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“If you can't be a pine on the top of the hill 

Be a scrub in the valley-but be 

The best little scrub by the side of the rill; 

Be a bush if you can't be a tree. 

 

If you can't be a bush be a bit of the grass, 

And some highway some happier make; 

(…) 

 If you can't be a highway then just be a trail, 

If you can't be the sun be a star; 

It isn't by size that you win or you fail- 

Be the best of whatever you are!” 
[Be the best of whatever you are, Douglas Malloch] 
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Summary 
Formation and maintenance of such a highly specialized structure as the 

central nervous system (CNS) requires the concomitantly cooperation between 

the vascular and neural systems. Interactions between these systems are 

necessary to instruct each other to correctly develop and achieve homeostatic 

conditions. Thus, understanding neurovascular communications during 

embryonic development and their alterations in pathology are fundamental. 

 Here, I reveal a novel crosstalk occurring in the developing spinal cord 

between motor neurons (MNs) and endothelial cells (ECs) necessary to keep MN 

columns avascular for a certain period of time. From inferring and analyzing cell-

to-cell communication from previously published single-cell RNA sequencing 

and, by using cell-specific knockout mice, I demonstrate that removal of 

semaphorin 3C (Sema3C) in MNs, or its receptor PlexinD1 in ECs, results in 

premature vascularization of MN columns. Furthermore, in vitro assays similarly 

show that removal of one of the factors in the respective cell results in increased 

contact between MNs and ECs. This premature vascular misspatterning leads to 

MN developmental defects such as impaired MN axon exiting the spinal cord at 

early stages. At later developmental stages, removal of PlexinD1 signaling in ECs 

leads to MN maturation defects. This study shows the importance of Sema3C-

PlexinD1 signaling as a communication path between MNs and ECs during 

development. It also demonstrates that for proper spinal cord formation a timely 

and spatially controlled vascularization is fundamental. In the second part of my 

thesis, I provide additional evidence that highlights the importance of the 

neurovascular unit in pathology. My results suggest that ECs and their derived 

factors are involved in the development and/or maintenance of chronic pain. I 

show that persistent inflammatory pain or neuropathic pain lead to a temporal 

and local opening of the blood-spinal cord barrier (BSCB), even without major 

changes in the neurovascular structure. Furthermore, I demonstrate that leucine-

rich α-2 glycoprotein 1 (Lrg1) is increased in ECs and in the bloodstream in pain 

conditions, and that it might be a potential regulator of BSCB permeability. 

Overall, this thesis shows that interactions between neural and vascular 

cells are not only required to fine-tune embryonic CNS development, but that they 

also play a role in the regulation of pathologies, as I show for chronic pain. These 

results support the need of not only study such complex systems in isolation, but 
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that research towards better understanding their inter-relationship is also 

important.  
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Zusammenfassung 
Die Bildung und Aufrechterhaltung einer so hochspezialisierten Struktur 

wie des Zentralnervensystems (ZNS) erfordert die gleichzeitige Zusammenarbeit 

zwischen dem vaskulären und dem neuronalen System. Die Interaktionen 

zwischen diesen Systemen sind notwendig, um sich gegenseitig zu instruieren, 

sich korrekt zu entwickeln und homöostatische Bedingungen zu erreichen. Daher 

ist das Verständnis der neurovaskulären Kommunikation während der 

Embryonalentwicklung und ihrer Veränderungen in der Pathologie von 

grundlegender Bedeutung.  

 Hier zeige ich eine neuartige Wechselwirkung im sich entwickelnden 

Rückenmark zwischen Motoneuronen (MN) und Endothelzellen (EC) auf, die 

notwendig ist, um die MN-Säulen für eine bestimmte Zeit avaskulär zu halten. 

Durch Ableitung und Analyse der Zell-zu-Zell-Kommunikation aus bereits 

veröffentlichten Einzelzell-RNA-Sequenzierungen und durch die Verwendung 

von zellspezifischen Knockout-Mäusen zeige ich, dass die Entfernung von 

Semaphorin 3C (Sema3C) in MNs oder seines Rezeptors PlexinD1 in EC zu 

einer vorzeitigen Vaskularisierung der MN-Säulen führt. Darüber hinaus zeigen 

In-vitro-Tests, dass die Entfernung eines der Faktoren in der jeweiligen Zelle zu 

einem verstärkten Kontakt zwischen MNs und EC führt. Diese vorzeitige 

Gefäßfehlverteilung führt zu Defekten in der MN-Entwicklung, wie z. B. einem 

gestörten Austritt der MN-Axone aus dem Rückenmark in frühen Stadien. In 

späteren Entwicklungsstadien führt die Unterbrechung der PlexinD1-

Signalübertragung in den EC zu Defekten bei der MN-Reifung. Diese Studie zeigt 

die Bedeutung der Sema3C-PlexinD1-Signalübertragung als 

Kommunikationsweg zwischen MNs und EC während der Entwicklung. Sie zeigt 

auch, dass für die korrekte Bildung des Rückenmarks eine zeitlich und räumlich 

kontrollierte Vaskularisierung von grundlegender Bedeutung ist. Im zweiten Teil 

meiner Arbeit liefere ich zusätzliche Beweise, die die Bedeutung der 

neurovaskulären Einheit in der Pathologie unterstreichen. Meine Ergebnisse 

deuten darauf hin, dass EC und von ihnen abgeleitete Faktoren an der 

Entwicklung und/oder Aufrechterhaltung chronischer Schmerzen beteiligt sind. 

Ich zeige, dass anhaltende entzündliche Schmerzen oder neuropathische 

Schmerzen zu einer zeitlichen und lokalen Öffnung der Blut-Rückenmark-

Schranke (BSCB) führen, auch ohne größere Veränderungen in der 
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neurovaskulären Struktur. Darüber hinaus zeige ich, dass das leucinreiche α-2-

Glykoprotein 1 (Lrg1) bei Schmerzzuständen in EC und im Blutkreislauf erhöht 

ist und dass es ein potenzieller Regulator der BSCB-Permeabilität sein könnte. 

Insgesamt zeigt diese Arbeit, dass Interaktionen zwischen neuronalen und 

vaskulären Zellen nicht nur für die Feinabstimmung der embryonalen ZNS-

Entwicklung erforderlich sind, sondern dass sie auch eine Rolle bei der 

Regulierung von Pathologien spielen, wie ich für chronische Schmerzen zeige. 

Diese Ergebnisse unterstreichen die Notwendigkeit, solche komplexen Systeme 

nicht nur isoliert zu untersuchen, sondern auch ihre Wechselbeziehungen besser 

zu verstehen. 
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1 INTRODUCTION 
The generation of a single organism requires the precise construction of 

multiple systems, all inter-connected and functionally driven by the unique 

characteristics and functions developed by every single cell. And, for every cell 

to successfully accomplish its task, it requires to be in a constant conversation 

with all the neighboring cells. This is indispensable for achieving a precise 

development and homeostasis program. The appropriate number and size of 

determined cell type, the spatial-temporal window for the occurrence of an event, 

the presence and concentration (at the micro-scale) of a factor, are examples of 

how meticulously organized an organism needs to be. The vascular system, 

formerly seen as simple transporting ‘roads’, is an important player in this 

reciprocal communication with the other systems, which should not come as a 

surprise considering its physical presence in every single part of the body. With 

more and more research incoming, the controlling dimension exerted by and to 

vascular cells with its surrounding will be shown to be far beyond what was initially 

believed. The purpose of this Chapter 1. is to introduce the most relevant 

knowledge for the understanding of how the development of the central nervous 

system (CNS) crosstalks with the (in parallel) development of the vascular 

system, and how both systems in adulthood are still interacting and involved in 

the development of pain. 

 

1.1. The central nervous system and its development 
The vertebrated CNS is a complex organization of structures, comprised 

by the brain - which is subdivided in two cerebral hemispheres (or telencephalon), 

cerebellum, diencephalon, and brainstem -, the spinal cord and the retina. To 

demonstrate the complexity of such system, it was not until the twentieth century 

that neuroscientists acknowledged one of its fundamental cells, the neuron. 

Limited by the capacities of the microscopes and staining techniques available at 

that time, understanding the neuron, a cell type able to present so many 

multifaceted shapes and structures, was imaginably challenging. This was only 

possible by the work developed by two of the most important neuroscientists (and 

simultaneously Nobel prize winners) to date, Camillo Golgi, and Santiago Ramón 

y Cajal (Chu 2006, Lopez-Munoz, Boya et al. 2006). The CNS functions are 
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numerous and range from motor actions such as walking, running, and dancing, 

to cognitive actions such as thinking, speaking, and laughing, which in the end 

make individual humans unique. However, to get to such mature CNS it is 

required that its development, a long process that happens both pre- and 

postnatally, occurs precisely and correctly. From the number of each cell type to 

its temporal location, the entire developmental program must happen in a well-

defined manner, as alterations during this period can potentially result in severe 

congenital disorders. 

 

1.1.1. Early embryonic development of the CNS 
Well before the appearance of the structures that will originate the CNS, 

embryonic development starts with a simple single cell, the zygote, that upon 

multiple cell divisions develops into the blastocyst. The blastocyst is composed 

by three distinct cell groups: an outer layer of cells, the trophectoderm, and an 

inner located cell mass formed by the epiblast and the primitive endoderm. From 

these, the epiblast gives rise to the embryo, while the other two group of cells 

originate the extra-embryonic structures (Rossant and Tam 2009). At embryonic 

day (E) 6.5 in mouse, a critical early process called gastrulation occurs, where 

some epiblast cells migrate and form two new cell layers, the mesoderm, and the 

endoderm, while the remaining steady epiblast cells form the ectoderm layer. 

These three germ layers are consequently responsible for the generation of all 

the tissues (Sadler 2005, Solnica-Krezel and Sepich 2012). Besides giving rise 

to the mesoderm and the endoderm, part of the migratory epiblast cells stops at 

the midline and form the notochord (Stemple 2005). 

The ectoderm, which is the outermost layer of the three germinal layers, 

further develops into the neural plate, initiating the process of first neurulation 

(Figure 1.1). Once the neural plate is formed, the cells located at both edges start 

to fold - creating the neural folds –, move towards each other and, once in contact, 

fuse transforming the neural plate into the neural tube (Sadler 2005). During this 

process, a subset of neural crest cells present at the neural folds separates 

before neural tube formation and migrate elsewhere to form the peripheral 

nervous system, the pigmented cells of the skin and other peripherical cell types 

(Gilbert 2006). As the neural tube continues to grow and mature along an anterio-

posterior axis, it compartmentalizes into the rostral and caudal vesicles, the 
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primitive structures that will then originate the brain (early divided into 

prosencephalon, mesencephalon and rhombencephalon) and spinal cord, 

respectively (Lumsden and Krumlauf 1996, Purves 2008).  

 At the end of the first neurulation (around E8 in mice), the neural tube is 

mainly populated by neuroepithelial cells, neural stem cells that have the capacity 

to originate all the different neural cell types of the CNS (figure 1.2). However, 

neurons are not directly generated from neuroepithelial cells, but instead through 

one or multiples stages of divisions with existence of middle precursors 

(Kriegstein and Alvarez-Buylla 2009). During neural tube growth and expansion, 

neuroepithelial cells divide to generate radial glial cells (RGCs), which in turn give 

Figure 1.1. Diagram of gastrulation and first neurulation processes. Initially, the 
embryo (at its blastocyst developmental phase) is composed of two main tissue layers, 
the inner cell mass, and the trophoblast, an outer shell layer of cells. During 
gastrulation, the blastocyst develops into a multilayered structure called gastrula, 
composed by the ectoderm, mesoderm, and endoderm. A part of the ectoderm gives 
rise to the neural plate, which will in turn transform into the neural tube, a process called 
first neurulation. During neurulation, the neural plate bends dorsally resulting in the 
creation of the neural folds and the neural groove. These neural folds migrate towards 
each other and once in contact, they fuse, resulting in the newly formed neural tube. A 
group of cells, the neural crest cells, located at the neural folds during neural tube 
closure separate and migrate towards the periphery where they will differentiate into 
different peripheral cell types.  
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rise directly to neurons or intermediate progenitor cells (IPCs) (Gotz and Barde 

2005, Gotz and Huttner 2005). Afterwards, IPCs divide symmetrically and 

generate only neurons. Neuroepithelial cell bodies are initially located in proximity 

to the ventricle and extend long cell processes contacting the ventricular surface 

(called apical process) and the pial surface (basal process). As these cells divide 

and differentiate, they migrate away from the ventricular zone along RGCs 

processes, creating the mantle zone (Noctor, Flint et al. 2001, Noctor, Martinez-

Cerdeno et al. 2008). At this point, the neural tube is divided into an 

undifferentiated area populated by the different progenitor cells and a 

differentiated area (mantle zone) occupied with newborn neurons. 

 In a morphological point of view, the neural progenitors in the ventricular 

zone look and behave in a similar manner. However, from these progenitors, 

postmitotic neurons that are highly unalike in their morphology, characteristics, 

Figure 1.2. Neural tube growth and expansion during neurogenesis. Once neural 
tube formation is complete, the process of neurogenesis initiates. Neuroepithelial cells 
located in close contact with the ventricle quickly and extensively proliferate and 
differentiate into radial glial cells (RGCs), keeping some neuroepithelial features. These 
RGCs in turn divide, giving rise to either intermediate progenitors (IPCs) or directly 
neurons. IPCs divide symmetrically and give rise exclusively to neurons. During this 
process, occurring between E8 and E11/12, neurons migrate towards their final lateral 
position in the neural tube. Neuroepithelial cells and RGCs present long processes 
touching the ventricular surface and the pial surface. 
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and function are generated. In the developing spinal cord, this is achieved by 

each type of postmitotic neurons being originated by a particular group of neural 

progenitors within the ventricular zone. These different neural progenitors are 

characterized by acquiring distinct identities in particular spatial positions, a 

process known as neural patterning (Altmann and Brivanlou 2001). 

 

1.1.2. Dorso-ventral neural tube patterning 
The developing neural tube, by the end of the first neurulation, presents a 

clear regionalization in a dorso-ventral (D-V) axis, achieved by the presence of 

factors (mainly morphogens) in a time-, location-, and concentration-controlled 

mode. During neural tube formation, at its upper and bottom parts, two particularly 

important group of cells located at the midline are specified: the floor plate (FP), 

located at the bottom, and the roof plate, positioned at the top of the neural tube. 

These two areas, together with the notochord located underneath the neural tube, 

are essential sources of signals that induce the D-V patterning of the neural tube 

(Figure 1.3). The notochord and the FP secrete and generate a gradient of Sonic 

Hedgehog (Shh) in the ventral part of the spinal cord, while the roof plate creates 

a gradient of Wingless-related integration site (Wnt) proteins and bone 

morphogenic proteins (Bmp) in the dorsal part. These counteracting signal 

gradients together are responsible for the formation of all the eleven different 

neural progenitor domains along the D-V axis (Briscoe, Pierani et al. 2000, Jessell 

2000, Chizhikov and Millen 2005). In addition to these, other factors such as 

retinoic acid, transforming growth factor beta (Tgf-b) and fibroblast growth factors 

(Fgf) have been shown to be involved in formation of the D-V patterning (Liem, 

Tremml et al. 1997, Diez del Corral, Olivera-Martinez et al. 2003, Novitch, 

Wichterle et al. 2003, Duester 2008, Diez Del Corral and Morales 2017). 

Neural progenitors in the developing spinal cord are divided into six dorsal 

domains (dP1-dP6, numbered from dorsal to ventral) and five ventral domains 

(p3, motor neuron progenitor (pMN), and p2-p0, ordered from ventral to dorsal). 

Each one of these domains presents a unique expression profile of transcript 

factors and gives rise to a specific type of neural cells (Ribes and Briscoe 2009) 

(figure 1.3a). Dorsal domains originate postmitotic interneurons d1-d6 and ventral 

domains generate postmitotic interneurons V0-V3 or motor neurons (MNs). 

Focusing on the ventral developing spinal cord, progenitor domains identity is 
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achieved by the presence of cross-repressive interactions between transcript 

factors that mediate Shh-dependent signaling. These factors are divided into two 

subclasses: class I proteins repressed by Shh (such as paired box protein 7 

(Pax7), iroquois-class homeodomain protein 3 (Irx3), developing brain homeobox 

protein 1 (Dbx1), Dbx2 and Pax6), and class II proteins induced by Shh (such as 

NK6 homeobox 1 (Nkx6.1) and Nkx2.2) (Briscoe, Pierani et al. 2000, McMahon 

2000, Briscoe and Ericson 2001). The temporal and spatial expression of each 

of these factors is required to be precisely controlled. Loss-of-function of 

individual factors alters the degree of the cross-repressive interactions resulting 

in the deletion, expansion or contraction of progenitor domains (Dessaud, 

McMahon et al. 2008). During the differentiation of neural progenitors to 

postmitotic neurons, these cells migrate from the ventricular zone towards the 

Figure 1.3. Neural tube dorsoventral patterning by Shh, Bmp and Wnt. Opposing 
gradients of ventral Shh and dorsal Bmp and Wnt determine the dorsoventral domains. 
The notochord and the floor plate (FP) are responsible for the Shh gradient, while the 
roof plate generates a gradient of Wnt and Bmp. These counteracting gradients together 
are responsible for the formation of all the different neural progenitor domains (dP1-dP6 
as dorsal domains, p0-p3 and pMN as ventral domains). Each neural progenitor domain 
presents a unique expression profile of transcript factors (for example, pMN domain is 
characterized by expression of Pax6, Olig2, Nkx6.1 and Nkx6.2.), and gives rise to a 
specific type of neural cells. 
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mantle zone where they populate a specific position within the spinal cord (Ribes 

and Briscoe 2009).  

