of normal developmental dopaminergic neurogenesis by dopamine antagonist 
administration in mice (Hedlund et al., 2016). This method was based on findings in newts that 
showed an important role for dopamine in the regulation of ependymoglia quiescence.  

 
One such possible target could be JARD2 which is a regulator of histone methyltransferase 

complexes, (Chen et al., 2020; Chen et al., 2018; Pasini et al., 2010) and whose regulation is 
highlighted in this thesis. In previous studies, JARD2 has been assigned regulative roles in stem 
cell quiescence, activation, and differentiation (Celik et al., 2018; Ishibashi et al., 2021; Mejetta 
et al., 2011). Interestingly, JARD2 was identified as a differential regulated in the Notophthalmus 
viridescens brain after 6-OHDA mediated lesion (Berg et al., 2010). In addition to ependymoglia, 
JARD2 showed a differential regulation in intermediate progenitor cells/immature neurons as 
well, further suggesting the broad impact of this factor in neurogenesis. 

 
In addition to evolutionarily conserved genes, it is possible that newt specific factors also 

play a role in the regulation of cellular quiescence. For example, the unannotated sequence, 
gene10576, was found as a differentially expressed gene in bulkRNAseq data, and it was also 
enriched in microglia/BAMs in scRNAseq/snRNAseq data. In this context it is relevant to refer 
to Prod1 which determines the positional identity of cells during newt limb regeneration and is 
only found in the genomes of salamanders (Garza-Garcia et al., 2010; Geng et al., 2015). Thus, 
it will also be interesting to elucidate if and how species-specific innovations may re-orchestrate 
evolutionary conserved regulatory loops in a way that is permissive for regeneration. 

 
5.4. Concluding remarks 
 

This thesis represents the successful application of genomic tools to the study of brain 
regeneration in Pleurodeles waltl. I have managed to implement new methodologies and 
produce resources upon which our understanding of newt CNS regeneration is being built. The 
new transcriptomic data presented in this thesis is a valuable resource for understanding not only 
cellular heterogeneity, ageing and regeneration in the newt brain, but also a hypothesis generator 
and the ground for future comparative studies. 
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8. SUPPLEMENTARY MATERIALS 
 
Supplementary Table. 1 | Primers and gRNA sequences  
 
Primer Sequence  
Vglut2 genotyping F1 GGTGCTACTACAGACCAAGC 
Vglut2 genotyping R1 GGGGTATACTTGATTGGAGATGA 
Lmx1b genotype F1 TGCAAACCAGGCTCGCAG 
Lmx1b genotype R1 GCGGGTGGTCCTCAAGTTTA 
Lmx1b genotype F2 ACCTCCTTAACGAGCCTCAG 
Lmx1b genotype R2 AAGAACAAGGATGCGGGTTG 
GFP F1 CAAGCTGGAGTACAACTACAACA 
GFP R1 GAACTCCAGCAGGACCATGT 
Cre F1 AATGCTTCTGTCCGTTTGCC 
Cre R1 CATTGCTGTCACTTGGTCGT 

 
gRNA / crRNA Sequence  
Lmx1b gRNA10 CAGCCCCTGAGTCTCTGGAG 
Lmx1b gRNA11 ATCACACATGGGGGGTCGGT 
Lmx1b gRNA12 CTCCTGACATTCGGACCCGA 
Vglut2 gRNA1 ATACCATTATAGGGAAGGAG 
Vglut2 gRNA2 GAACCATACCATTATAGGGA 
Vglut2 gRNA3 ACAAGAACCATACCATTATA 
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Supplementary Table. 2 | Primary antibodies used in the thesis 
 
Antibody Catalog 

number and 
Producer 

Clonality Host Antigen 
retrieval 

dilution 

Human Otx2 
Antibody 

AF1979, 
R&D/Novus 

Polyclonal Goat Yes 1:200 

Anti-Otx1 + 
Otx2 antibody 

Ab21990, 
Abcam 

Polyclonal Rabbit Yes 1:200 

OTX2 
Recombinant 
Rabbit 
Monoclonal 
Antibody 
(14H14L5) 