 

1.1.3. Motor neuron development and circuitry 
MNs are a particular important neuronal cell type, differing from the 

remaining spinal cord (inter)neurons, whose axons project to the periphery to 

control the effector organs (muscles and glands). As they are responsible for all 

the movements of the organism, defects in their development or function can 

result in embryonic disorders in humans (Teoh, Carey et al. 2017), such as type 

I spinal muscular atrophy (Soler-Botija, Ferrer et al. 2002), and lethal 

arthrogryposis associated with anterior horn cell disease (Vuopala, Ignatius et al. 

1995). In adulthood, impairment, and death of MNs lead to severe 

neurogenerative disorders, such as amyotrophic lateral sclerosis, progressive 

muscular atrophy, and spinal muscular atrophy. 

MNs arise from the pMN domain, characterized by the expression of 

oligodendrocyte transcription factor 2 (Olig2), Nkx6.1 and Pax6 (Ericson, 

Rashbass et al. 1997, Novitch, Chen et al. 2001, Zhou and Anderson 2002). MNs 

are a special type of neurons, as they are one of the few neuronal cells located 

in the CNS that project their axons out to target the periphery, making them one 

of the most studied neuronal subtypes. MN development can be divided into three 

main phases, required for their correct function: specification of MN identity, MN 

clustering in functionally related groups together with MN axon projection out of 

the CNS into the periphery, and MN pre- and post-synaptic connectivity with other 

neuronal cells and muscles (figure 1.4) (Price and Briscoe 2004, Stifani 2014). 

Below I give more details on these processes. 

MNs are one of the first neurons in the developing spinal cord to be 

specified, with their birth occurring around E9.5 (Jessell 2000). Initially, within the 

pMN domain, MNs start to acquire neuronal properties and specific 

characteristics of differentiating motor neurons by expressing Olig2 (Novitch, 

Chen et al. 2001). Afterwards, when MN progenitors are at their final cell division, 

Mnr2 expression is induced, acting as a determinant of MN identity (Tanabe, 

William et al. 1998). The induction of these two transcript factors is dependent on 

the activity of Nkx6.1, induced by Shh signaling (Tanabe, William et al. 1998, 

Novitch, Chen et al. 2001). The importance of Olig1/Olig2 transcript factors for 
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the specification of this domain have been further demonstrated, as deletion of 

either of them results in complete lack of MNs (Zhou and Anderson 2002, Wu, 

Wu et al. 2006). Additionally, Shh-independent mechanisms have been 

suggested to contribute for pMN and MN specification (Litingtung and Chiang 

2000). 

Following MNs specification and migration to their final ventro-lateral 

location in the spinal cord, MNs acquire different subtype identities and cluster 

into MN columns according to their innervation muscle targets (Landmesser 

1980). This process starts at around E10.5 and ends at E12.5 (Francius and 

Clotman 2014). The first experiments demonstrating a clear segregation of MNs 

into columns were done by orthograde and retrograde tracing of motor neurons 

in chick embryos (Landmesser 1978a, Landmesser 1978b, Hollyday 1980, 

Gutman, Ajmera et al. 1993), where injections into different muscles resulted in 

tracer uptake and further labeling of specific pools of MNs. Importantly, these 

different MN pools express particular combinations of transcript factors, thus 

making them easily identifiable (Tsuchida, Ensini et al. 1994, Dasen, Liu et al. 

2003, Francius and Clotman 2014). Depending on the anterior-posterior spinal 

cord level, MNs can be found in different pools: at brachial and lumbar levels 

(limb levels) MNs are segregated into medial motor column (MMC), lateral lateral 

motor column (LMCl) and medial later motor column (LMCm); at thoracic level 

MNs pool into MMC, hypaxial motor column (HMC) and preganglionic autonomic 

MNs column (PGC). In simultaneous, MNs from each of these columns project 

their axons, between E10-E12.5, to target particular muscles. MNs of the LMCm 

and LMCl innervate the ventral and dorsal muscles of the limbs, respectively, 

MNs from MMC innervate axial muscles, the PGC MNs are responsible to 

innervate the sympathetic chain ganglia and the HMC innervates intercostal 

muscles (Dasen and Jessell 2009, Francius and Clotman 2014). 
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At around E13/E14, MNs start to make not only connections with their 

muscle targets in the periphery (neuromuscular junction formation and refinement 

Figure 1.4. Embryonic motor neuron development. Motor neuron (MN) generation 
occurs early in embryonic development, at around E9.5, and its development and further 
maturation continues up to postnatal stages. Following MN specification, MNs start 
clustering into MN columns according to their innervation target. The medial motor 
column (MMC) is present at all the spinal cord levels, while the lateral motor column 
(LMC) divided into two subgroups (lateral LMC – LMCl - and medial LMC – LMCm) is 
found only at brachial and lumbar levels. At thoracic levels, besides the MMC, MNs 
cluster into the hypaxial motor column (HMC) and the preganglionic column (PGC). The 
MMC MNs are responsible for the innervation of epaxial muscles, the LMC columns 
innervate the limb muscles (the LMCl is responsible for the dorsal part of the limb, while 
LMCm targets the ventral part of the limb), the HMC MNs innervate the hypaxial muscles 
and the PGC MNs final target is the sympathetic chain ganglia. In parallel to MN 
clustering, MNs send their axons into the periphery in order to reach their final 
destination target. Afterwards, MNs start making connections with their muscle targets 
and start making synapsis with other neurons (interneurons and afferent neurons), 
creating a complex spinal cord circuit. Further synaptic refinement continues postnatally. 
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occurs up to postnatal stages) (Wu, Xiong et al. 2010), but also with other 

interneurons within the spinal cord, creating a complex spinal circuit (Arber 2012). 

MNs besides targeting the peripheral muscles, also makes synapses with V1 

Renshaw interneurons (Mentis, Alvarez et al. 2005, Richards, Griffith et al. 2014). 

On the other hand, MNs receive and integrate inputs from multiple interneurons 

and sensorial neurons (Lu, Niu et al. 2015, Lai, Seal et al. 2016). 

 

1.2. Blood vessels – formation and main aspects of the vasculature 
The formation of blood vessels occurs through two main processes, 

angiogenesis and vasculogenesis. Vessels arising by vasculogenesis are 

originated by the differentiation of hemangiogenic stem cells and mesoderm-

derived angioblasts into endothelial cells (ECs) and the assembly of those into 

primitive vascular networks, which then remodel to form the first vessels of an 

organism (Demir, Kayisli et al. 2006). On the other hand, angiogenesis refers to 

the formation of vessel branches from pre-existing vessels (Burri and Tarek 

1990). Sprouting angiogenesis is the most occurring type, and its process occurs 

in consequently steps: in an initial phase, the basement membrane is degraded, 

and ECs start to proliferate and migrate; afterwards, ECs start forming 3D-shaped 

vessels, which get stabilized by being covered with a new basement membrane 

and with recruitment and attachment of mural cell types (Risau 1997, Adair and 

Montani 2010). During this process, vessel growth is led, at its tip, by a 

specialized EC termed endothelial tip cell, which extends filopodia and senses 

the guidance cues in the surrounding environment (Carmeliet and Tessier-

Lavigne 2005, Eichmann, Makinen et al. 2005). Following the tip cell are the stalk 

ECs, which proliferate considerably and establish tight connections between 

them to ensure stability to the vessel sprout. The balance between tip and stalk 

phenotype is fundamental for proper sprouting angiogenesis and it has been 

shown to be mainly ensured by the Vegf and Notch signaling pathways (Blanco 

and Gerhardt 2013). 

The regulation of angiogenesis is achieved by the presence and balance 

of anti- and pro-angiogenic factors. One of the most important inducers of 

angiogenesis is hypoxia, the insufficiency of adequate oxygen levels: lack of 

oxygen induces the stabilization of the Hypoxia-inducible factor 1 (Hif1a) which 

then translocate to the nucleus and, consequently, results in increased 
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expression of the potent pro-angiogenic factor vascular endothelial growth factor 

(Vegf) (Ferrara, Gerber et al. 2003). Vegf was first found to have a central role in 

regulating vascularization in studies using Vegf KO mice, in which mice embryos 

died as early as E8.5 lacking formation of several vascular structures (Carmeliet, 

Ferreira et al. 1996). In the CNS, removal of Vegf in a neuronal-specific manner 

also resulted in hipovascularization, hypoxia and subsequent neuronal death 

(Haigh, Morelli et al. 2003). Another main molecular mechanism shown to 

modulate angiogenesis in the CNS is the Wnt pathway. Wnt signaling through 

different complexes of receptors has been shown to promote CNS 

vascularization. During vessel development, canonical Wnt/b-catenin pathway is 

implicated in angiogenesis by influencing vessel sprout, vessel remodeling, and 

arterio-venous specification, while also contributing further for the maturation of 

vessels by inducing blood-brain barrier (BBB) properties (Dejana 2010, Reis and 

Liebner 2013). 

 

1.3. CNS vascularization 
The development of the embryonic vasculature starts shortly after the end 

of gastrulation. To meet the energetic demand of a such high consuming CNS, 

throughout its development a dense network of blood vessels (BVs) expands to 

support neural cells with oxygen and nutrients. Remarkably, as the neural 

compartment undergoes proliferation and differentiation, the CNS begins to be 

simultaneously vascularized.  

 

1.3.1. Spinal cord vascularization 
 The beginning of spinal cord vascularization, similar to the brain, occurs at 

around E8.5 in mouse embryos with the formation of the perineural vascular 

plexus (PNVP), a primitive vascular network surrounding the pial surface. The 

assembling of the PNVP occurs via vasculogenesis, when mesoderm-derived 

angioblasts proliferate, migrate and differentiate giving rise to the EC lineage that 

forms BVs (Ambler, Nowicki et al. 2001). Experimentation in quail embryos 

identified VEGF and FGF-2 as key factors for the PNVP formation (Cox and Poole 

2000, Hogan, Ambler et al. 2004). 
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 Once the PNVP is assembled, the first BVs sprout from the PNVP into the 

spinal cord via angiogenesis. While in avians single angioblasts invade the spinal 

cord and generate vessels within it (Kurz, Gartner et al. 1996), in mice vessel 

ingression into the spinal cord only occurs via sprouting angiogenesis, with new 

sprouts arising from the previously formed PNVP (Nakao, Ishizawa et al. 1988, 

Himmels, Paredes et al. 2017). Between E9.5-E10.5 in mouse, vessel sprouts 

invade the neural tissue of the spinal cord in a highly stereotypical manner (figure 

1.5). The first sprouts enter into the ventral part of the spinal cord in two places, 

between the FP and MN columns and at the opposite adjacent side of MN 

columns. Different factors have been involved in causing this first initial vessel 

ingression, such as Vegf (James, Gewolb et al. 2009, Himmels, Paredes et al. 

2017), Wnt7a/b (Stenman, Rajagopal et al. 2008, Daneman, Agalliu et al. 2009) 

and soluble fms-like tyrosine kinase-1 (sFlt1) (Himmels, Paredes et al. 2017). 

Consecutively, between E10.5-E11.5, the ingressing vessels from both sides of 

MN columns grow towards each other, fusing, and completely surrounding these 

columns. In simultaneous, other sprouts from the initial vessels branch and 

prolong towards dorsal regions along the ventricular zone (Nakao, Ishizawa et al. 

1988). Interestingly, up until this developmental time, vessels avoid entering into 

the ventricular zone occupied by neural progenitor somas, MN columns and the 

FP, despite the presence of high amounts of Vegf in these three regions (Kurz 

2009, Ruiz de Almodovar, Fabre et al. 2011, Himmels, Paredes et al. 2017). At 

E12.5, a vast network of vessels is present within the entire spinal cord and, only 

at this point, sprouts invade and vascularize MN columns (however the neural 

progenitor and FP areas remain avascular) (Himmels, Paredes et al. 2017). 

 

1.3.2. Neurovascular interactions controlling spinal cord vascularization 
Besides its original known transporter function, vessels are actively 

establishing communications with neural cells (and vice-versa), which are 

required for a proper CNS and vascular development and function (Tata, 

Ruhrberg et al. 2015, Paredes, Himmels et al. 2018, Segarra, Aburto et al. 2019, 

Vieira, Shah et al. 2020). During spinal cord vascularization, neural cells signal 

to ECs in order to guide BV growth, being in part responsible for the stereotypical 

vessel patterning described above (figure 1.5). 
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Coincident to the first initial vessel ingression into the spinal cord, Wnt7a 

and Wnt7b, as other Wnt family members, are expressed in dorsal and ventral 

neural progenitors of the spinal cord (Parr, Shea et al. 1993, Stenman, Rajagopal 

et al. 2008, Daneman, Agalliu et al. 2009). While removal of either ligand does 

not result in any abnormal phenotype, Wnt7a/b double null mutants show a 

ventral spinal cord completely devoid of vessels, with only a few sprouts in the 

dorsal part. (Stenman, Rajagopal et al. 2008, Daneman, Agalliu et al. 2009). 

Additionally, this neural-derived signaling was not only shown to contribute for 

spinal cord vascularization, but also to promote BBB formation (Stenman, 

Rajagopal et al. 2008, Daneman, Agalliu et al. 2009). 

Interestingly, despite of Vegf being present in MN columns, BVs avoid 

entering into them for a specific developmental time window (E10.5-E12.5). This 

is accomplished by MNs maintaining a balance of simultaneously secreted Vegf, 

in a hypoxia inducible factor 1 (Hif1a) dependent manner, and the Vegf decoy 

Figure 1.5. Stereotypical spinal cord vascularization. Simultaneously to 
neurogenesis, spinal cord vascularization is also occurring. The spinal cord starts to be 
vascularized at E8.5-E9.5 by the formation of the peri-neural vascular plexus (PNVP) 
that surrounds the entire CNS. At around E10, the first blood vessels ingress into the 
spinal cord from the PNVP and follow a highly specific invading patterning: the first 
sprouts ingress in between the floor plate (FP) and motor neuron (MN) columns (in 
yellow); afterwards, vessels completely surround the MN columns and continue to grow 
towards the dorsal part of the spinal cord, but constantly avoid entering into the MNs 
columns, FP, and part of the neural progenitors (NP) area for a particular time window. 
At E12.5, vessels start to finally vascularize MN columns and a dense network of 
vessels is present within the spinal cord to support its growth and development. The 
known factors involved in the different steps of spinal cord vascularization are indicated 
in the table. Reprinted with author permission from Frontiers in physiology (Vieira et al 
2020). 
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receptor sFlt1 in a neuropilin-1 (Nrp1) dependent manner (Himmels, Paredes et 

al. 2017). This tight balance is indispensable, as overexpression of Vegf or 

reduction of either sFlt1 or Nrp1 in MNs result in premature BV ingression into 

MN columns (Himmels, Paredes et al. 2017). The importance of neural cells in 

creating a Vegf-sFlt1 balance for controlling spinal cord vascularization has also 

been demonstrated in zebrafish (Matsuoka, Rossi et al. 2017, Wild, Klems et al. 

2017). While Vegf-sFlt1 equilibrium can be created by a neural cell type secreting 

both factors, it can also be achieved by neural cells secreting VEGF and ECs 

responding by secreting sFLT1 (Takahashi, Takase et al. 2015). Within the spinal 

cord, BVs grow from the ventral region towards dorsal areas along and in close 

contact with the undifferentiated neural progenitors in mice. Comparably, in 

avian, vessels extend from ventral to dorsal areas by growing in between the 

neural progenitor zone (undifferentiated region) and the differentiated mantle 

zone, but constantly avoiding to enter into the neural progenitor zone (Takahashi, 

Takase et al. 2015). This vessel patterning is obtained by neural progenitors 

secreting VEGF, attracting vessels to grow in their vicinity but, simultaneously, 

ECs respond by secreting sFLT1 to counter Vegf attraction (Takahashi, Takase 

et al. 2015). 

Besides the above described neural-exerted signals used to control 

developing spinal cord vascularization, other mechanisms and molecular cues 

have been shown to guide vessels during development of the other two structures 

of the CNS, the brain and retina (Paredes, Himmels et al. 2018, Segarra, Aburto 

et al. 2019). Some examples are Wnt7a/b (as demonstrated in the spinal cord, 

mentioned above) (Cho, Smallwood et al. 2017), Tgf-b1 (Siqueira, Francis et al. 

2018), neurite outgrowth inhibition protein (Nogo-A) (Walchli, Pernet et al. 2013, 

Walchli, Ulmann-Schuler et al. 2017), slit guidance ligand 2 (Slit2) (Rama, Dubrac 

et al. 2015), semaphorin (Sema) family members (Kim, Oh et al. 2011) and others 

(Paredes, Himmels et al. 2018). Interestingly, despite of most of these signaling 

molecules being also expressed by neural cells in the developing spinal cord, 

their role in controlling vascularization has not been described.  

Among all these possible modulators of vascularization, several Sema 

members are substantially expressed by the spinal cord neural compartment 

during early spinal cord vascularization. However, little is known whether a 

possible effect of Sema proteins in ingressing ECs exists. 
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1.3.3. The semaphorin family and its plexin/neuropilin receptors 
The first Sema member to be discovered, initially called Fasciclin IV, was 

described to be involved in axon guidance in the grasshopper embryo (Kolodkin, 

Matthes et al. 1992). Nowadays, Semas are a large family of more than twenty 

transmembrane or secreted proteins, subdivided into eight different classes 

(figure 1.6). Classes 1 and 2 are present in invertebrates, classes 3 to 7 are found 

in vertebrates (Sema5c is an exception as it is also found in invertebrates) and 

class 8 is viral-encoded (Alto and Terman 2017). Structurally, Semas are 

composed of a highly conserved Sema domain and a plexin-semaphorin-integrin 

(PSI) domain, with other additional domains differentiating Semas (Feiner, 

Koppel et al. 1997, Zhou, Gunput et al. 2008). From the 8 subclasses, Semas 

can be membrane-associated (classes 1 and 4-7) or secreted (classes 2, 3 and 

8). 

The primary receptors for Semas are plexins and Nrps (Tamagnone and 

Comoglio 2000). Plexins are arranged into four classes (A-D), with each class 

composed of multiple individual plexins (figure 1.6). Plexins structure includes a 

Sema domain, three PSI domains and three Ig-like, plexins and transcript factors 

(IPT) domains in their extracellular region, and a divided GTPase-activating 

protein (GAP) intracellular domain. Most of the bindings between Semas and 

plexins occurs through the Sema domains present in both proteins. However, 

class 3 semaphorin (Sema3) members additionally require the association of 

plexins to Nrps to form a receptor complex (He and Tessier-Lavigne 1997, 

Kolodkin, Levengood et al. 1997), with exception of Sema3E binding to PlexinD1, 

which occurs without Nrps (Gu, Yoshida et al. 2005). There are two different Nrps, 

Nrp1 and Nrp2. Nrps are transmembrane glycoproteins and, besides binding to 

Sema3, also act as receptors for Vegf (Pellet-Many, Frankel et al. 2008, Schwarz 

and Ruhrberg 2010). As Nrps cytoplasmic domain is considerably small, lacking 

catalytic activity, they require the formation of a complex with other cell surface 

receptors for signal transduction (Larrivee, Freitas et al. 2009, Schwarz and 

Ruhrberg 2010). Besides signaling through Sema-receptor binding, Sema3 

members, once produced, can have their function regulated by furin or furin-like 

endoproteinases, which recognize consensus RXK/RR motifs in the Sema’s PSI 

domain and C-terminus, cleaving them and altering the degree of their effect 

(Adams, Lohrum et al. 1997). From the different subclasses of Semas, Sema3-
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PlexinD1/Nrp interactions have been demonstrated to play key roles in the 

embryonic development of the cardiovascular system and to control local 

angiogenesis. 

 

Figure 1.6. Structure of semaphorins and Sema3 interactions with Plexins and 
Neuropilins. Semaphorin family is divided into eight classes: class 1 and 2 being present 
in invertebrates (together with Sema5C), class 3 to 7 representing vertebrate 
semaphorins and class 8 being viral semaphorins. All semaphorins (excluding class 8) 
have a Sema domain and a PSI domain, and based on their class, can contain other 
domains, such as Ig and basic domains. Classes 2, 3 and 8 are secreted proteins. 
Sema3 members signal through different receptor complexes. Sema3A, 3B, 3C and 3D 
signal to PlexinA1-A4 in combination with neuropilin 1 (Nrp1), Sema3B-3G signal 
through PlexinA1-A4/Nrp2, Sema3C can in addition signal to PlexinD1/Nrp1(2) and 
Sema3E is the only Sema3E member that can signal directly to PlexinD1 without Nrps 
as co-receptors. 
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1.3.4. Sema3-PlexinD1/Nrp signaling for vascular development  
The role of Nrps in cardiovascular development was initially discovered by 

analysis of Nrp1 overexpression or null transgenic mice, which presented 

excessive leaky BVs or a considerably underdeveloped vascularization, 

respectively (Kitsukawa, Shimono et al. 1995, Kawasaki, Kitsukawa et al. 1999). 

In contrast, Nrp2 appears to play mainly a compensatory role for the lack of Nrp1 

(Takashima, Kitakaze et al. 2002, Gu, Rodriguez et al. 2003, Plein, Calmont et 

al. 2015), with Nrp2-null mice not presenting obvious developmental 

angiogenesis defects (Shen, Samul et al. 2004). Nrp1 and Nrp2 are expressed 

in ECs and neurons during embryonic development, with Nrp2 being later 

restricted to veins and lymphatic vessels (Herzog, Kalcheim et al. 2001, Yuan, 

Moyon et al. 2002, Fantin, Schwarz et al. 2011, Himmels, Paredes et al. 2017). 

Despite of Nrp1 being present in both tip and stalk ECs, it was found to be 

particularly important for tip cell function (Fantin, Vieira et al. 2013, Fantin, 

Lampropoulou et al. 2015). Similar to Nrps, PlexinD1 is mainly expressed by ECs 

(van der Zwaag, Hellemons et al. 2002) and plays a central role in cardiac 

development, with both PlexinD1-null and EC-specific PlexinD1 knockout (KO) 

mice presenting cardiovascular abnormalities, vascular patterning defects and 

embryonic lethality at birth (Gitler, Lu et al. 2004, Zhang, Singh et al. 2009). 

Sema3E-PlexinD1 signaling, without Nrps as co-receptors, is one of the 

most well-known pathways regulating developmental vascularization. In the 

trunk, somites secrete Sema3E that binds to PlexinD1 in ECs, in order to repel 

and avoid that ECs enter into the somites area (Gitler, Lu et al. 2004, Gu, Yoshida 

et al. 2005). When either Sema3E or PlexinD1 are genetically knocked out, the 

vascular network disorganizes, and vessels penetrate into the somites. Sema3A 

has also been shown to contribute for preventing intersegmental vessels from 

entering into somites (Torres-Vazquez, Gitler et al. 2004). Mechanistically, in the 

developing mouse retina and in zebrafish, Sema3E-PlexinD1 pathway was 

shown to crosstalk with Vegf signaling (Fukushima, Okada et al. 2011, Kim, Oh 

et al. 2011). In zebrafish, Sema3E-PlexinD1 activation in ECs results in increased 

expression of sFlt1 that subsequently antagonizes proangiogenic Vegf signaling. 

When PlexinD1 is removed, the sFlt1-specific Vegf inhibition is reduced and 

increased vessel sprouting occurs (Zygmunt, Gay et al. 2011). In a slightly 

different way, in the developing retina, Sema3E-PlexinD1 signaling regulates 



Introduction 

 18 

Vegf pathway by negatively modulating the activity of Vegf-induced Delta-like 4 

(Dll4)-Notch signaling (Kim, Oh et al. 2011). Additionally, Sema3A has been 

demonstrated to induce anti-angiogenic responses in ECs (Acevedo, Barillas et 

al. 2008, Maione, Molla et al. 2009). In pathological conditions, Sema3C signals 

through the PlexinD1/Nrp1 receptor complex in ECs, causing disruption of EC 

junctions, suppression of EC focal adhesion and decreased EC migration and 

survival, which in turn results in inhibition of pathological angiogenesis (Yang, Hu 

et al. 2015). 

 

1.4. Beyond embryonic development: chronic pain as a CNS pathology 
The CNS development, including its vascularization, is meticulously 

controlled to ensure that its function is not compromised. However, even when 

development goes flawless, environmental factors, physical injuries or aging 

related degeneration can originate disorders of the CNS. Abnormal 

neurovascular interactions have been associated to numerous CNS pathologies. 

However, for many others, including chronic pain, much is still waiting to be 

unraveled. In these next sections, I introduce key concepts for the understanding 

of the somatosensory system, the development of acute pain and its transition to 

chronic pain, and the contribution of neurovascular interactions to chronic pain. 

 

1.4.1. The somatosensory system 
The ability to transduce, encode, perceive, and transmit the information of 

continuous stimuli coming from the surrounding environment is possible due to 

the existence of the somatic sensory system. However, the different types of 

stimuli are not processed in the same way, having the somatic sensory system 

two main subsystems: a subsystem dedicated to detect and to process 

mechanical stimuli (such as vibration and pressure), and another for the detection 

of painful stimuli (called nociception) and temperature. The nociception is a 

fundamental protective mechanism: it alerts for damage or injury that should be 

avoided or treated, otherwise an unnoticed harmful event might provoke 

permanent damage. However, occasionally, persistent pain (or chronic pain) with 

no apparent useful purpose occurs. 
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1.4.2. The sensory transductors of nociceptive stimuli: nociceptors 
 Harmful stimuli to a region of the body – creating the pain sensation - are 

detected by free nerve endings called nociceptors (Basbaum, Bautista et al. 

2009). These nociceptors, like other sensorial receptors, are part of primary 

afferent neurons that have their cell body located in dorsal root ganglias (DRGs), 

projecting one axon branch into the dorsal horn of the spinal cord and another 

branch to innervate peripheral organs. Depending on their diameter, degree of 

myelination and conduction velocity, sensory receptors can be categorized in Ab-

fibers, Ad-fibers and C-fibers (figure 1.7) (Willis 2004). Ab-fibers, responsible for 

the detection of innocuous mechanical stimuli, have a large diameter (>10 µm), 

present thick myelination and have fast conduction velocity (30-100 m/s). 

Nociceptors are divided into medium diameter Ad-fibers (2-6 µm), with thin 

myelination and moderate conduction velocities (12-30 m/s), and C-fibers, small 

unmyelinated fibers (0,4-1,2 µm) with low conduction velocity (<2 m/s) (Woolf and 

Ma 2007, Basbaum, Bautista et al. 2009). Due to their different conductivity 

differences, when a peripherical nociceptive stimulus is triggered, Ad-fibers are 

responsible for the acute, strong localized pain sensation felt immediately after 

stimulus (referred as first pain), while the following diffused and longer-lasting 

pain sensation (called second pain) is carried by C-fibers (Basbaum, Bautista et 

al. 2009). 

 Considering their neurochemistry (figure 1.7), all the nociceptors release 

glutamate, the most abundant neurotransmitter of the nervous system. However, 

C-fiber nociceptors can be further separated in peptidergic C-fibers and non-

peptidergic C-fibers (Basbaum, Bautista et al. 2009). Peptidergic C-fibers, 

characterized by expressing tropomyosin receptor kinase A (trkA), release 

substance P (SP) or calcitonin-gene related peptide (Cgrp) and require nerve-

growth factor (Ngf) for their development and survival (Urban, Thompson et al. 

1995, Mizumura and Murase 2015). On the other hand, as the name indicates, 

non-peptidergic C-fibers do not use peptides as neurotransmitters and depend 

on brain-derived neurotrophic factor (Bdnf) for their development (Abraira and 

Ginty 2013). These non-peptidergic C-fibers can be recognized by the presence 

of particular isolectins and purinergic receptors. Ad-fibers only use glutamate as 

neurotransmitter and can be identified by antibodies against RT97 (Basbaum, 
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Bautista et al. 2009). Besides these neurotransmitters, nociceptors can 

additionally transmit nociceptive information by releasing prostaglandins, 

adenosine tri-phosphate (ATP) and nitric oxide (NO) into the dorsal horn of the 

spinal cord (Dickenson, Besson et al. 1997). 

 Different groups of nociceptors can detect and transduce different types of 

nociceptive stimuli depending on their trigger (figure 1.7). Thus, nociceptors can 

also be classified according to their sensitivity to three types of nociceptive 

stimulus: mechanical, thermal, or chemical. Most of the C-fibers are designated 

as polymodal, since they are sensible to thermal, mechanical and chemical 

stimuli (Perl 2007). However, there are subgroups of C-fibers that can transduce 

either only thermal, only chemical or both thermal and chemical (all being 

mechano-insensible). A fourth group of C-fibers is classified as silent nociceptors, 

as they are insensitive to noxious mechanical stimuli under normal conditions, 

but become responsive to mechanical stimulation only during inflammation or 

tissue injury (Schmidt, Schmelz et al. 1995). These group of nociceptors has been 

particularly studied in the articulations and are thought to be involved in the 

chronification of pain. 
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1.4.3. From detecting to feeling it: the complex pain pathways 
 Pain, as described by the International Association for the Study of Pain 

(IASP) is ‘An unpleasant sensory and emotional experience associated with, or 

resembling that associated with, actual or potential tissue damage’ (Merskey, 

Bogduk et al. 1994). In a mechanistically point of view, these two elements of a 

Figure 1.7. Somatosensory neurons and types of nociceptors. Somatosensory 
neurons can be divided into three categories according to their degree of myelination, 
diameter, and signal conduction velocity: Ab-fibers, Ad-fibers and C-fibers. Ab-fibers are 
large, heavily myelinated and have fast conduction velocities. Ad-fibers are of medium 
size, have a thin layer of myelin and have intermediate velocity of signal conduction. C-
fibers are the most abundant type, they are small unmyelinated fibers, and conduct 
signals at a slow velocity. While Ab respond to innocuous mechanical stimuli, Ad-fibers 
and C-fibers transduce nociceptive stimuli. Nociceptors can also be subdivided based 
on their neurochemistry. Ad-fibers release mainly glutamate as neurotransmitter. C-
fibers are subdivided into peptidergic and non-peptidergic and, while peptidergic C-
fibers secrete glutamate, substance P and CGRP, non-peptidergic fibers secrete mainly 
glutamate. Peptidergic C-fibers also express TrkA and respond to nerve growth factor 
(NGF), whereas non-peptidergic C fibers respond to glial-derived neurotrophic factor 
(GDNF). Additionally, nociceptors can be categorized according to the type of stimuli 
that they detect, and different markers have been found to identify the different subtypes 
of nociceptors. 
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painful experience, the sensory discriminative component - where it is processed 

the information of the location, intensity, and type of stimuli – and the affective-

motivational component, are processed by two distinct pathways. The sensory 

discriminative component is thought to depend mainly in the transmission of 

information to the somatosensory cortex areas, while the affective-emotional part 

depends on additional cortex areas and brainstem pathways (Purves 2018). Due 

to my work presented in this thesis, I will be focusing on the discriminative 

component of pain, specifically in the spinal cord. 

 

1.4.4. Dorsal horn of the spinal cord as a key intermediary processing 
center 

 The action potentials generated by nociceptive stimuli, detected by the 

nociceptors, are required to be transmitted to the brain for further processing. 

After detection, afferent sensory neurons axons along the peripheral nerves 

conduct the nociceptive information to the spinal cord (Basbaum, Bautista et al. 

2009). As they initiate the sensorial processing, DRG sensorial neurons can also 

be called as first-order neurons. When the axons of these neurons reach the 

dorsal horn of the spinal cord, they typically branch – forming the dorsolateral 

tract of Lissauer –, and climb or dive a few spinal cord segments before 

ingressing into the gray matter (Purves 2018). Afterwards, sensorial axons 

contact and transmit action potentials to second-order neurons located in 

different Rexed’s laminae (system of gray matters layers described by 

neuroanatomist Bror Rexed, who defined them according to the structural 

features of neurons in different regions of cat’s spinal cord) (figure 1.8) (Rexed 

1952, Rexed 1954), which in turn send their axons to cross the spinal cord 

midline, and project them into the brainstem and thalamus – forming the 

anterolateral system (Willis and Westlund 1997). Of note, somatic sensory 

information is conveyed through a different pathway, the dorsal column-medial 

lemniscus pathway, one of the reasons why nociception (and temperature) and 

innocuous stimuli are treated separately (Patestas and Gartner 2016). In the 

spinal cord, most of C-fibers project into laminae I and II, with peptidergic C-fibers 

projecting into the superficial laminae I and outer laminae II and nonpeptidergic 

C-fibers into the inner part of laminae II (figure 1.8). On the other hand, Ad-fibers 
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terminate in laminae I, II and V. Ab-fibers project into lamina III, IV and V (Julius 

and Basbaum 2001, Abraira, Kuehn et al. 2017). The incoming information from 

the different fibers is further transmitted to inhibitory and excitatory interneurons 

and/or projection neurons. While interneurons act as intermediary neurons that 

synapse with other interneurons or with projection neurons within the dorsal horn, 

the latter are responsible for carrying information to the brain (more specifically 

the brainstem and thalamus) (Willis and Westlund 1997).  