701948, 
Thermo 
Fisher 
Scientific 

Monoclonal Rabbit Yes 1:200 

Anti-SOX2 
antibody 

ab97959, 
abcam 

neural stem/ 
progenitor 
cell, neruon 

Rabbit Yes 1:200 

AIF-1/Iba1 
Antibody 

NB100-1028, 
R&D/Novus 

Polyclonal Goat No 1:200 

Anti Iba1, 
Rabbit 

019-19741, 
Wako 

Polyclonal Rabbit No 1:500 

Tyrosine 
Hydroxylase 
Antibody 

NB300-110, 
R&D/Novus 

Polyclonal Sheep No 1:500 

Tyrosine 
Hydroxylase 
Antibody 

NB300-109, 
R&D/Novus 

Polyclonal Rabbit No 1:500 

Anti-Tyrosine 
Hydroxylase 
Antibody, 
clone LNC1 

MAB318, 
MERCK 

Monoclonal Mouse No 1:500 

Anti-Tyrosine 
Hydroxylase 
Antibody 

AB152, 
MERCK 

Polyclonal Rabbit No 1:500 

GFAP 
Antibody 

NBP1-05198, 
R&D/Novus 

Polyclonal Chicken No 1:200 

Anti-Glial 
Fibrillary 
Acidic Protein 
(GFAP)−Cy3
™ antibody, 
Mouse 
monoclonal 

C9205, 
MERCK 

Monoclonal Mouse No 1:500 

Anti-Vimentin 
Antibody 

AB5733, 
MERCK 

Polyclonal Chicken No 1:200 
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Antibody Catalog 
number and 
Producer 

Clonality Host Antigen 
retrieval 

dilution 

Human/Mouse
/Rat Vimentin 
Alexa Fluor® 
647-
conjugated 
Antibody 

IC2105R, 
R&D/Novus 

Monoclonal Rat No 1:200 

SOX6 
Polyclonal 
Antibody 

PA5-34616, 
Thermo 
Fisher 
Scientific 

Polyclonal Rabbit Yes 1:200 

SOX6 
Antibody 

NBP1-86149, 
Novus 

Polyclonal Rabbit Yes 1:500 

Human/Mouse 
Nurr1/NGFI-B 
beta /NR4A2 
Antibody 

AF2156, 
R&D/Novus 

Polyclonal  Goat Yes 1:200 

Nurr1/Nur77 
Antibody (E-
20) 

sc-990, Santa 
Cruz 

Polyclonal Rabbit Yes 1:200 

Nurr1 
Polyclonal 
Antibody 

PA5-22830, 
Thermo 
Fisher 
Scientific 

Polyclonal Rabbit Yes 1:200 

GPR37-3 #GPR37-3, 
MABTechnol
ogies 

Polyclonal Rabbit No 1:200 

Human GPR37 
Antibody 

MAB44502, 
R&D/Novus 

Monoclonal Mouse No 1:200 

Human/Mouse 
Aldehyde 
Dehydrogenas
e 1‑A1/ 
ALDH1A1 
Antibody 

AF5869-SP, 
R&D/Novus 

Polyclonal Goat No 1:200 

Anti-
ALDH1A1 
antibody 

ab9883, 
Abcam 

Polyclonal Goat No 1:200 

Anti-LMX1b 
antibody 

ab129306, 
Abcam 

Polyclonal Goat Yes 1:100 

LMX1B 
Polyclonal 
Antibody 

PA5-34471, 
Thermo 
Fisher 
Scientific 

Polyclonal Rabbit Yes 1:100 
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Antibody Catalog 
number and 
Producer 

Clonality Host Antigen 
retrieval 

dilution 

LMX1A 
Polyclonal 
Antibody 

PA5-34470, 
Thermo 
Fisher 
Scientific 

Polyclonal Rabbit Yes 1:100 

c-Fos (E-8) 
Antibody 

sc-166940, 
Santa Cruz 

Monoclonal Mouse Yes 1:500 

Calbindin D-
28k 

300, Swant Monoclonal Mouse Yes 1:1000 

Calretinin 7697, Swant Polyclonal Rabbit Yes 1:1000 
NFIA 
Antibody 

PCRP-NFIA-
2C6, DSHB 

Monoclonal Mouse Yes 1:10 

Monoclonal 
Anti-NFIX 
antibody  

SAB1401263
, MERCK 

Monoclonal Mouse Yes 1:200 

PTBP1 Rabbit 
pAb 

A6107, 
Abclonal 

Polyclonal Rabbit Yes 1:200 

Human HNF-3 
beta /FoxA2 
Antibody 

AF2400, 
R&D/Novus 

Polyclonal  Goat Yes 1:200 

FOXA2 
Polyclonal 
Antibody 

PA518169, 
Thermo 
Fisher 
Scientific 

Polyclonal Goat Yes 1:200 

FOXA2 
Antibody 

PCRP-
FOXA2-3A2, 
DSHB 

Monoclonal Mouse Yes 1:50 

HNF-3β 
Antibody (M-
20) 

sc-6554, 
Santa Cruz 

Polyclonal Goat Yes 1:100 

Human/Mouse
/Rat MBP 
Antibody 

MAB42282, 
R&D/Novus 

Monoclonal Mouse Yes 1:200 

MBP Antibody 
(12) 