1.4.5. Mechanisms of central sensitization 
Following high, long levels of nociceptive afferents stimulation, as a result 

of inflammation, nerve injury or tissue damage, pain can transit from acute to 

chronic. There are two main mechanisms responsible for the chronification of 

pain: peripheral sensitization (increased sensitivity in the peripheral nervous 

system, including nociceptors) and central sensitization, this latter caused by 

structural and functional plasticity in neurons of the spinal cord dorsal horn, which 

amplify signals arriving from the periphery (Julius and Basbaum 2001, 

Latremoliere and Woolf 2009). Chronic pain can be manifested as long abnormal 

pain sensations, including greater sensitivity to painful stimuli (hyperalgesia), pain 

sensation in response to stimuli that would be innocuous in normal conditions 

Figure 1.8. Primary sensory afferents projections into dorsal horn laminae. The cell 
bodies of primary sensory neurons are located in dorsal root ganglia (DRGs) and project 
into the periphery and the dorsal horn of the spinal cord. Different types of primary 
afferent neurons project into the dorsal horn of the spinal cord in a specific termination 
pattern: peptidergic C-fibers (green) and Ad-fibers (blue) project into the most 
superficially lamina I. Additionally, these fibers project into lamina II and lamina V, 
respectively. Non-peptidergic C-fibers (yellow) terminate in the lamina II, while the large 
Ab-fibers (red) project into the laminae II and V. These primary afferents once in the 
spinal cord synapse either with interneurons or projection neurons. 
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(allodynia), and spontaneous pain (Sandkuhler 2009). These central 

sensitization-related phenomena can occur by a conjunction of multiple changes 

in the sensorial afferents and in the spinal cord, including a change in the 

GABAergic and/or glycinergic inhibition neurotransmission (disinhibition) and 

long-term potentiation (LTP) (Latremoliere and Woolf 2009).  

 While most of the current knowledge in the pain field has been acquired in 

a neuronal-centered view, current treatments for pain focusing on blocking 

neurotransmission and neuronal activity have so far resulted in very limited 

success. However, there is increasing evidence for the involvement of non-

neuronal cells and its factors in the development and maintenance of chronic pain 

(Scholz and Woolf 2007), explored in sections 1.4.7-1.4.8, which suggest that 

additional targeting of these cells might improve the management of pain. 

  

1.4.6. The neurovascular unit 
For a proper CNS function, the CNS demands large amounts of oxygen, 

metabolites, and factors. This is being accomplished by the presence of a vast 

network of vessels. However, at the same time, the CNS needs to be protected 

from molecules and toxins circulating in the bloodstream that otherwise could 

provoke damage. Thus, the microvasculature of the CNS developed special 

barriers called BBB and blood-spinal cord barrier (BSCB). (Daneman and Prat 

2015) The demonstration of such barriers was achieved more than 100 hundred 

years ago when an intravenously injected dye (trypan blue) failed to stain the 

brain and the spinal cord, and an injection into the cerebrospinal fluid (CSF) filled 

area (more specifically the subarachnoid space) resulted in dye extravasation 

into the brain but not the into the blood (Goldmann 1909, Goldmann 1913). Thus, 

suggesting indeed the existence of a separation between the blood and the CNS. 

In close proximity to the ECs that make the BBB and the BSCB, it is 

possible to find additional cells that are involved in the development and 

maintenance of the barriers. Altogether, these tightly connected cells form the 

neurovascular unit (NVU), constituted by cellular and non-cellular players, such 

as ECs, basement membrane, pericytes and/or vascular smooth muscle cells, 

astrocytes, microglia and neurons (figure 1.9) (Schaeffer and Iadecola 2021). 

Since the role of neurons in pain is considerably well described, in the next 
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subsections I introduce the importance of non-neuronal cell types and their 

significance for chronic pain. 

 

1.4.6.1. Endothelial cells 
The BBB and the BSCB exist primarily as a barrier constituted by a thin 

layer of ECs with special features when compared to those in the periphery 

(Bartanusz, Jezova et al. 2011, Daneman and Prat 2015). More recently, taking 

advantage of next-generation sequencing, studies have shown a clear distinct 

transcriptomic profile between CNS ECs and peripheral ECs (Munji, Soung et al. 

2019, Jambusaria, Hong et al. 2020, Kalucka, de Rooij et al. 2020). ECs of the 

CNS are characterized by the absence of cell membrane fenestrations 

(Fenstermacher, Gross et al. 1988), a high number of mitochondria (Oldendorf, 

Cornford et al. 1977) and absence of pinocytic vacuoles (Sedlakova, Shivers et 

al. 1999), giving the endothelium the capacity for high metabolic activity - to be 

Figure 1.9. The neurovascular unit and the composition of the blood spinal cord 
barrier. The neurovascular unit (NVU) is characterized by the association of different 
cell types and extracellular matrix. Endothelial cells (ECs) form the sphere-shaped blood 
vessels and are surrounded by pericytes and basal membrane. Astrocytes send their 
endfeet to ensheath these cells and matrix, and nearby microglia and neuronal 
terminations communicate with the remaining cells. Interactions between all these NVU 
constituents is essential for the development and maintenance of a proper blood spinal 
cord barrier (BSCB). This barrier is mainly achieved by the presence of tight junctions, 
such as claudins, jams and occludin, which highly restrict the paracellular passage of 
molecules, cells, and factors. Additionally, adherens junctions also support the tightness 
achieved between ECs. These tight junctions and adherens junctions in turn form a 
structural association with zonula occludens (ZO) or catenins, which are linked to the 
actin cytoskeleton. 
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able to fuel all the active transport mechanisms constantly ongoing - and, 

simultaneously, restrict free transcellular passage of molecules from the blood to 

the parenchyma (Hawkins and Davis 2005). This reduced paracellular diffusion 

is achieved by the presence of numerous interendothelial junctions: the tight 

junctions, adherens junctions, and gap junctions (figure 1.9) (Bernacki, 

Dobrowolska et al. 2008, Abbott, Patabendige et al. 2010). However, while the 

presence of both barriers is essential, it simultaneously creates an obstacle for 

possible drug administration targeting the CNS. To overcome it, it is important to 

develop strategies for creating a transitory increase of permeability for drug 

passage (Bellettato and Scarpa 2018, Boye, Geraldo et al. 2022). 

1.4.6.2. Junctional complexes for barrier integrity 
The presence of transmembrane tight junction proteins, such as occludin, 

claudins and junction associated molecules (Jams) are essential for the 

development of the EC barrier properties. In the cytoplasm, additional proteins 

such as zonula occludens (ZOs) associate with the tight junctions and connect 

them to the cellular actin cytoskeleton, ensuring the stability of these protein 

complexes (Wolburg and Lippoldt 2002). 

Within the different tight junctions, the first to be identified was occludin, a 

65 kilodalton (kDa) protein initially found in chicken (Furuse, Hirase et al. 1993) 

and afterwards found to be also in mammals (Ando-Akatsuka, Saitou et al. 1996). 

It was shown to be regulated postnatally, with its expression increasing from 

postnatal day 8 to postnatal day 70 (Hirase, Staddon et al. 1997). The role of 

occludin is still controversial. In occludin null mice, tight junctions present a similar 

morphology to the ones in wild-type (WT) mice, suggesting that occludin is not 

essential for tight junctions’ formation (Saitou, Furuse et al. 2000). However, the 

opposite has been suggested, with multiple studies showing that occludin is an 

important protein controlling paracellular permeability (Balda, Whitney et al. 1996, 

Wong and Gumbiner 1997). 

Claudins are a large family of tight junction proteins that are differently 

present in different tissues. Within this family, claudin-5 was shown to be 

particular important for the formation and maintenance of endothelial barriers. In 

claudin-5 deficient mice, molecules that would normally not cross the barrier were 

able to, even if the morphology of BVs was not altered (Nitta, Hata et al. 2003). 
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Additionally, Vegf signaling was shown to promote BBB breakdown by disrupting 

claudin-5 (Argaw, Gurfein et al. 2009) 

Besides occludin and claudins, Jams also contribute for the EC barrier 

integrity. The Jam family is composed of Jam-1, Jam-2, and Jam-3, and can be 

found in ECs, epithelial cells and other cell types (Mandell and Parkos 2005). In 

these cells, Jam was shown to regulate tight junctions assembly in epithelial cells 

(Liu, Nusrat et al. 2000) and to be involved in the control of angiogenesis by 

enhancing EC migration (Naik, Mousa et al. 2003) and regulating bFGF-induced 

angiogenesis (Naik, Mousa et al. 2003a). 

In addition to tight junctions, adherens junctions also contribute for the 

barrier integrity. Adherens junctions are mainly comprised by cadherin and 

catenin family members, such as vascular endothelial (VE)-cadherin and a-/b-/p-

120-catenin proteins, respectively. Similar to tight junctions, adherens junctions 

are also connected to the actin cytoskeleton (Hartsock and Nelson 2008). The 

protein complexes, in special VE-cadherin, are described to be important for BBB 

integrity (Corada, Mariotti et al. 1999) and angiogenesis (Wallez, Vilgrain et al. 

2006). 

1.4.6.3. Pericytes 
 Pericytes, previously known as Rouget cells after being discovered by 

Charles Rouget, are mural cells found alongside microvessels, being surrounded 

by the basal membrane together with ECs (Bergers and Song 2005). They 

actively influence the endothelial function by secreting multiple factors such as 

Tgf-b, angiopoetin-1 (Ang1) and Vegf (Wilhelm and Krizbai 2014). Pericytes have 

been demonstrated to play an important role in EC barrier formation and vessel 

stability. Pericyte loss was shown to lead to increased BBB permeability (Lindahl, 

Johansson et al. 1997, Armulik, Genove et al. 2010) and, while vessel density, 

length and branching was not altered in a pericyte loss mouse model, ECs 

presented hyperplasia and abnormal EC shape and structure (Hellstrom, 

Gerhardt et al. 2001). Another well described role for pericytes is in controlling 

blood flow (Peppiatt, Howarth et al. 2006, Hall, Reynell et al. 2014). Furthermore, 

pericytes are able to induce occludin expression in ECs by secreting Ang1(Hori, 

Ohtsuki et al. 2004) and contribute for the formation of EC tight junctions 

(Daneman, Zhou et al. 2010, Sagare, Bell et al. 2013). 
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1.4.6.4. Astrocytes 
 Astrocytes are specialized glial cells, and one of the most abundant cells 

in the CNS. To communicate with the other cells of the NVU, particularly 

pericytes, neurons and ECs, these star-shaped cells use their several foot 

processes for contacts (Abbott, Patabendige et al. 2010). Astrocytes have a key 

role in inducing and maintaining barrier integrity (Janzer and Raff 1987), as 

shown in in vitro studies where co-cultures of ECs with astrocytes resulted in 

enhanced (in terms of length, width and complexity) tight junctions (Tao-Cheng, 

Nagy et al. 1987). Several factors are synthesized by astrocytes that may 

influence ECs, such as Tgf-b, glial cell derived neurotrophic factor (Gdnf) and 

basal Fgf (Wilhelm and Krizbai 2014). Communication between astrocytes and 

endothelial cells is not only done by secretion of factors, but also occurs through 

calcium signals, influencing permeability and BBB functioning (Braet, Paemeleire 

et al. 2001). Additionally, astrocytes play an important intermediary role between 

neurons and ECs, as they respond to neuronal activity and consequently 

modulate cerebral blood flow (Attwell, Buchan et al. 2010, Gordon, Howarth et al. 

2011). 

1.4.6.5. Basement membrane 
As a non-cellular member of the NVU, the basement membrane is 

constituted by collagens, laminins, and other extracellular matrix proteins. It is 

mainly produced by NVU cells and surrounds ECs and pericytes (Kalluri 2003, 

LeBleu, Macdonald et al. 2007, Stratman and Davis 2012). Despite not being as 

well studied as the cellular members of the NVU, the basement membrane 

contributes for the regulation of the BBB regulation (Berzin, Zipser et al. 2000, 

Gautam, Zhang et al. 2016), as it was shown that BBB breakdown occurs in part 

due to changes in the basement membrane composition (Rascher, Fischmann et 

al. 2002). In line with that, collagen IV, one of the most abundant proteins of the 

basement membrane, can regulate occludin expression and location in ECs 

(Savettieri, Di Liegro et al. 2000), and was shown to be able to regulate 

angiogenesis (Bonanno, Iurlaro et al. 2000, Mundel and Kalluri 2007, 

Bahramsoltani, Slosarek et al. 2014).  
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1.4.6.6. Microglia 
Due to its sensitivity and importance, the CNS is constantly immune 

surveyed by two main CNS-resident immune cells, the microglia, and 

macrophages, to be able to quickly respond to possible insults (Nimmerjahn, 

Kirchhoff et al. 2005). Microglia are the primary immune cell type in the CNS and 

are present in the first steps of embryogenesis, as early as E10.5, when glial cells 

(astrocytes and oligodendrocytes) are still absent (Ginhoux, Greter et al. 2010). 

Already at this stage, microglia play a role in supporting and controlling CNS 

vascularization (Fantin, Vieira et al. 2010, Rymo, Gerhardt et al. 2011). While it 

is still debatable and further evidence is required, it is suggested that microglia 

shape the nervous system circuitry by eliminating synapses at embryonic and 

postnatal stages (Stevens, Allen et al. 2007, Perry and O'Connor 2010, Paolicelli, 

Bolasco et al. 2011, Schafer, Lehrman et al. 2012). Additionally, microglia also 

influence the survival of layer V neurons in the somatosensory cortex via insulin-

like growth factor-1 (IGF-1) secretion (Ueno, Fujita et al. 2013). Microglia 

phenotype is highly controlled by interactions with neurons and astrocytes, whose 

factors down-regulate the active state of microglia and contribute for the 

dampening of inflammation in the CNS (Neumann, Misgeld et al. 1998, Hoek, 

Ruuls et al. 2000, Lee, Schwab et al. 2011). Finally, microglia can be found 

associated with vessels, regulating their structure, and modulating blood flow 

during neurovascular coupling (Luo, Gao et al. 2014, Bisht, Okojie et al. 2021, 

Csaszar, Lenart et al. 2022) 

 

Overall, these previous sections show that not only during embryonic 

development but also in adulthood, different cells (and in particularly the ones 

from the NVU) require constant communications with each other’s for achieving 

their proper function. 

 

1.4.7. Contribution of the spinal cord NVU to chronic pain 
In parallel to neuronal-linked mechanisms, non-neuronal NVU cells are 

increasingly getting recognized as initiators and modulators of chronic pain 

(Scholz and Woolf 2007, McMahon and Malcangio 2009, Milligan and Watkins 

2009, Ren and Dubner 2010). This section is not intended to be a complete 

description of all the NVU-linked factors and NVU alterations in pain, but instead 
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its goal is demonstrating the importance of NVU cells in chronic pain by giving 

some main examples. Great reviews about the topic are available for further 

reading (Willis, Brooks et al. 2008, Ji, Berta et al. 2013, Radu, Bramanti et al. 

2013, Xu, Li et al. 2023). 

The association between pain and glia activation was first described in the 

spinal cord after nerve injury, where an increase of glial fibrillary acidic protein 

(Gfap) immunoreactivity was observed (Garrison, Dougherty et al. 1991). To 

date, Gfap, which is a major constituent of astrocyte intermediate filaments, is 

recurrently used as a marker of astrocytes and reactive astrocytes (Eng, 

Vanderhaeghen et al. 1971), however by itself it is not an absolute marker of 

reactivity (even if often correlates with injury severity) as astrocytes can present 

different levels of Gfap expression due to physiological adaptive plasticity 

(Escartin, Galea et al. 2021). In neuropathic pain models, proliferation of 

astrocytes in the spinal cord contributes for the development of pain (Liu, Rudin 

et al. 2000, Tsuda, Kohro et al. 2011), with its inhibition resulting in reduced pain 

sensitivity (Tsuda, Kohro et al. 2011). Generally, astrocyte reactivity is present in 

multiple pain models (either by assessing Gfap levels or astrocyte morphological 

changes) such as spinal cord injury (Garrison, Dougherty et al. 1994, Nesic, Lee 

et al. 2005, Zhuang, Wen et al. 2006) and complete Freund’s Adjuvant (CFA) 

administration (Raghavendra, Tanga et al. 2004, Sun, Cao et al. 2007, Gao, Xu 

et al. 2010). In a temporal view, astrocyte reactivity seems to be more persistent 

compared to microglial reactivity, with Gfap upregulation being present up to 150 

days after nerve injury and 9 months after spinal cord injury (Nesic, Lee et al. 

2005, Zhuang, Gerner et al. 2005, Zhang and De Koninck 2006, Gwak, Kang et 

al. 2012).  

Similar to astrocytes, microglia reactivity is also visible in the spinal cord 

of nerve injury and inflammation pain models and, its neutralization via antibodies 

or CX3C motif chemokine receptor 1 (Cx3cr1) genetic KO, results in inhibition of 

inflammatory and neuropathic pain (Verge, Milligan et al. 2004, Zhuang, 

Kawasaki et al. 2007). Chemokine ligand 2 (Ccl2) is a well-known chemokine 

playing a role in neuropathic pain and linked to microglia reactivity. Ccl2 promotes 

microgliosis in the spinal cord (Zhang, Shi et al. 2007, Thacker, Clark et al. 2009) 

and its signaling blockage by antagonizing or knocking-out its receptor 

chemokine receptor 2 (Ccr2) results in reduced microgliosis and neuropathic pain 
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(Zhang, Shi et al. 2007) (Abbadie, Lindia et al. 2003). Similarly, interferon-g 

upregulation after nerve injury strongly activates microglia, which is abrogated 

together with mechanical allodynia in interferon-g KO mice (Tsuda, Masuda et al. 

2009). ATP-mediated activation of P2X ion channels and toll-like receptors 

(TLRs) are also well characterized mechanisms that activate microglia in pain 

models (Tanga, Nutile-McMenemy et al. 2005, Kim, Kim et al. 2007, Trang, 

Beggs et al. 2012, Tozaki-Saitoh, Takeda et al. 2022). Several other pro-

inflammatory factors and cytokines have been described to promote and maintain 

inflammatory and neuropathic pain, such as tumor necrosis factor-a (TNF-a) 

(Zhang, Berta et al. 2011), interleukin-1b (IL-1b) (Clark, Staniland et al. 2010), IL-

6 (Zhou, Liu et al. 2016), IL-18 (Miyoshi, Obata et al. 2008) and others. 

 

1.4.8. BSCB permeability in pain 
While it is not as well studied as astrocytes and microglia, the vasculature 

can also contribute for the development and maintenance of pain. In particular, 

BSCB permeability and integrity has been found to be compromised in several 

inflammatory and nerve injury pain models. After peripheral nerve injury, the 

BSCB permeability was found to be increased (assessed by accumulation of 

Evans Blue (EB) and horseradish peroxidase, used as tracers), with its peak at 

24h-48h, returning to normal levels after 7 days (Beggs, Liu et al. 2010). 

Stimulation itself of C-fibers, but not A-fibers, either by electrical stimulation or 

capsaicin application, is able to increase BSCB permeability at 24h, suggesting 

that neuronal activity might modulate it (Beggs, Liu et al. 2010). Moreover, BSCB 

is also more permeable in rats with chronic constriction injury (CCI) between 1- 

and 7-days using the sodium fluorescein (NaFlu) tracer (Sauer, Kirchner et al. 

2017, Li, Huang et al. 2020). In rats with contusive-compressive spinal cord injury 

(SCI), increased EB extravasation into spinal cord parenchyma is equally 

observed, happening as early as 1h after injury and being maintained up to 5 

days post injury (Figley, Khosravi et al. 2014). In partial sciatic nerve ligation, in 

rats, increase of BSCB permeability was found at 3, 7 and 28 days at lumbar 

levels using EB and NaFlu (Echeverry, Shi et al. 2011). Additional plasma 

proteins (immunoglobulin (IgG) and fibronectin) were found to extravasate from 

the blood into the plasma. This barrier opening can be in part explained by the 
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downregulation of junctions (ZO-1, occludin and caveolin-1) in microvessels after 

3 days of injury (Echeverry, Shi et al. 2011). On the other hand, microglia seemed 

to not be involved as administration of a microglial inhibitor (minocycline) did not 

prevent EB extravasation (Echeverry, Shi et al. 2011). 

One of the ways that BSCB increased permeability might contribute for 

pain sensitivity is by allowing the infiltration of T-lymphocytes. Indeed, T-

lymphocyte-deficient mice (Rag1 null mice) display significantly less pain 

sensitivity after spared nerve injury (SNI), particularly at later timepoints (7 to 21 

days) and not at early timepoints (3 days) (Costigan, Moss et al. 2009). This result 

is corroborated by the reduction in hypersensitivity in T-lymphocyte-deficient 

nude mice after SNI (Costigan, Moss et al. 2009) or L5 spinal nerve transaction 

(Cao and DeLeo 2008). Mechanistically, in rats with CCI, injecting intrathecally 

neutralizing C-X-C motif chemokine ligand 10 (Cxcl10) antibody reversed the 

increase of BSCB permeability and T-lymphocyte infiltration, and alleviated 

hyperalgesia, suggesting a role for Cxcl10 signaling in neuropathic pain (Li, 

Huang et al. 2020). 

Overall, an opening of the BSCB has been described in pain conditions. 

However, reports using different animal models of pain or even within the same 

model, present different outcomes, such as the degree of permeability, the 

temporal window of such opening and the spatial information of the BSCB 

disruption. Additionally, multiple studies focus on individual analysis, missing a 

possible link between BSCB permeability, NVU activation and pain. 



Aims of the thesis 

 33 

2. AIMS OF THE THESIS 

The CNS and the vascular system maintain constant communications to achieve 

proper CNS function. Yet, how they interact during development, adulthood and 

pathology are still largely unknown. The aim of the present thesis is to further 

investigate the association of both systems in the spinal cord during embryonic 

development and in pain pathology. For this I established the following aims: 

 

1. To characterize the correlation between neural development and spinal 

cord vascularization. 

 

2. To unravel the cellular and molecular mechanisms used by neural cells 

to control vascular patterning in the developing spinal cord. 

 

3. To elucidate the consequences of altered vascular patterning in the 

development of the neural compartment. 

 

4. To investigate the contribution of the NVU for the development of 

chronic pain. 
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3. RESULTS 
Note: The results presented in the section 3.1 have been partially 

published and can be found in Vieira et al., 2022 (Vieira, Shah et al. 2022), where 

I am the first author of the study. Results or experimental procedures performed 

by colleagues and collaborators are described in the respective figure legends 

and in the methods section. 

3.1. Neurovascular interactions during spinal cord development 

3.1.1. Neural-vascular proximity occurs during early spinal cord 
vascularization 
As previously described, from the PNVP, BVs ingress into the ventral part 

of the developing spinal cord at very specific locations and, already within the 

spinal cord, follow highly stereotypical patterns (Himmels, Paredes et al. 2017, 

Vieira, Shah et al. 2020). This raised the hypothesizes that this patterning could 

be resulting from the involvement of the different neural cell populations in 

directing vessel growth. To address that, the positioning of growing BVs and the 

neural cells at E11.5, when BVs already invaded the spinal cord and further 

branched and elongated, was characterized. In agreement with previous work 

(Himmels et al., 2017), BVs ingress in between the FP (Figure 3.1A, blue 

arrowhead) and MN columns (Figure 3.1A), while avoiding to ingress into these 

areas, and extend through the V3 postmitotic interneuron cluster (Figure 3.1B). 

In addition, BVs also entered the spinal cord laterally to the MN columns through 

the V1 postmitotic interneuron cluster (Figure 3.1C,D). Already within the spinal 

cord, interestingly, vessels extended and surrounded the V2 and V0 postmitotic 

interneurons cluster (Figure 3.1E,F). Similar to what happens in the developing 

mouse brain, vessels grow along the central canal next to the RGCs (Takahashi, 

Takase et al. 2015, Himmels, Paredes et al. 2017). These results demonstrate 

that vessels are in very close proximity with the different neural cells and prefer 

to ingress into the spinal cord through specific interneuron populations while 

surrounding and avoiding to invade other populations.  
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3.1.2. The predicted developing ventral spinal cord interactome reveals 
extensive crosstalk between neural cells and ECs 
Considering that neural and vascular cells are physically intermingled, it is 

plausible that ventral postmitotic neurons, FP and ECs communicate with each 

other. To understand the molecular mechanisms that might be controlling vessel 

patterning within the SC, in silico analyses to identify those potential interactions 

were performed. For that, taking advantage of a previously published single cell 

RNA sequencing (scRNAseq) of the developing spinal cord (Delile, Rayon et al. 

2019), the sequencing data of the following ventral neural spinal cord-located 

Figure 3.1. Vessel growth patterning within the spinal cord correlates with neural 
cell positioning. Representative images of spinal cord sections stained for blood vessels 
(IsoB4+) and their spatial location within neural cells: floor plate (IsoB4+, blue arrow in 
higher magnification inset) (A), V3 interneurons (Sim1+) (B), Motor neurons (Isl1/2+, white 
dashed circle) (C), V1 interneurons (En1+) (D), V0 interneurons (Evx1/2+) (E) and V2 
interneurons (Chx10+) (F). Scale bars 100 µm for all images.  
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cells was extracted: FP; V0, V1, V2 and V3 interneurons; all motor neurons; and 

the blood cell cluster containing ECs (Figure 3.2A). To identify the ECs within the 

blood cell cluster, the cluster was filtered in order to select only the cells 

expressing the canonical EC markers Kdr, Cdh5 and Pecam1 (Figure 3.2A) 

(Khan, Taverna et al. 2019, Kalucka, de Rooij et al. 2020, Rohlenova, Goveia et 

al. 2020). As the focus was on early spinal cord vascularization – when the 

process is highly stereotypical - only cells derived from embryos younger than 

E11.5 (inclusive) were further considered. To identify potential cell-cell 

communication pathways between the selected cells, the tool CellChat (Jin, 

Guerrero-Juarez et al. 2021), which analyses scRNA-seq data based on a 

curated database of experimentally identified ligand-receptor interactions, was 

used (Figure 3.2A). Reflecting how intermingled and proximal the neural cells are 

to ECs, the predicted interactome showed that all the different cell types were 

theoretically able to communicate to each other (Appendix Fig. 1A). Furthermore, 

the communication was bidirectional, as all neural cells could signal to ECs 

(Figure 3.2B), and ECs could also potentially signal to all neural cells (Figure 

3.2C). This interactome approach has the advantage that filters and returns only 

ligands that can indeed signal to ECs since their receptor is present in ECs, 

Figure 3.2. Predicted bidirectional interactions between ECs and neural cells. (A) 
Scheme representing the bioinformatic pipeline used to obtain the cell-cell interactome 
prediction. (B-C) Graphs showing the predicted signaling from ventral neural cells to 
endothelial cells (ECs) (B) and from ECs to ventral neural cells (C). (D) Predicted ligands 
used as communication from floor plate (FP) to ECs and from ECs to FP. 
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excluding any ligand that might be expressed by neural cells, but ECs cannot 

sense (the same for EC signaling to neural cells) – as exemplified between FP 

and ECs (Figure 3.2D). 

Through the immunohistochemistry characterization presented above 

(see Figure 3.1), together with the interactome results, I then built an 

angiogenic/anti-angiogenic gene expression map to identify the angiogenic and 

anti-angiogenic regulators expressed in neural-occupied regions that are 

permissive or not for vessel growth. To exemplify, considering the 

immunohistochemistry characterization, the FP is a region avoided by vessels, 

suggesting it might express and secret anti-angiogenic factors. Thus, by filtering 

the predicted signaling from the FP to ECs for described repulsive molecules, it 

would be possible to find the top candidates for the FP-mediated EC repulsion. 

For example, the predicted Sema3E and Wnt5 could be potential repellents for 

ECs, as both have been described to inhibit angiogenesis (Shi, Zhu et al. 2017). 

Additionally, while not explored in this work, this approach also allows to 

understand how the growing vasculature influences developing neural cells 

during spinal cord formation, by determining the factors expressed by ECs that 

are able to signal to the different neural cells. 

 

3.1.3. Semaphorin class 3 signaling is predicted as a MN-EC 
communication 
When looking at the possible signals involved in the predicted developing 

ventral spinal cord interactome, five signaling pathways were predominant: the 

Notch, Epha, Laminin, Jam and Sema3 (Figure 3.3A). Interestingly, while the first 

four pathways were equally involved in the potential communication between ECs 

and all the neural cell types (Appendix Fig. 1B-E), the Sema3 pathway was 

predominantly used as communication between MNs and ECs (Figure 3.3B). 

Closer analysis to the MN-EC Sema3 communication revealed that the strongest 

predicted interaction was between MN-derived Sema3C and EC-PlexinD1 (with 

or without Nrp1 as co-receptor) (Figure 3.3C). 

Considering that Sema3C-PlexinD1-Nrp1 signaling was described to be 

involved in the repulsion of ECs during pathological angiogenesis (Yang, Hu et 

al. 2015), I hypothesized that the predicted Sema3C-PlexinD1 signaling could 

play a role in maintaining MN columns avascular for the precise development 



Results 

 39 

time window between E9.5-E12.5 (Figure 3.1C). First, to confirm the in-silico 

analysis, PlexinD1, Nrp1 and Sema3C temporal and spatial expression were 

characterized in the developing spinal cord. PlexinD1 mRNA was exclusively 

found in ECs (Figure 3.3D and 3.3G) at all spinal cord levels (Appendix Fig. 1H) 

and its peak expression occurred at E11.5 (Appendix Fig. 1F-G). Nrp1 was found 

primarily in ECs and MNs in the developing spinal cord, result in agreement with 

a previous study (Himmels, Paredes et al. 2017), with its peak expression 

occurring between E10.5-E11.5 (Appendix Fig. 1I-L). The expression of Sema3C 

in the ventral spinal cord was found to be mainly in MNs (Figure 3.3E-F and 

Appendix Fig. 2A) and, as seen for PlexinD1 and Nrp1, its peak of expression 

occurred at E11.5 (Appendix Fig. 2B-C). When looking in more detail to the MN-

specific expression of Sema3C, its expression was detected in all MN columns, 

but with higher levels in the MMC, found at brachial and lumbar levels (Appendix 

Fig. 2D-G). 
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Figure 3.3. MN-derived Sema3C is predicted to interact with EC-specific PlexinD1 in 
the embryonic developing spinal cord. (A) List of the top five signaling pathways 
(ordered by the total number of interactions) used between cell types. (B) Representation 
of the interactions predicted between the different cell types using the Sema3 signaling 
pathway network. (C) Representation of the Sema3 signaling from MNs to ECs, showing 
the MNs-expressed Sema3 family ligands and their respective EC-expressed receptors 
(D-E) Plot of the predicted expression of PlexinD1 (D) and Sema3C (E) in the different cell 
types between E9.5 to E13.5, using previously published single-cell RNAseq data (Delile, 
Rayon et al. 2019). (F-G) Representative images of RNAscope Multiplex Fluorescent 
Assay using Sema3C (F) and PlexinD1 (G) probes combined with staining for blood 
vessels (IsoB4+) at E11.5. Inset shows higher magnification of MN columns. Scale bars 
100 µm. 
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3.1.4. Global and EC-specific PlexinD1 loss results in premature MN 
column vascularization 
Confirmed the expression of both ligands and receptors, the requirement 

for PlexinD1 and Nrp1 in ECs in preventing ingression of BVs into MN columns 

in mouse embryos was initially evaluated by performing an in vitro assay 

previously named by my research group as ‘tube-touching assay’ (Figure 3.4A) 

(Himmels, Paredes et al. 2017). In this assay MN explants from E11.5 embryonic 

spinal cords are co-cultured together with ECs on a matrigel layer, where ECs 

assemble into 3D tubes and can either touch the explant (attractive response) or 

not contact and be repelled (repulsive response) (Figure 3.4A) (Himmels, 

Paredes et al. 2017). MN explants from E11.5 BL6 WT mice were microdissected 

via open-book preparation and co-cultured in matrigel with human brain 

microvascular ECs (HBMECs) previously transfected with a non-targeting control 

small interfering RNA (siRNA), to exclude non-specific effects related to the 

transfection, or with siRNA to knockdown PlexinD1 or Nrp1 expression (Appendix 

Fig. 3A-B). Quantification of the number of HBMEC tubes contacting the MN 

explants 16h after starting the co-cultures demonstrated that knocking down 

either receptor (HBMECs-PlexinD1-KD or HBMECs-Nrp1-KD) resulted in a 

higher number of HBMEC-KD tubes touching the MN explants compared to the 

control (HBMECs-Control-KD) (Figure 3.4B-C and Appendix Fig. 3C-D). These 

differences were independent on the explant size (Appendix Fig. 3E-F). Together 

with the expression pattern in vivo, these results suggest that the receptor 

complex PlexinD1-Nrp1 in ECs is involved in the repulsive response of ECs 

towards MNs during spinal cord development. To confirm whether the repulsive 

response of ECs via PlexinD1 signaling prevents premature ingression of BVs 

into MN columns in vivo, characterization of MN columns vascularization in WT 

and PlexinD1 full KO embryos (lacking PlexinD1 expression in all cells) was 

performed (Appendix Fig. 4A). With the assumption that PlexinD1 signaling could 

result into EC repulsion and thus prevent premature ingression of BVs into MN 

columns, analysis were focused at E11.5 when MN columns remain avascular 

(Figure 3.1C). PlexinD1 KO embryos presented a strikingly increased 

vascularization and vessel length in MN columns, at all spinal cord levels, 

compared to PlexinD1 WT embryos (Figure 3.4D-F), and an overall increase of 

total spinal cord vascularization (Appendix Fig. 4B). 
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Figure 3.4. PlexinD1 regulates vessel ingression into motor neuron (MN) columns. 
(A) Scheme of the steps followed to perform the in vitro “tube-touching” assay. BL6 wild-
type (WT) mouse embryos were dissected at E11.5, and the isolated spinal cords were 
flattened via open book preparation. MN explants were then microdissected. WT MN 
explants were co-cultured in matrigel with HBMECs transfected with either siRNA Ctrl 
(HBMECs-Control) or siRNA PlexinD1 (HBMECs-PlexinD1-KD). 
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To better understand the increase in BVs in MN columns, their patterning 

was also investigated by studying the ingression angle of BVs from the PNVP 

into the ventral spinal cord (from 0° to 90°, with the FP being the reference for 0°) 

(James, Gewolb et al. 2009, Himmels, Paredes et al. 2017). While in WT embryos 

BVs avoid entering into the spinal cord through the MN columns (located between 

20° to 55°), in PlexinD1 KO embryos BVs ingressed regularly through the MN 

columns (Figure 3.4G-H), reinforcing the hypothesis that PlexinD1 signaling in 

ECs is necessary to keep vessels outside the MN columns. 