NB600-717, 
R&D/Novus 

Monoclonal Rat Yes 1:500 

MOG 
Antibody 
(CL2858) 

NBP2-46634, 
R&D/Novus 

Monoclonal Mouse Yes 1:100 

Human/Mouse
/Rat Olig2 
Antibody 

AF2418, 
R&D/Novus 

Polyclonal Goat Yes 1:100 

Human/Rat 
SOX10 
Antibody 

MAB2864, 
R&D/Novus 

Monoclonal Mouse Yes 1:100 
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Antibody Catalog 
number and 
Producer 

Clonality Host Antigen 
retrieval 

dilution 

Human 
SOX10 
Antibody 

AF2864, 
R&D/Novus 

Polyclonal Goat Yes 1:100 

FoxO1/FKHR 
Antibody 
(83N7F8) - 
BSA Free 

NBP2-31376, 
R&D/Novus 

Monoclonal Mouse Yes 1:200 

Human EGR1 
Antibody 

MAB2818, 
R&D/Novus 

Monoclonal Rat Yes 1:200 

Stat1 (D1K9Y) 
Rabbit mAb 

14994, Cell 
Signaling 
Technology 

Monoclonal Rabbit Yes 1:200 

Human 
LYPD1 
Antibody 

AF6855, 
R&D/Novus 

Polyclonal  Sheep No 1:200 

VIP Antibody 
(576721) 

MAB6079, 
R&D/Novus 

Monoclonal  Mouse No 1:200 

Mouse/Rat 
Wnt-5a 
Antibody 

AF645, 
R&D/Novus 

Polyclonal Goat No 1:200 

GFP Antibody 600-101-215, 
Rockland 

Polyclonal Goat No 1:500 

Cre 
Recombinase 

C7920, US 
Biological 

Monoclonal Mouse No 1:500 
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Supplementary Table. 3 | mRNA orthologues of the newt used to design in situ probes 
 
mRNA Identities to the human 

mRNA orthologue in 
conserved region (%)  

Study Technique 

GFAP 72 brain digoxigenin-labelled ISH 
LMX1A 70 brain digoxigenin-labelled ISH 
LMX1B 79 brain digoxigenin-labelled ISH 
DDC 72 brain digoxigenin-labelled ISH 
ALDH1A1 75 brain digoxigenin-labelled ISH 
DRD1A 75 brain digoxigenin-labelled ISH 
DRD1B (DRD5) 75 brain digoxigenin-labelled ISH 
DRD1C not found in mammals brain digoxigenin-labelled ISH 
DRD2 75 brain digoxigenin-labelled ISH 
DRD3 79 brain digoxigenin-labelled ISH 
DRD4 70 brain digoxigenin-labelled ISH 
FOXA2 78 brain digoxigenin-labelled ISH 
GPR37 79 brain digoxigenin-labelled ISH 
GPR37L1 71 brain digoxigenin-labelled ISH 
SHH* 75 brain and limb digoxigenin-labelled ISH 

and RNAscope 
IHH* 74 limb RNAscope 
GLI1* 70 limb RNAscope 
PTH* no significant similarity limb RNAscope 
PTHRP* 71 limb RNAscope 

*(Kaucka et al., 2022) 
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Supplementary Table. 4. | Probes (antisense) designed and tested for ISH 
 

 
Probe  Sequence (antisense) 
Gfap TCCTCGAAGTGCCTCCATTTCACTGTTGAGGCTCTGGAGCTGGCGCCGGTACTCGTTGGCTTCTTGCTTAGCCTGCCGCAAAGCTTC