It was previously described that, at later stages (E15.5 onward), PlexinD1 

is expressed in DRG sensory neurons in order to control sensory-MN 

connections (Pecho-Vrieseling, Sigrist et al. 2009, Fukuhara, Imai et al. 2013). 

While the presence of PlexinD1 in any other cell type of the spinal cord except in 

ECs could not be detected - at the developmental time points studied – (Figure 

3.3G and Appendix Fig. 1H), to completely rule out the contribution of PlexinD1 

signaling from other cell types (perhaps express at low undetectable levels) I 

decided to confirm the cell autonomous role of PlexinD1 in ECs. For this, 

transgenic PlexinD1 fl/flTie2:Cre embryos, where PlexinD1 is specifically KO in ECs 

under the EC-specific promotor Tie2, were generated and analyzed. PlexinD1 

(B) Representative images of the “tube-touching” assay showing HBMEC tubes touching 
MN explants. Red arrowheads in (A) and (B) indicate contacts between HBMEC tubes 
and explants.(C) Quantification of the number of either HBMECs-Control or HBMECs-
PlexinD1-KD tubes touching MN explants, normalized to the explant perimeter (n=72 
explants siRNA Ctrl, n=77 explants siRNA PlexinD1, from 2 independent experiments 
(each experiment consisting of 2 independent litters). (D) Representative images of 
spinal cord sections at thoracic level stained for vessels (IsoB4+) and MNs (Isl1/2+) 
showing increased vessel ingression into the MNs columns of PlexinD1 KO embryos 
compared with WT littermates (E11.5). Insets showing higher magnifications of MN 
columns. (E-F) Quantification of blood vessel density (E) and length (F) in MN columns 
of WT and PlexinD1 KO embryos at E11.5. n=6 WT, n=5 PlexinD1 KO for vessel density; 
n=6 WT, n=6 PlexinD1 KO for vessel length, from two independent litters. (G) 
Representative images of vessel (IsoB4+) ingression analysis in the ventral part of the 
spinal cord in WT and PlexinD1 KO embryos (E11.5) at thoracic level. Dashed lines 
indicate the angle of ingression into the spinal cord of the PNVP-derived sprouts. Insets 
showing higher magnifications of MN columns. (H) Quantification of the angles of vessel 
ingression into the ventral half of the spinal cord (0° to 90°). n=6 WT and n=6 PlexinD1 
KO at E11.5, from two independent litters; two-way ANOVA with Sidak’s multiple 
comparisons test. Parametric distribution, two tailed unpaired Student’s t-test for (C), (E) 
and (F). All data shown as mean ± SD. All scale bars 100 µm. 
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fl/flTie2:Cre mice were generated by crossing PlexinD1 floxed mice (PlexinD1 fl/fl, 

further used as control littermates) (Zhang, Singh et al. 2009) with the Tie2:Cre 

mouse driver line (Kisanuki, Hammer et al. 2001) (Figure 3.5A and Appendix Fig. 

4C). Similar to the PlexinD1 KO phenotype, PlexinD1 fl/flTie2:Cre embryos 

presented a significant increase of BVs ingressing into the MN columns at E11.5 

(Figure 3.5B-D), as well as total spinal cord vascularization (Appendix Fig. 4D), 

indicating that specific deletion of PlexinD1 in ECs is sufficient to cause the 

premature ingression of BVs into MN columns. Also, this premature 

vascularization resulted from the ingression of vessels from the PNVP through 

the MN columns (Figure 3.5E-F). Altogether, these results demonstrate a role for 

PlexinD1 in ECs during MN column vascularization and suggest that activation of 

PlexinD1 in ECs governs EC patterning. 
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Figure 3.5. EC-specific loss of PlexinD1 causes premature MN column 
vascularization. (A) Scheme showing Tie2 expression in ECs of blood vessels to 
illustrate the use of Tie2-Cre to generate EC-specific PlexinD1 knockout mice (PlexinD1 
fl/flTie2:Cre) by crossing Tie2:Cre mice with PlexinD1 fl/fl mice. (B) Representative images 
of spinal cord sections at thoracic level stained for vessels (IsoB4+) and MNs (Isl1/2+) 
showing increased vessel ingression into the MNs columns of PlexinD1 fl/flTie2:Cre 

embryos compared with control littermates at E11.5. Insets showing higher 
magnifications of MN columns. (C-D) Quantification of blood vessel density (C) and 
length (D) in MN columns of PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos at E11.5. n=4 
PlexinD1 fl/fl, n=6 PlexinD1 fl/flTie2:Cre, from two independent litters. (E) Representative 
images of vessel (IsoB4+) ingression analysis in the ventral half of the spinal cord at 
thoracic level in PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos at E11.5. Dashed lines 
indicate the ingression angle of the PNVP-derived sprouts into the spinal cord. Insets 
showing higher magnifications of MN columns. (F) Quantification of vessel ingression 
angles into the ventral half of the spinal cord (0° to 90°). n=4 PlexinD1 fl/fl, n=6 PlexinD1 
fl/flTie2:Cre at E11.5, from two independent litters; two-way ANOVA with Sidak’s multiple 
comparisons test. Parametric distribution, two tailed unpaired Student’s t-test for (C) and 
(D). All data shown as mean ± SD. All scale bars 100 µm. 
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3.1.5. Motor neuron-specific Sema3C loss causes premature MN 
vascularization  
The analysis of predicted interactions between MNs and ECs (Figure 

3.3C) indicated MN-derived Sema3C as the potential ligand for PlexinD1 in ECs. 

Considering the validation of Sema3C expression in MNs using in silico, ISH and 

RNAscope analysis (Figure 3.3E-F and Appendix Fig. 2A-G), and to explore the 

role of MNs-derived Sema3C for vessel repulsion, the MN-specific Sema3C 

conditional KO mouse line Sema3C fl/flOlig2:Cre was generated by crossing 

Sema3C floxed mice (Sema3C fl/fl, further used as control littermates) (Plein, 

Calmont et al. 2015) with the Olig2:Cre mouse driver line (Dessaud, McMahon et 

al. 2008), which allows targeting of the neural progenitor domain pMN and its 

consequent cell lineage (which includes MNs). Successful Cre activity driven by 

Olig2 was observed by the deletion of Sema3C in MNs but not in the roof plate 

(Appendix Fig. 4E). Using this mouse line, I then perform in vitro assays and in 

vivo analysis. To study whether MN-Sema3C is able to repel EC tubes, HBMECs 

were co-cultured with MN explants from Sema3C fl/fl or Sema3C fl/flOlig2:Cre 

embryos to perform the tube-touching assay (Figure 3.6A). Interestingly, the 

number of HBMEC tubes contacting Sema3C fl/flOlig2:Cre-derived MN explants was 

significantly higher compared to Sema3C fl/fl-MN explants (Figure 3.6B-C and 

Appendix Fig. 4F), indicating that removal of Sema3C from MNs is sufficient to 

reduce the repulsive action towards ECs. To determine whether repulsive 

Sema3C signaling is also present in vivo, MN vascularization of Sema3C fl/fl and 

Sema3C fl/flOlig2:Cre at brachial and thoracic levels was evaluated. Quantification 

of BV density and vessel length in MN columns revealed a premature 

vascularization of MN columns in Sema3C fl/flOlig2:Cre embryos (Figure 3.6D-F). 

Analysis of vessel ingression into the ventral spinal cord showed that while in 

Sema3C fl/fl embryos vessels ingress laterally to MN columns (~13° and >70°), 

in Sema3C fl/flOlig2:Cre prematurely ingressing vessels entered the SC through the 

MN columns (Figure 3.6G-H). Vessel density in the total spinal cord was similar 

between control and KO embryos (Appendix Fig. 4G). These results suggest that 

MN-derived Sema3C is required for controlling vessel ingression into MN 

columns by signaling via PlexinD1. 
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Figure 3.6. Absence of Sema3C in MNs leads to premature MN column 
vascularization. (A) Top: Scheme showing Olig2 expression in the motor neuron 
progenitor domain (pMN) to illustrate the use of Olig2-Cre to delete Sema3C in MNs 
(Sema3C fl/flOlig2:Cre) by crossing Olig2:Cre with Sema3C fl/fl mice. Bottom: Schematic 
representation of the in vitro “tube-touching” assay co-culturing MN explants from 
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3.1.6. Sema3E is expressed in brachial MNs but not required to prevent 
premature MN vascularization  
Besides Sema3C, Sema3-PlexinD1 signaling can also occur through the 

binding of Sema3E to PlexinD1 (Zhang, Singh et al. 2009, Gay, Zygmunt et al. 

2011). The Sema3E-PlexinD1 signaling is known to control BV patterning during 

the development of the mouse retina, spinal cord, and heart by repulsing ECs 

(Torres-Vazquez, Gitler et al. 2004, Gu, Yoshida et al. 2005, Kim, Oh et al. 2011, 

Zygmunt, Gay et al. 2011). Despite of Sema3E not showing as a potential MN-

expressed ligand signaling to EC-PlexinD1 (the reason why Sema3E did not 

appear in the in silico analysis as a candidate is discussed below in the section 

4.3. of the discussion), previous work had identified the presence of Sema3E in 

the LMC MNs at E12.5 and E13.5 (Cohen, Funkelstein et al. 2005), thus raising 

the question whether Sema3E could be expressed at earlier stages and play a 

role, at least at brachial level, in keeping MN columns avascular. Using the 

developing spinal cord scRNAseq dataset mentioned above (Figure 3.2) and in 

situ hybridization, Sema3E expression was found in MNs at brachial levels (also 

expressed in the FP throughout the entire spinal cord) at E11.5 and E12.5, but 

Sema3C fl/fl and Sema3C fl/flOlig2:Cre embryos (E11.5) in matrigel with HBMECs. (B) 
Representative images of the “tube-touching” assay showing HBMEC tubes touching 
MN explants. Red arrowheads pointing at connections between HBMEC tubes and 
explants. (C) Quantification of the number of HBMEC tubes touching MN explants from 
Sema3C fl/fl or Sema3C fl/flOlig2:Cre embryos, normalized to the explant perimeter (n=40 
explants Sema3C fl/fl, n=125 explants Sema3C fl/flOlig2:Cre, from two independent litters). 
(D) Representative images of spinal cord sections at brachial level stained for blood 
vessels (IsoB4+) and MNs (Isl1/2+) demonstrating increased vessel ingression into the 
MNs columns of Sema3C fl/flOlig2:Cre embryos compared with control littermates at E11.5. 
Insets showing higher magnifications of MN columns. (E-F) Quantification of vessel 
density (E) and length (F) in MN columns of Sema3C fl/fl or Sema3C fl/flOlig2:Cre at E11.5. 
n=5 Sema3C fl/fl, n=6 Sema3C fl/flOlig2:Cre from two independent litters. (G) 
Representative images of vessel (IsoB4+) ingression analysis in the ventral half of the 
spinal cord at brachial level in Sema3C fl/fl or Sema3C fl/flOlig2:Cre embryos at E11.5. 
Dashed lines indicate the angle of ingression into the spinal cord of the PNVP-derived 
sprouts. Insets showing higher magnifications of MN columns. (H) Quantification of 
vessel ingression angles into the ventral half of the spinal cord (E11.5) (0° to 90°). n=5 
Sema3C fl/fl, n=6 Sema3C fl/flOlig2:Cre, from two independent litters; two-way ANOVA with 
Sidak’s multiple comparisons test. Parametric distribution, two tailed unpaired Student’s 
t-test for (C), (E) and (F). All data shown as mean ± SD. All scale bars 100 µm. 
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not at thoracic levels (Appendix Fig. 5A-B), corroborating the previous described 

findings. 

 To address whether Sema3E prevents premature ingression of BVs into 

MN columns, MN columns vascularization in WT and Sema3E full KO embryos 

(lacking Sema3E expression in all cells) at E11.5 was investigated (Appendix Fig. 

5C). Considering the expression pattern of Sema3E, analyses were done only 

the brachial level or brachial and thoracic levels together. In either analysis, 

quantification of MN vascularization did not reveal any significant difference 

between Sema3E WT and Sema3E KO embryos (Appendix Fig. 5D-F). The 

same was observed for total spinal cord vascularization (Appendix Fig. 5G). 

Altogether, these results suggest that Sema3E (at least by itself alone) is not 

involved in maintaining MN columns avascular, even at brachial levels where it is 

expressed. 

 

3.1.7. Premature vascularization of MN columns impairs early MN axon 
exiting patterning  
The above-described findings so far demonstrate that MNs tightly control 

their column vascularization. But why do MNs require to remain avascular for a 

particular time window? During the period between E9 to E12.5, when columns 

are avascular, different fundamental MN development processes are occurring, 

including MN migration, MN clustering and MN axon exiting from the spinal cord 

to the periphery to reach their final muscle targets (described in section 1.1.3) 

(Huber, Kania et al. 2005, Lieberam, Agalliu et al. 2005, Dessaud, McMahon et 

al. 2008, Bonanomi and Pfaff 2010). Thus, it is conceivable that premature 

vascularization could interfere with any of these processes and, as such, MNs 

developed mechanisms to control prevent vessel ingression. To address this 

hypothesis, different MN development steps were assessed in the different 

transgenic mouse lines PlexinD1 KO, PlexinD1 fl/flTie2:Cre and Sema3C fl/flOlig2:Cre. 

First, the MN area was evaluated. While MN area was not altered in PlexinD1 KO 

and PlexinD1 fl/flTie2:Cre embryos (Appendix Fig. 6A-B), Sema3C fl/flOlig2:Cre had a 

slightly decreased MN area compared with Sema3C fl/fl control littermates 

(Appendix Fig. 6C). Next, MN clustering was examined in PlexinD1 fl/flTie2:Cre 

embryos by analyzing the positioning of MNs in columns (LMCm, LMCl, and 

MMC) at 
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Figure 3.7. Premature ingression of blood vessels impairs MN axons patterning. 
(A) Schematic representation of MN clustering and positioning at brachial level of the 
spinal cord at E11.5 embryos. (B) Immunostaining showing the different MN columns at 
brachial level in PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos at E11.5. MN clustering 
into the medial division of the lateral motor column (LMCm, Isl1/2+ and FoxP1+), lateral  
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brachial level (Figure 3.7A). Here, no alterations in MN cell body positioning were 

found (Figure 3.7B and Appendix Fig. 6D). Last, MN axon exiting from the spinal 

cord at the MN exit points (MEPs) into the periphery was evaluated. MNs are able 

to find correctly the laterally located MEP, as the distance between the midline 

(determined by the positioning of the FP) and the MEPs was not altered in neither 

PlexinD1 fl/flTie2:Cre nor Sema3C fl/flOlig2:Cre embryos (Appendix Fig. 6E-I). 

However, despite of MN axons leaving the spinal cord at the correct place, they 

do it in a defasciculated manner, as they take up a wider region as they leave the 

spinal cord (Figure 3.7C-D and 3.7F-G). This MN axon exit widening is kept even 

after leaving the spinal cord as quantification of the ventral root diameter in 

PlexinD1 fl/flTie2:Cre and Sema3C fl/flOlig2:Cre reveals that ventral roots are enlarged 

(Figure 3.7E and 3.7H). As BVs ingress prematurely into the MN columns through 

the PNVP, it could be possible that there would be a correlation between the 

ectopic vessel presence in MN columns and the defasciculating exiting MN 

division of the lateral motor column (LMCl, FoxP1+) and the medial motor column (MMC, 
Isl1/2+) is not affected in PlexinD1 fl/flTie2:Cre embryos. (C) Representative images of 300 
µm thick sections stained for neurofilament M showing MN axons exiting the spinal cord 
at brachial level (red arrowheads and red dotted line indicate MN axon fascicle thickness 
at the motor neuron exit points (MEP); white arrowheads and dotted line indicate the 
ventral root diameter) in PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos at E11.5. (D) 
Quantification of the MN axon fascicle thickness at the MEP in PlexinD1 fl/fl and PlexinD1 
fl/flTie2:Cre embryos at E11.5. n=4 PlexinD1 fl/fl, n=6 PlexinD1 fl/flTie2:Cre, from two 
independent litters. (E) Quantification of ventral root diameter at E11.5 in PlexinD1 fl/fl 
and PlexinD1 fl/flTie2:Cre embryos. n=4 PlexinD1 fl/fl, n=6 PlexinD1 fl/flTie2:Cre, from two 
independent litters. (F) Representative images of 300 µm thick sections stained for 
neurofilament M showing MN axons exiting the spinal cord at brachial level (red 
arrowheads and red dotted line indicate the MN axon fascicle thickness at the MEP, and 
white dotted line indicates the ventral root diameter) in Sema3C fl/fl and Sema3C 
fl/flOlig2:Cre embryos at E11.5. (G) Quantification of the MN axon fascicle thickness at the 
MEP in Sema3C fl/fl and Sema3C fl/flOlig2:Cre embryos at E11.5. n=5 Sema3C fl/fl, n=6 
Sema3C fl/flOlig2:Cre, from two independent litters. (H) Quantification of ventral root 
diameter Sema3C fl/fl and Sema3C fl/flOlig2:Cre embryos at E11.5. n=5 Sema3C fl/fl, n=6 
Sema3C fl/flOlig2:Cre, from two independent litters. (I) Three-dimensional representation of 
the MN axons (neurofilament M) and ingressing vessels (IsoB4) in MN columns of 
PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos at E11.5. (J-K) Correlation between MN 
axon thickness at exit point at E11.5 with MN column vascularization (J) and with the 
number of ingressing vessels (K). n=35 MN columns/MEPs from 3 embryos PlexinD1 
fl/fl, n=36 MN columns/MEPs from 3 embryos PlexinD1 fl/flTie2:Cre. Parametric distribution, 
two tailed unpaired Student’s t-test for (D), (E), (G) and (H). All data shown as mean ± 
SD. All scale bars 100 µm, except for (I) scale bar 50 µm. 
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axons. Indeed, aberrant MN exit increased proportionally with the presence of 

ectopic vessels within MNs (Figure 3.7J-K). Interestingly, detailed co-imaging of 

axons and vessels and its 3D reconstruction showed that vessels ingressed into 

the MN columns in-between exiting MN axons (Figure 3.7I and Appendix Fig. 6J), 

physically obstructing the axonal projections and resulting in axon defasciculation 

by forcing them to circumvent vessels. 

 

3.1.8. EC-PlexinD1 removal results in impaired late MN maturation 
 At earlier stages, MN-Sema3C signaling to EC-PlexinD1 was 

demonstrated to be important for keeping MN columns avascular and 

consequently MN development. However, whether this signaling is also important 

for late MN maturation is elusive. Focusing on the PlexinD1 fl/flTie2:Cre mouse line, 

spinal cords from E18.5 embryos were used, as embryos die at birth from 

cardiovascular defects (Zhang, Singh et al. 2009), making it impossible to 

analyze postnatal stages. At this developmental stage, PlexinD1 fl/flTie2:Cre 

embryos still presented increased ventral spinal cord vascularization when 

compared to PlexinD1 fl/fl littermates (Figure 3.8A-B). In line to what was 

observed at E11.5, no differences were observed in MN numbers, MN column 

area and average MN soma size between PlexinD1 fl/flTie2:Cre and PlexinD1 fl/fl 

embryos (Appendix Fig. 7A-H). Next, MN maturation and MN terminal 

differentiation were studied by quantifying the gene expression levels of 

previously published sets of genes involved in MN terminal differentiation (Nrg1, 

Sema5a, Mcam, Pappa and Glra2) (Catela, Chen et al. 2022, Patel, Hammelman 

et al. 2022), cholinergic pathway – as MNs are cholinergic neurons – (Slc18a3, 

Slc5a7, ChAT and Slc10a4) (Halder and Lal 2021) and neuronal activity (Fos). 

Gene expression was performed by quantifying RNAscope signals of the 

mentioned genes in MN nuclei on tissue sections. Results show that the transcript 

levels of Mcam, Glra2, Nrg1, Slc18a3 and ChAT were altered in PlexinD1 

fl/flTie2:Cre compared to control littermates (Figure 3.8C-D, Appendix Fig. 8A-F and 

Appendix Fig. 9A-E). The choline acetyltransferase (ChAT) protein levels, the 

critical rate-limiting enzyme for the production of the MN neurotransmitter 

acetylcholine (Blusztajn and Wurtman 1983), were also quantified. In line with the 

ChAT gene expression changes, MNs from PlexinD1 fl/flTie2:Cre embryos also 

presented a reduction of ChAT protein levels compared to PlexinD1 fl/fl 
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littermates (Figure 3.8E-F), suggesting defective cholinergic maturation of MNs 

in EC-specific KO embryos. 

Besides MN maturation, other MN developmental processes occur 

between E11.5 (the early time pointed analyzed) and E18.5; MNs start receiving 

input connections from sensorial neurons and other interneurons (excitatory, 

inhibitory, or cholinergic subtypes) and the MN axons, which projected into the 

periphery, make local synapses with the targeted muscles, forming 

neuromuscular junctions. To see whether sensorial input was affected, sensory 

axons arising from DRG-located neurons were traced via DiI staining, showing 

no alterations in their general arborization pattern, in the pattern of ingression of 

the most prominent fibers (from a dorsal to ventral direction), and in their targeting 

of MNs (Appendix Fig. 7I-L). Similarly, the density of both afferent inhibitory inputs 

(identified by immunostaining for vesicular GABA transporter (Vgat)) and afferent 

cholinergic inputs (identified by immunostaining for vesicular acetylcholine 

transporter (VACht)) to MNs showed no differences between PlexinD1 fl/flTie2:Cre 

and PlexinD1 fl/fl embryos (Appendix Fig. 7M-Q). These findings suggest that 

removal of PlexinD1 in ECs does not alter the signaling to MNs, but rather 

interferes with MNs neurotransmission capacity. Finally, to assess the MN 

targeting of muscles, the MN axon patterning and neuromuscular junctions were 

analyzed in the intercostal and diaphragm muscles. Muscle targeting was not 

affected, as both muscles were correctly innervated (Figure 3.8G-H and 

Appendix Fig. 8G), but a closer look at the nerve structure revealed increased 

(and disorganized) branching of the phrenic nerve in PlexinD1 fl/flTie2:Cre embryos 

(Figure 3.8H-K). However, the number of postsynaptic acetylcholine receptors 

(AchR+) on the muscles was not altered (Appendix Fig. 8H), indicating that the 

additional branches might be non-functional or immature. 
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Figure 3.8. PlexinD1 fl/flTie2:Cre embryos present increased spinal cord 
vascularization and altered MN maturation defects at E18.5. (A) Immunostaining for 
vessels (IsoB4+) in E18.5 spinal cords from PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre 

embryos. Insets show higher magnification of one side of the ventral spinal cord. (B) 
Quantification of vessel density in the ventral spinal cord of PlexinD1 fl/fl and 
PlexinD1 fl/flTie2:Cre embryos, normalized to control littermates at E18.5. n=7 PlexinD1 fl/fl, 
n=6 PlexinD1 fl/flTie2:Cre, from two independent litters. (C-D) Representative images of 
RNAscope for ChAT co-stained with HB9 and (D) respective quantification of the number 
of ChAT dots per HB9+ nucleus (normalized to control littermates). Scale bars 25 µm.  
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3.2. Neurovascular unit interactions in the spinal cord in chronic pain 
Precise interactions between distinct cell types are essential for the 

different stages of life, from embryonic development, as shown in section 3.1., to 

adulthood and pathology. In chronic pain, while the research has been mainly 

neuronal-driven for a long time, recent cumulative research demonstrated an 

important role for non-neural cells and their expressed/secreted factors in the 

development and maintenance of pain. However, the neurovascular unit remains 

insufficient studied in the context of pain. In this next section, the interplay 

between all the cell types is further explored. 

3.2.1. Neurovascular unit transcriptome is altered in inflammatory and 
traumatic chronic pain 

 The neurovascular unit has been described to be dysfunctional resulting 

into BSCB disruption, immune cell infiltration and secretion of inflammatory 

factors in several pathologies. In an attempt to understand whether there are 

molecular changes occurring in the NVU of the spinal cord in pain, previously 

published bulk-RNAseq of mice injected with saline of CFA (persistent 

inflammatory CFA model) (Litke, Hagenston et al. 2022), and a scRNAseq 

dataset from spinal cord of mice after SCI (Matson, Russ et al. 2022) were 

n=5 PlexinD1 fl/fl, n=4 PlexinD1 fl/flTie2:Cre, from two independent litters. (E) 
Representative image of ChAT immunostaining in MNs from the medial motor column 
(MMC) and lateral motor column (LMC) of PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos 
at E18.5. (F) Quantification of ChAT fluorescence intensity in PlexinD1 fl/fl and PlexinD1 
fl/flTie2:Cre embryos at E18.5. Data normalized to the control. n=6 PlexinD1 fl/fl, n=6 
PlexinD1 fl/flTie2:Cre, from two independent litters. (G) Scheme representing the 
innervation of diaphragm by the phrenic nerve. Inset represents the location where 
pictures shown in H were taken. (H-I) Representative images of the diaphragm of 
PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos at E18.5 stained to show the phrenic nerve 
and its branching (Neurofilament M + Synapthophysin), AchR+ clusters (a-bungarotoxin) 
and (I) representation of the output result of branching points and length (using the 
neurofilament + Synapthophysin staining) image analysis. (J) Quantification of the total 
length of phrenic nerve branching in the diaphragm muscle at E18.5. Data normalized to 
the control. n=4 PlexinD1 fl/fl, n=4 PlexinD1 fl/flTie2:Cre, from two independent litters. (K) 
Quantification of the branching density of phrenic nerve at E18.5 in PlexinD1 fl/fl and 
PlexinD1 fl/flTie2:Cre embryos. Data normalized to control littermates. n=4 PlexinD1 fl/fl, 
n=4 PlexinD1 fl/flTie2:Cre, from two independent litters. Parametric distribution, two tailed 
unpaired Student’s t-test for all the analyses. All data shown as mean ± SD. Unless 
mentioned, scale bars 100 µm. 
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studied. As bulk-RNAseq measures the transcriptomic levels of genes from 

pooled cell populations, a published single cell sequencing of the adult spinal 

cord (Sathyamurthy, Johnson et al. 2018) was used to identify which are the 

cellular sources of the significantly altered genes identified in the CFA model 

(Litke, Hagenston et al. 2022). Interestingly, most of these altered genes were 

identified to be expressed mainly in non-neuronal cells, especially in vascular 

cells, meninges/Schwann cells and microglia (Figure 3.9A), supporting an 

important role of multiple cells in inflammatory pain. To verify if the same applies 

in the SCI model, the different cell populations from the scRNAseq were 

pseudobulked per animal and were unsupervised clustered using the Principal 

Component Analysis (PCA) method, allowing to explore the similarity or 

difference between cells according to the treatment, from non-injured and injured 

tissues. Plotting of the first two principal components revealed that besides 

neurons (Figure 3.9B), all the analyzed non-neuron cell types – astrocytes, 

microglia, and ECs – clustered accordingly to the treatment (non-injured vs 

injured) (Figure 3.9C-E), suggesting that also in SCI non-neuronal cells respond 

to injury and present altered transcriptomic profile.  

Altogether, these results suggest that the cells comprising the NVU 

present gene expression alteration in inflammatory pain and traumatic SCI and 

might play a role in pain sensitivity. Thus, it is of interest studying them in the 

different pain models.  
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Figure 3.9. Non-neuronal cells present transcriptomic alterations in inflammatory 
pain and spinal cord injury. (A) Plot of the percentage of cells expressing the 
significant altered genes found in CFA-induced inflammatory (Litke, Hagenston et al. 
2022) pain using a previously published scRNA-sequencing to obtain the cell type-
specific transcriptome (Sathyamurthy, Johnson et al. 2018). (B-E) PCA plot of scRNA-
sequencing dataset of sham and SCI samples after 24 h, pseudo-bulked by cell type, 
showing that the treatment (sham or SCI) is responsible for the separation observed in 
the PCA for neurons (B), astrocytes (C), microglia/hematopoietic cells (D) and 
endothelial cells (E). These plots indicate that there are substantial changes in the 
transcriptome of the different cell types after SCI compared to Sham. 
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3.2.2. The neurovascular unit structure is not altered upon CFA, but the 
spinal cord presents a pro-inflammatory environment 

 Considering that NVU seems to be, at least, affected at the gene 

expression level upon pain, it would be possible that this is a reflex of greater 

NVU structural changes. Thus, in a first step, to determine whether the NVU in 

the spinal cord is remodeled upon a pain stimulus, its cellular components were 

characterized at the structural level in Saline or CFA-treated mice at 24h, 48h, 4d 

and 7d. The choice of these timepoints allowed to investigate the early, 

intermediate, and longer effects of CFA. Quantification of BV density, pericyte 

coverage, collagen IV density and claudin-5 density (and astrocyte density, data 

not shown) at the spinal cord segments L3-L5 revealed no changes between 

saline and CFA-treated mice at any of the timepoints analyzed (Figure 3.10A-G), 

suggesting that there are no major alterations of the NVU structure in the CFA 

model. Consistent with previous reports, I found an increase of microglial cells at 

7 days timepoint in the spinal cord of CFA-injected mice (Appendix Fig. 10A-B). 

Additionally, a decrease of anti-inflammatory M2-type macrophages was 

observed at the same time (Appendix Fig. 10C-E), indicating that the dorsal horn 

of the spinal cord presents a pro-inflammatory environment 7 days after CFA 

treatment. 
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Figure 3.10. Neurovascular unit is not structurally altered upon CFA 
administration. (A) Representative images of immunostaining for blood vessels 
(CD31+) together with pericytes (CD13+) after 48h injection of saline or CFA. (B-C) 
Quantification of vessel density (B) and pericyte coverage (C) after 24h, 48h, 4 days 
and 7 days following saline (control) or CFA intraplantar injection. Data normalized to 
the control. n=4 saline, n=4 CFA. (D) Representative images of immunostaining for 
blood vessels (CD31+) together with collagen IV (Col IV+) 48h following injection of 
saline or CFA. (E) Quantification of collagen IV after 24h, 48h, 4 days and 7 days 
following saline (control) or CFA intraplantar injection. Data normalized to the control. 
n=4 saline, n=4 CFA. (F) Representative images of immunostaining for collagen IV  
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3.2.3. Local and transient opening of the BSCB occurs in CFA and SNI pain 
models 
The NVU is involved in the development and maintenance of the BSCB, 

an important barrier required to protect the spinal cord from unwanted toxic 

substances that might circulate in the blood. In pathological situations, this barrier 

is disrupted exposing the spinal cord to toxins, excessive ions, and inflammatory 

factors. To see whether the BSCB is altered in pain situations, the functional 

integrity of the BSCB in Saline and CFA-injected mice was analyzed for the same 

time frames of the structural characterization described above. For that, after the 

CFA/Saline injection, NaFlu – a fluorescent tracer of 376.27 Da – was injected 

intravenously into the mouse tail and allowed to circulate for 30 min (Figure 

3.11A). At the respective timepoint, the spinal cord was dissected and tracer 

extravasation from blood to parenchyma was quantified by fluorescence reading 

(Figure 3.11A). To determine if any changes are local to the spinal cord levels 

where hindpaw sensorial afferents project to (dorsal horn of L3-L5 levels) or 

propagate to other rostral or caudal regions, the L1-L3 segments and L3-L5 

ventral part of the spinal cord were separately analyzed. Also, as an additional 

control the L3-L5 ventral region was also microdissected and analyzed. 

Interesting, the permeability readout revealed that the BSCB opens at 48h after 

CFA intraplantar injection, being closed both before at 24h and after 4 days 

(Figure 3.11B-E). Remarkably, this transient opening of the BSCB occurred 

specifically at the dorsal spinal cord at L3-L5 levels (Figure 3.11B-M), suggesting 

that the sensorial afferents into the dorsal horn are involved in the BSCB 

permeability observed. To check if this increased permeability is also present in 

neuropathic pain, BSCB permeability was assessed in Sham- or SNI-operated 

mice. Here, a similar opening of the barrier was observed, however greater in 

time: at 48h no opening was present (Appendix Fig. 11A,B,E,H), but at 7d 

(Appendix Fig. 11C,F,I) and 28d (Appendix Fig. 11D,G,J) there was an  

(ColIV+) together with tight junction protein claudin-5 48h following injection of saline or 
CFA. (G) Quantification of claudin-5 after 24h, 48h, 4 days and 7 days following saline 
or CFA injection. The imaging and analysis for claudin-5 were partially done by Lea 
Gartner, who did her MSc thesis under my supervision. Data normalized to the control. 
n=4 saline, n=4 CFA. Statistical analyses were done for all comparisons using 
parametric distribution, two tailed unpaired Student’s t-test. All scale bars 50 µm. 
 