ATTGTTACGCGCTGCTGCATCGGTCATCTCAGCAAACTTGGATTTATACCATTCCTCAGTTTCCTGTAGATTGGAGGACGCCAGAGA
CTCGTACTGAACACGAATCTCCCGCAGCGCAGCGGTCAGGTCAGGCTTCACCAAGTCTTTTTCGATGTGAACCTGTTGATGGGTCAG
CTGGTCATGCAGCTCTCGCAGCTCCTCGTCGTGGACTTTCTTCAGAAAGTTGATCTCATCCTGTAAAGATTCAATTTTCCTCTCCAG
ATCTACACGGATCAGGGATGCGTCATCCACATCCTGTCTGTATGAAGACAAATTGTTTTCAGCTTCCGAGCGAAGATTAATCTCGTC
TTGTAACCTACGCCTCAGCTTCTCTACATCCTCTGCTAAGTTGTCTCTCTCGATCTCTGTCCGGGCCTTGGCATTGGCCAGCTGGTC
CAGCTGTCGCCTCAGATCCCTCAGCTCCTCCTGGTAGATGTCACCCAGGTGGGTGGGCTCCTTCTCCCGGATCTGGTTGAGCTCGGT
CACCAGCACCTTGTTTTGCTGCTCCAG 

Lmx1a CCTCCAAGCCATGAACACTGGCCCCATCTTCACTGTCATCATTGCTCTGTCGGCTGTTCCTGCTGGCCCCGCGTCCAGACCCCAGGC
GTGGGTTGCCAAGTTGGTCTTGCTCCTGCTGCTGTTGCTGCTGCTGCTGCCTTCGTGCAATCTTTTTCATCTTGGCTCTTTGATTCT
GGAACCAAACCTGGACCACACGGACAGTGAGGCCGGTCTCAGCAGCCAATGTCTCTCTCACCTTTCGGCAGGGCTTGGAGGACACCT
CGAATGACGCTTTGAAGGCCCGCCGCTGCTGCGTGGTCAGGATGGTCCGCGGCCTCTTTGAACGCTTATGGTCTTTACTGTCATCGC
CCCCTTTACCTTGTGAGTGGCTGCCATCCTCATCTTCACTTTTAACTGATTCTGTGGGGGTGGGGCTGATGGCCGACAGCATCTCCT
TTTCTTTTTCATAGTCACTCCGACAGAGGAGCTGGCCTTCCTTCAGCACAAACTCGTCCCCCCGCTGTAATCGGCGCTCGCACTCGC
AGCAGTAGAAACAGTTCACATGGTAGACATTGTCCAGGACTCGCATGATGAACTCAGATGGGTTGATCACCTTCAGACAGCTGCTGC
ACTTTGTTGCAAAAAGTTTTTCATAGTCGTGCTTGCAGTACAGCTGTCGGTTGCGGCAGAAGCAGGTGCCGGAGAGCTGCTGGAGGC
AGGCAGCACACTTCACACAGGCCTCATGCCAGGATCGTTCATTGACTCGCAGGAG 

Lmx1b CTTCGCTCTCTGGTTCTGGAACCAAACTTGAACAACGCGTACACTGAGCCCCGTTTCTGCTGCTAATGTCTCCCTAACCTTCCTGCA
GGGCTTGGAGGACACCTCGAAGGACGCTTTGAAGGCGCGCCTCTGTTGTGTTGTGAGGATTGTTCTAGGCCGCTTGGGCCTTCTTGG
GTCCTTCCCATCGTCGCTGCCTTTCCCTGGGGTGGGCTGTCCTTTGCACGGTTTGATGTCGCCATCCTCGTCATCGCTCTTAACTGA
GTCGGAGTCGTCGGGGCTGACGGAGCTGAGGAGATCTTTCTCCTTCTCATAGTCACTTTTGCACAGCAACTGTCCTTCCTTCAGCAC
AAACTCGTCGCCTTTCCTCAGCTGTCTCTCGCAGACGCAGCAGCAGAAGCAGCTTAGGTGGTAGACG 

Ddc TGAGGCCAGCAGCTTTATCTTCTTCCATAGCTTTCCTCAGGGCCGGTCCACGAGCCGCAAACTTTTCATCAGAAGGGATTACTTTCA
TTTTTACACCACCAATCAAACCAGCCCTCTCCACCGATGAGTGGGCCTGGTCTGAAGAATATCCCACAAGCTTGTCCATGATTTCGG
CTTTCGACAGTTCAGGGTGTTTAAGCTGTAATTGTTGTAACACTTTTGTTCTGGCAGCAAGCAGCACCATTAAGGACGCCTCACTAG
CAGTGCCCTGAATTACTCCGCCACCTTCTCCGTCATTTCCAGCTAAAAACTCTTTGGGTAAATTGATCATTTTCCCCAGCCAGTCCA
ACATGACTGTCTCGAGCTCTGTGCAAGCCGGACTGGCAGTCCAGGAAAAGCCAATACATCCAATAGCACCACACAGCATGTCTGCTA
GTAAAGATGGATATGACTGTCCGGCAGGGAAATAGGCAAAGAAGTAGGGGCTGTGCCAGTGAGTCACTCCAGGCATAATAACCCTTT
CTACATCTTTCATGACATCTTCAAATGTCTCAGGATCCTCGGGTGCAGATTCGGGAAGCATAGGTCTTAGATACCCAGGATTCAGGT
CAGG 

Aldh1a1 AATTGGGCTCTTTCCTCCGAGTTCTAGAGTCACCCTCTTCAGGTTACTTTTTCCAGCAGCTTCTTTGATCATTTTGCCAACCTCTGT
TGATCCAGTGAAAGCCACTTTGTCAACATCCATGTGGTGAGAAATAGCTGCTCCTGCTGTTGGTCCGTATCCTGGCACGATGTTTAC
AACACCTGGTGGAATTCCAGCCTCTTGGATCAATGATCCCATGTAGAGAGCAGAAAGTGGCGTTTGCTCTGCTGGTTTAATTACAAC
GGTGTTCCCACAGCAGAGAGCAGGTGCGAGCTTCCAAGCAAACATCACCAAAGGGAAGTTCCATGGAATAATTTGACCGCATACACC
AACAGGCTCGTGTCTTGTAAATGTAAAGAAGTCTCCATCTGAGGGAATAGTGCGTCCATGATTTTTATCAGCCCAGCCTGCACAGTA
CCGCAATGATTTAATGGCACCAGGCACATCAGCGTAGTAGGCAGCAGAAA 

Drd1a TCCCCATCCTCCTCTTTCTTCAGATCATCCTCCTCTGGACAGATGATGGCGTGAGGAATCAGGTAGACCAGGTTGCAGTCATTTGGG
ATGGACCCCTTGGGCTCATGTTGACAAGAGAAAAGGACTGCCCCATTGTTGTTGATACTCACTGTCTCAATGGCATTACTAGAGCTG
GGGCAGAGCCTGTAGCAGCCGAGAAGAGTTGAGAAGGCCTTGCGGAAGTCAGCATTGAAGGCGTAGATGATCGGGTTAAGAGAGGAG
TTGGCCCAGCCGAACCAAACAAATACATCAAAGGTAGTGGAGCTGATGCAGAAGGGCTCTGCCCCACCAGAAGTGTAGCTGGGGTCG
CAGAAGGGCACCATGCAGTTTAATATAAAAAAAGGTAGCCAGCAGCAGACAAACACCCCCATTATAACAGATAAGGTCTTAAGGACC
TTGGTCTCCCGCTTGAAGGACATTTTGAACGAACTTTCTGGTTGCTGGCAGTCCATGCTGCTGCCATTGCCTGTGCTGCTCTGGCAG
TTCTTGGCATGCACCGCTGCCCTTTCTAGGGCAGAGATGCGCCTAATCTGCTTTGCTGCAATCCT 

Drd1b 
(Drd5) 

GCAGTTCAGGACGAAGAAGGGAAGCCAGCAGAAGACGAAGACGCCCATGATGACAGACAGCGTCTTCAGCACCTTGGTCTCCTTGCG
GAGAGAGTGGCGCAGTCTCTTGTGGTGCTGCTGGCAGTCCAGTCGTGCGGTCCGGCAGCTTTGGGCGTGCTCGGCCGCCCTCTCCAG
AATGGAGATGCGCCGTATCTGCACCTGGGCGATGCGGTAGATGCGGGTGTAGGTGACTATCATAATAGCCACAGGAATGTAGAAGCT
GATGAGGGAGGAGGAGATGGCATATGTCCGGTTAAGGCTAGAGTCGCAGTCCTGACTGATGGTGTGGTTGCTGCGGGGACTCTCGGC
TCCACTGCGGTGCCAGTCCAGTTGCACGGGGATGAAGGAGATAAGCACAGAGAGTGTCCATGCTGTGCCGATCATCACCAGGGCCGC
GCGCGGGGTCATCTTGCGCTCGTACCTGAAGGGGTTGGAGATGGCCCAGTAGCGGTCCACGCTGATCATGCAGAGGTTCAGGATGGA
GGCCGTGGAGCACATGATGTCAAAGGCTATCCAGATGTTGCAGAAGGCTCCAAAGGGCCAATGACCAGCTACTTCAGCCACAGCCTT
CCAGGGCATAACCAACAGCGCCACCAGCAGGTCGGACACGGCCAGAGAAATAA 

Drd1c AGCGGTTGCAGCCTAGAATAGTGGAGAAGGCCTTCCGGAAGTCCGCGTTAAAGGCATAGATGACTGGGTTAAGTGAGGAGTTAGCCC
AGCCAAACCACACAAAGATGTTGAAGGTAGTCTCACTGACACATGGTGGCTCGGCCTCCCCTTCCAGAGACATGCTGATGTCACAAA
AGGGCACCAGACAGTTAAGTACAAAGAAGGGTAGCCAGCAGAAGACAAACACTCCCATGATGATGGAGAGAGTTTTGAGTACCTTGG
TTTCCTTCTTAAAGGAAGTCTTGAGTGAATTCTCATGTGGGCAGTCTGGTTGGCAGCTCTGGGCATGCTCCACTGCACGCTCCAGGG
AGGAGATCCTGCGGATTTGTGTCTGTGCAATACGATAAATGCGGGTATAGGTGCCAATCATGATAGCGACTGGGATGTAGAAGCTGA
TGAGGGAGGAAGAGATGGCATAGGTGCGGCTCAAGCTTGAGTCACAATTAATGCTTTGATTGGTGGCATTCAAGGCCATGTCAGATT
CTGGGGCCTTGTGCCAATTAAGTTGCACTGGAATGAAGGAGATTAGGATGGACAGTGTCCAGGCCACGCCAATCATGATGAAGGCCA
CTCTCTGTGTCATTTTCCTTTCATATCGGAAGGGACTGGCGATGGCCCAGTAACGGTCCAGGCTGATAATGCAGAGGTTGAGGATGG
AAGCAGTGGAGCACATGATATCAAAAGCCACCCAGATGTCAC 

Drd2 GGGTGAGTGCATTTGTCCTTCAGTGGGCCGTCGTGCTCTAGACCATGGCCATTTCGCTTGGTGTTCACCCTTTTCCGGCGCTTCCGG
AGGACGATATAAATCTGCACATACACCAGCAGCGTGACAATGAAGGGGGCGTAGAAGGAGACAATGGAGGAATAGACAACAAAAGTG
GGATTTTCAATGAGGCATTCATTGTCCGCTGTGTTATTGAATCCAAATAAAATTGGACAGGAGATGGCAAAGGAGAGTACCCATACC
ACCGAAATCATAACAGTTACTCTTCGCTTTGAACTGTATCTAGTGTTATAAAGCATTGGCATGGCTACAGCAGTATACCTGTCAATG
CTGATGGCGCAGAGATTGAGAATGCTAGCAGTGCACATCATGACATCCAGGGTGACAAAGATATCACAGTGGATTCGGCTGAACCGC
CACTCACCAACCACCTCAAGATAGACCACCCATGGCATGACTAGTGTGGCCACCAGAAGATCTGCCACTGCCAGACTGACTATCAAG
TAGTTGGTGGTGGTCTGAAGCGCTTTTTC 

Drd3 CTGGTCAACACCTTCTCGCTGCTTTCCACTCTTCCATTAGCTTCAGGCAGCGGTGCTCTGTCCCGGACCAAGAAGCGCTTGATGCGA
GTGAGCTGCAGGCTGGTGCCTTTGGCTCCGATGGCCTTGACCTGCGCGAGTCTCAGGCTCTCCCCCCTCCGCTTAGTGCCAATTATA
CGCTTTCTTCTGCTCCGTAGCGCGAAGTAAATCCGGATGTAAACCAGCAGCGTCACCACAAACGGCAAGTAGAAGGAGACCACGGAG
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GAGTAGATGACAAAGTCAGGGTTTGATATGGAGCAGATCTCGGGGTCTCCTGTGGTGTTGAAGCCAAACAGTAATGGGCAGGAGACT
GCGAACGACAAAACCCAGACAGTCAGAATCATGAGGGAGACGCGCCTGCAGGAGCTCTCTCCCGTGTTGTATTGCACTGGCATGACC
ACTGCGGTGTACCTGTCGATGCTGATGGCACAGAGGTTTAAAATGCTGGCTGTGCACATCATGACATCCATTGTCACAAAAACATCA
CAGGAGGTACGGCTGAAGTTCCAGACCCCACCAGTCACCTCCAGATACACCACCCAGGGCATCACCAGCGTGGCCACCAGCAGGTCC
GCCACCGCCAAGCTGACCACCAAGTAGTTGGTCATGGTCTGCAAGGACCTCTCCCTCAGCACCGCCAGACAGACCAATGCGTTTCCA
AACACAATGGCGAAAATAAGGAGGCAGTAGAGCAGGGAGTAGTAGCTATGGGGGTGCGGCAGACTGTGCACAGTAAAGTTCTCCTGC
CCGCAG 

Drd4 ACAGGTAGCACCTTCATCGCCTTCCTCTCCCGGCCACAGATTTTGGCTTGCTTCCTTTGCGGTACAGGGTGGGGTGTATACTTCAGT
TCGGGGTATGCCACTGTCTGTATGCCATGGCCATTTTCCACATAAGCCCGGGGGAATGGGCATTCTGAATGACTGTAGATACTTAAG
TCCTCCAGTCTACTGTCACTTGGGCTCCTATCGAAGAGCAACGGTGGGCATGGCGGCTTCCCTTCTGGGTTCATGTGACTCCTTAAC
TTAGCCTTTCTAGCCTCTTCCCAGCGCCTCAGGCCATTGAACATGGCACAATAGAGTACCAACATGATGGGGCAAGGAATGAAGAAG
GAACAAATGGAAGAGTAGATAACAAAATTGTCATCCTCCAGTTTGCATATAGTAGGGTCCCGGTTTGGGACATTGTTGAGTCCAAAG
ATGACAGGCGATGCAACAGCAAATGAAAATATCCAAGTGGTGGAAAGGAGAAAGAGCTGGCGGTTGTCAACTTGGCGGCGGTTGTAA
TTTAGTGGAATGGAGACAGCTATGAACCGGTCAACGCTGATTGCACAG 

Foxa2 AGGAAGCAGTCGTTGAAGGAGAGCGAGTGGCGGATGGAGTTCTGCCAGCGCTGCTGGTTCTGCCGGTAGAAGGGGAAGAGGTCCATG
ATCCACTGGTAGATCTCGCTCAGCGTCAGCATCTTGTTGGGCGACTGCTGGATGGCCATGGTGATGAGCGAGATGTAGGAGTAGGGC
GGCTTGGCGTGCGTGTAGCTGCGCCGGTAGCTCTTGGGGTCCCGCGAGCGGTTGATGGCCGACTGGCCGTAGAGGGGGCTCATGGAG
CTCATGCTGGGGTAGGGCGCCAGGCCGTTCATGGCGGGGGCCTGGGCGCTCATCGGGCTCAGGCTGGGGCTCAGGTGGCTGCCCATT
CCGGCGCCCATGCCGCCCATGGTGCCCGGGGACATGCCGGCCAGCGACGGGCTCATGGCCGTGTTCACGTAGGACATGTTCATGGGG
GCGGCGGACATGTTGGCGCTGGAGCTCATGGCGGACATGCCCATGTAGGTGTTCATGCTGTTCATGCTCAGGCCGGCGTTCATGTTG
CCCACGGAGGGGTAGGTCTCGGGCTCGGCATAGTAGCTGCTCCAGTCGTTGTGCTCGTGTCCTTCCATCTTCACGGCT 

Gpr37 CAGGGGCAGACAGAAGAAGATGATCAGGAAGTCCCAGAAGGCGAGGTTGGCCAGCAGCGAGTTTGAGATGCTCCGCATGTAGTAGTT
GTGGCAGACAATGCACATGATGGCCATGTTGCCCATGATTCCGATGACAAAGATGACTACCGCAAGGCACATGATCCCGTAGGCCCC
ATAGGACTCCTCGGTCAGTGGGTAGAAGGGGTTCTTCAGGCGGGGCCTCTTGTTGCTGGTGTTTCTGGGGAACAGACCCTGGTTTAT
TTCCAAGTCATCCGGCACTGTTTGCAGAATGTAGGAGTCATTGAGAGCTAGGTATTGCGGTACTGGTGGAGCCGTGGGAGTCTGATG
AGACTCATTCATGTGCCCTTTAAGGGAACTTTCGTTCCTTGGGTTCTTGTTTTTCCCTCTGCTTTTTCTCTCTTGGGAGCCACCGGA
TGCTCTTTTGCTTCTATAGTGAAGACCCTCTGCAGC 

Gpr37l1 ATGGACAGGTTGCCGATGATGCCCACGGCGAAGACGATCAGTGAGAGCAGCATCACGGCGTAGGCGCTATATGAGTTCTCCGTCATG
GGGTACAGTGGGTTCTGGACCTGGGGGCGCTTCTGGCCGGTCGCGGTTTTGTTCCCCAGAGGTCCCCTCTCAGCCTTGTCGGTCCCC
GAGGCCCCTCCATGTCCACCTTTGGAAGGGTCTGTGCTTGAAGGAAGCAGGGGCTTGGTAGGCCTCAGGTGGGCCGGGTCAATGAGT
CGAGGGTACTCGGCGATTACTCTTGGCTCATACTGCTGCACAGCCTTGGCATCATCGTCCTCTGCACCTCTGCGGGCTCGCAACAAG
GTCCCAGGGGTGTCCGGGGCACTCCGCCGTCGCCCCCTGCTCATTCGAAGCCAATATTGCCCAGGTGTTTCCACTGACGGGTTCCCC
GTCCCTCGGTTTTCCGAAAACATCTCTTCCGCA 
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Supplementary Table. 5 | Sample information of scRNAseq and snRNAseq  
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Supplementary Figures 
 
 

 
 
Supplementary Fig. S1 | Maps of plasmids used to label specific cell types in Tol2-mediated transgenic newts. 
tgTol2(Hsa.GFAP:NLStdTomatoNLS)Simon (A) for ependymoglia, tgTol2(Mmu.Mbp:NLStdTomatoNLS)Simon (B) 
and tgTol2(Dre.Sox10: NLStdTomatoNLS)Simon (E) for oligodendrocytes, tgTol2(Mmu.Th:NLStdTomatoNLS)Simon 
(C) and tgTol2(Rno.TH:GFP)Simon (D) for dopaminergic neurons. 
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Supplementary Fig. S2 | Unsupervised clustering classified the events from scRNAseq (A) in less clusters than 
the events from snRNAseq (B) 
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Supplementary Fig. S3 (previous page) | QC and louvain clustering on the single-nulceus RNAseq dataset 
from the young adult newts in conditions of 6OHDA, sham and control. (A) QC on the dataset based on the 
treatment conditions. (B) UMAP of louvain clustering at CCA_snn_res.1.5 on the dataset. (C) Louvain 
hierarchical clustering of the dataset. 
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Supplementary Fig. S4 | Dotplot showing the key marker genes of each cluster at CCA_snn_res.0.1 in the single-
nucleus RNAseq dataset containing ventral midbrains of young adults from 6OHDA, sham, and control. 
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Supplementary Fig. S5 | Violin plot showing the expression of a selection of one of the top expressed genes 
for each cluster. (A) Cluster 0. Neurons. (B) Cluster 1. Ependymoglia. (C) Cluster 2. Neurons. (D) Cluster 3. 
Neurons. (E) Cluster 4. Neurons. (F) Cluster 5. Microglia/BAMs. (G) Cluster 6. Oligodendrocytes (H) Cluster 7. 
OPC. (I) Cluster 8. Monoaminergic. (J) Cluster 9. Erythrocytes. (K) Cluster 10. Pericytes/Endothelial cells. (L) 
Cluster 11. Cholinergic neurons. (M) Cluster 12. Somatostain neurons. (N) Cluster 13. Neurons. (O) Cluster 14. 
Cholinergic neurons. 
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Supplementary Fig. S6 | RNA counts of genes putatively downregulated in 6-OHDA compared to sham 
conditions (detected by previous bulkRNAseq experiment) in the whole snRNAseq plotted by cell cluster.  
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Supplementary Fig. S7 | RNA counts of genes putatively downregulated in 6-OHDA compared to sham 
conditions (detected by previous bulkRNAseq experiment) in the whole snRNAseq plotted by experimental 
condition. 
  



   
 
 

134 
 
 

 
 
Supplementary Fig. S8 | RNA counts of genes putatively upregulated in 6-OHDA compared to sham conditions 
(detected by previous bulkRNAseq experiment) in the whole snRNAseq plotted by cell cluster. 
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Supplementary Fig. S9 | RNA counts of genes putatively upregulated in 6-OHDA compared to sham conditions 
(detected by previous bulkRNAseq experiment) in the whole snRNAseq plotted by experimental condition. 
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Supplementary Fig. S10 | The expressions of dopaminergic-related genes gene28570-TH (A-C), gene36149-TH 
(D-F), gene20897-SC6A3 (G-I), and gene49795-lmx1b (J-L) upon 6-OHDA-mediated lesion in the whole 
snRNAseq dataset.  
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Supplementary Fig. S11 | Unbiased analysis of DEG genes for monoaminergic neurons cluster in the snRNAseq 
plotted by experimental condition. 
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Supplementary Fig. S12 | Unbiased analysis of DEG genes for ependymoglia cluster in the snRNAseq plotted 
by experimental condition. 