Results 

 61 

 

A

B

R
el

at
iv

e 
flu

or
es

ce
nc

e 
un

its
 

(R
FU

) (
no

rm
al

iz
ed

 to
 s

al
in

e)

24
h S

ali
ne

48
h S

ali
ne

4d
 S

ali
ne

7d
 S

ali
ne

24
h C

FA

48
h C

FA

4d
 C

FA

7d
 C

FA
0.0

0.5

1.0

1.5

2.0
C

R
el

at
iv

e 
flu

or
es

ce
nc

e 
un

its
 

(R
FU

) (
no

rm
al

iz
ed

 to
 s

al
in

e)

0.0

0.5

1.0

1.5

2.0 *
D

R
el

at
iv

e 
flu

or
es

ce
nc

e 
un

its
 

(R
FU

) (
no

rm
al

iz
ed

 to
 s

al
in

e)

0.0

0.5

1.0

1.5

2.0
E

R
el

at
iv

e 
flu

or
es

ce
nc

e 
un

its
 

(R
FU

) (
no

rm
al

iz
ed

 to
 s

al
in

e)

0.0

0.5

1.0

1.5

2.0

F

R
el

at
iv

e 
flu

or
es

ce
nc

e 
un

its
 

(R
FU

) (
no

rm
al

iz
ed

 to
 s

al
in

e)

24
h S

ali
ne

48
h S

ali
ne

4d
 S

ali
ne

7d
 S

ali
ne

24
h C

FA

48
h C

FA

4d
 C

FA

7d
 C

FA
0.0

0.5

1.0

1.5

2.0
G

R
el

at
iv

e 
flu

or
es

ce
nc

e 
un

its
 

(R
FU

) (
no

rm
al

iz
ed

 to
 s

al
in

e)

0.0

0.5

1.0

1.5

2.0
H

R
el

at
iv

e 
flu

or
es

ce
nc

e 
un

its
 

(R
FU

) (
no

rm
al

iz
ed

 to
 s

al
in

e)

0.0

0.5

1.0

1.5

2.0
I

R
el

at
iv

e 
flu

or
es

ce
nc

e 
un

its
 

(R
FU

) (
no

rm
al

iz
ed

 to
 s

al
in

e)

0.0

0.5

1.0

1.5

2.0

J

R
el

at
iv

e 
flu

or
es

ce
nc

e 
un

its
 

(R
FU

) (
no

rm
al

iz
ed

 to
 s

al
in

e)

24
h S

ali
ne

48
h S

ali
ne

4d
 S

ali
ne

7d
 S

ali
ne

24
h C

FA

48
h C

FA

4d
 C

FA

7d
 C

FA
0.0

0.5

1.0

1.5

2.0
K

R
el

at
iv

e 
flu

or
es

ce
nc

e 
un

its
 

(R
FU

) (
no

rm
al

iz
ed

 to
 s

al
in

e)

0.0

0.5

1.0

1.5

2.0
L

R
el

at
iv

e 
flu

or
es

ce
nc

e 
un

its
 

(R
FU

) (
no

rm
al

iz
ed

 to
 s

al
in

e)

0.0

0.5

1.0

1.5

2.0
M

R
el

at
iv

e 
flu

or
es

ce
nc

e 
un

its
 

(R
FU

) (
no

rm
al

iz
ed

 to
 s

al
in

e)

0.0

0.5

1.0

1.5

2.0

Injection 
Saline or CFA Permeability and sacrifice

24h 48h 4 days 7 days

Tail vein injection of dye  Spinal cord levels isolation

NaFlu

L1-L3

L3-L5

Quantification of the dye 
in dorsal and ventral  

spinal cord

Figure 3.11. CFA injection induces a temporal and local transient opening of the 
blood-spinal cord barrier. (A) Schematic illustration of the experimental protocol used 
to measure BSCB permeability upon saline or CFA injection. Mice were injected either 
with saline or CFA and, at the respective timepoint, injected with sodium fluorescein 
(NaFlu), which was allowed to circulate for 30 min. Afterwards, mice were perfused with 
PBS, the spinal cord levels and regions dissected, and the extravasation of NaFlu was 
quantified. (B-E) Quantification of tracer extravasation into the dorsal region of L3-L5 
spinal cord levels upon saline or CFA injection at the respective timepoints. N=5 saline 
and n=5 CFA for 24 h; N=13 saline and n=14 CFA for 48 h; N=5 saline and n=5 CFA for 
4 d and 7 d. (F-I) Quantification of tracer extravasation into the ventral region of L3-L5 
spinal cord levels upon saline or CFA injection. N=5 saline and n=5 CFA for 24 h; N=8 
saline and n=8 CFA for 48 h; N=5 saline and n=5 CFA for 4 d and 7 d. (J-M) 
Quantification of tracer extravasation into the dorsal region of L1-L3 spinal cord levels 
upon saline or CFA injection. N=5 saline and n=5 CFA for 24 h; N=8 saline and n=8 CFA 
for 48 h; N=5 saline and n=5 CFA for 4 d and 7 d. Statistical analyses were done for all 
comparisons using parametric distribution, two tailed unpaired Student’s t-test. 
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increased opening of the BSCB. This increase was also specifically found at 

dorsal L3-L5 levels (Appendix Fig. 11C-D). Overall, these results demonstrate 

that the BSCB is compromised, but more importantly this barrier opening is 

transient and occurs in a very localized area (dorsal L3-L5) where afferent 

neurons project into. This BSCB opening might then further exacerbate pain 

sensitization by the infiltration of immune cells or entrance of toxic substances. 

 

3.2.4. Lrg1 leads to opening of the BSCB 
I next aimed to understand the factors that could be responsible for the 

transient opening of the BSCB, the list of significantly altered genes in the bulk-

RNAseq of saline or CFA injected mice (Litke, Hagenston et al. 2022) was 

screened to identify previously described modulators of permeability. Within the 
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Figure 3.12. rLRG1 intrathecal administration results in blood-spinal cord barrier 
opening. (A) Schematic illustration of the experimental protocol used to measure blood-
spinal cord barrier permeability upon saline or rLRG1 injection at 4 h. Mice were injected 
either with saline or rLrg1 and, after 4 h, injected with sodium fluorescein (NaFlu), which 
was allowed to circulate for 30 min. Afterwards, mice were perfused with PBS, the spinal 
cord levels and regions dissected, and the extravasation of NaFlu into parenchyma was 
quantified. (B-C) Quantification of tracer extravasation into L1-L3 spinal cord levels (B) 
and into L3-L5 spinal cord levels (C) upon saline (control) or rLRG1 intrathecal injection. 
Data normalized to the control. N=8 saline and n=8 rLrg1, parametric distribution, two 
tailed unpaired Student’s t-test. 
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top of most upregulated genes upon CFA was the Leucine-rich α-2 glycoprotein 

1 (Lrg1) (data shown in Litke et al. 2022). Lrg1 is a multifunctional molecule 

described to be involved in pathological situations (Camilli, Hoeh et al. 2022) and, 

additionally, it has been shown that genetic removal of Lrg1 reduced permeability 

in laser injured retina (Wang, Abraham et al. 2013). To assess whether Lrg1 could 

modulate BSCB permeability, recombinant human LRG1 was injected 

intrathecally in mice and after 4 hours the tracer extravasation experiment was 

performed (Figure 3.12A). Remarkably, intrathecal injection of rLRG1 by itself 

was able to increase BSCB permeability similar to the one observed upon CFA 

injection. As expected, permeability was also observed at the L1-L3 levels, since 

intrathecal injection introduces rLRG1 into the subarachnoid spatial and can 

therefore reach the entire SC (Figure 3.12B-C). Altogether indicating that Lrg1, 

which is upregulated in CFA after 24h, might be one of the factors contributing 

for the barrier opening at 48h. 

 

3.2.5. Lrg1 is expressed mainly by ECs and is increased in CFA and SNI 
models 

 The previous data indicate that Lrg1 is upregulated upon CFA treatment 

and is able to modulate BSCB permeability. However, as the entire dorsal spinal 

cord was used in the RNA-bulk sequencing, the cellular source of Lrg1 was still 

undetermined. To address it, mice were injected with either Saline or CFA and 

the different cell populations from the dorsal spinal cord were obtained by 

magnetic-activated cell sorting (Figure 3.13A), resulting in three main cell 

fractions: CD45+ labelled fraction consisting of immune cells, CD45-CD31+ 

fraction containing ECs and the CD45-CD31- fraction with the remaining cells 

(mainly neurons and to some extent glia cells) (Figure 3.13A). Lrg1 gene 

expression levels were drastically upregulated in the ECs fraction of CFA-injected 

mice compared to the saline control (Figure 3.13B). An upregulation of Lrg1, 

however milder, was also observed in the immune cells fraction (Figure 3.13B). 

On the other hand, Lrg1 was not detected in neurons and other glia cells (Figure 

3.13B, data not shown). Previous research has demonstrated that Lrg1 levels, in 

pathological situations, besides being increased in activated ECs of different 

organs, can also be upregulated in the liver and in the bloodstream (via liver-Lrg1 

secretion) (Camilli, Hoeh et al. 2022) and act as a systemic factor. To understand 
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if that also occurs upon CFA administration, Lrg1 gene expression was assessed 

in the brain (hippocampus and cortex regions) and liver, and LRG1 protein level 

was determined in the plasma. In agreement with previous work, at 24h, Lrg1 

levels were increased in all the analyzed tissues (Figure 3.13C-E) and plasma 

(Figure 3.13F) upon CFA treatment. Additionally, in agreement with the idea that 

Lrg1 is involved in acute phases of pathologies (Camilli, Hoeh et al. 2022), the 

24h Lrg1 upregulation observed in the spinal cord upon CFA quickly decreased 

after 48h (Figure 3.13G), with no differences observed after 3 days (Figure 

3.13H). Importantly, the results observed are not exclusive for the CFA model. 

Lrg1 mRNA levels in the spinal cord are also upregulated in SNI-operated mice 

compared to Sham mice (Figure 3.13I), and bioinformatic analysis indicate that 

the same holds truth in SCI mice (Figure 3.13J). 
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Figure 3.13. Lrg1 expression is upregulated in endothelial cells in inflammatory 
pain, neuropathic pain, and traumatic chronic pain. (A) Schematic illustration of the 
magnetic-activated cell sorting of tissue from saline or CFA-treated mice after 24h. Cell 
fractions were obtained from spinal cord tissue by sequential sorting using myelin beads 
(to remove myelin), CD45 beads (resulting in the immune cell fraction CD45-CD31+) and 
CD31 beads (generating CD45-CD31+ endothelial cell fraction and CD45-CD31- neuronal 
and glial fraction). (B) Quantification of fraction-specific expression of Lrg1 following 24 
h saline or CFA injections. N=2 saline (control) and n=2 CFA (each dot results from the 
pooling of two animals). (C-E) Quantification of Lrg1 gene expression in hippocampus 
(C), cortex (D) and liver (E) following 24h saline or CFA injection. n=5 saline (control), 
n=5 CFA for hippocampus, n=6 saline, n=6 CFA for cortex and liver. (F) Quantification 
of immunoblots (above the graph) for LRG1 from plasma of saline or CFA injected mice. 
n=6 saline (control), n=6 CFA. (G-H) Quantification of Lrg1 gene expression in the dorsal 
part of spinal cord following 48 h (G) and 3 d (H). n=5 for saline 48 h, n=5 for CFA 48 h; 
n=3 for saline 3 d, n=3 for CFA 3 d. (I) Quantification of Lrg1 gene expression in the 
dorsal part of spinal cord following sham or SNI surgeries at 1 d, 3 d and 7 d. These SNI  
samples were provided by Dr. Anna Hertle. For all timepoints n=5 for sham, n=5 for SNI. 
(J) In silico analysis of Lrg1 expression in different cell types and timepoints using a 
published single-cell sequencing SCI dataset. Lrg1 is particularly increased in 
endothelial cells at 1 day post injury (dpi). All data were normalized to control. For 
statistical comparisons between two groups: parametric distribution, two tailed unpaired 
Student’s t-test. For (I) 2-way ANOVA with Sidak’s multiple comparisons. 
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3.2.6. Lrg1 plays a role in pain sensitization 
As cells require interactions with other cells for proper functionality, to achieve 

perfect results, I also interacted and collaborated with other researchers for the 

successful development of this 3.2. section. In pain research, behavioral testing 

in mice is necessary to quantify the degree of ‘pain-like’ behaviors or nociception 

in different experimental setups. Thus, considering all the results that here 

demonstrate the involvement of Lrg1 in persistent inflammatory pain, it is logical 

to assess whether modulating Lrg1 levels would have an impact in pain 

sensitivity. As I did not directly do the behavior experiments (the Lrg1 behavior 

experiments were generated by Ann-Kristin Kenkel), the results are not included 

in my thesis. However, with the permission of Prof. Dr. Daniela Mauceri, the head 

of the group where the behavior experiments were performed, I summarize the 

main behavior findings linking Lrg1 and pain sensitivity.  

In a first experiment, siRNAs targeting Lrg1 (siLrg1) to achieve KO of Lrg1 

were delivered intrathecally. Here, mice that received siLrg1 presented 

significantly reduced CFA-triggered mechanical hypersensitivity compared to 

siCtrl up to 24h after CFA treatment. In an opposite setup, increase of LRG1 

protein levels by intrathecal administration of recombinant LRG1 (rLRG1) 

resulted in increased mechanical sensitivity. Last, intrathecal injection of rLRG1 

together with intraplantar administration of CFA led to an exacerbation of CFA-

triggered mechanical hypersensitivity. Overall, the results in section 3.2. and 

these behavioral experiments suggest that Lrg1 is a key factor for spinal 

sensitization. 
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3.2.7. Ctnnb1 fl/flCdh5:CreERT2 transgenic mice as a tool to understand the 
impact of increased permeability in CFA 
The opening of the BSCB can result in the passage of unwanted 

substances or cells from the bloodstream to the spinal cord parenchyma that 

might contribute for the progression and maintenance of pain. Thus, restoring of 

the barrier by preventing the increased permeability observed at 48h upon CFA 

(Figure 3.11C), could perhaps have an impact in reducing pain sensitivity 

maintenance at a later stage. With that goal, I explored the possibility of 

preventing the opening of the BSCB to then determine whether chronic pain is 

ameliorated under those conditions. For this, I used a transgenic mouse line that 

present a tighter BBB barrier and tested whether inflammatory pain would then 

not induce SBSCB opening. For this I used Ctnnb1 Ex3 fl/+Cdh5:CreERT mice, where 

the Wnt/b-catenin pathway is constitutively activated in ECs (gain-of-function 

model), and which has been shown to have increased barrier tightness and thus 

reduce its permeability upon Cre recombination (Liebner, Corada et al. 2008, 

Benz, Wichitnaowarat et al. 2019). To induce Cre recombination, 8 weeks mice 

were injected with tamoxifen (500 µg/day) for 5 consecutive days (Figure 3.14A). 

Activation of Wnt/b-catenin was allowed to occur for 21 days, timepoint shown to 
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Figure 3.14. Conditional activation of endothelial Ctnnb1 in Ctnnb1 Ex3 
fl/+Cdh5:CreERT2 prevents CFA-mediated BSCB opening. (A) Schematic representation 
of the protocol used to induce endothelial-specific Ctnnb1 gain of function by tamoxifen 
administration. Mice were injected (via i.p.) with 500 µg/day of tamoxifen for five 
consecutive days. 21 days after the first injection, mice were injected either with saline 
or CFA and BSCB permeability was assessed at 48 h. (B) Quantification of tracer 
extravasation into dorsal L3-L5 spinal cord levels upon saline or CFA injections. Data 
normalized to the Cre- Saline. N=6 Cre- saline and n=5 for remaining experimental 
groups. Comparison in ordinary one-way ANOVA. 
 



Results 

 68 

be optimal for maximal activation (Benz, Wichitnaowarat et al. 2019), and then 

Cre- and Cre+ mice were injected with either saline or CFA (Figure 3.14A). 

Activation of Wnt/b-catenin in ECs was able to prevent the increased permeability 

induced by CFA at 48h (Figure 3.14B). Behavior analysis using this transgenic 

mouse line are currently on going. 
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4. DISCUSSION 
The work presented in this thesis reveals the importance of having an 

accurately intermingled nervous and vascular system during development and 

pathology. First, I demonstrate a new mechanism used by MNs to control their 

own column vascularization during embryonic development. Through the 

expression of Sema3C, MNs signal to ECs via PlexinD1/Nrp1 to repel and 

prevent vessel ingressing into MN columns, a requirement for them to achieve 

proper development and maturation. Second, I show that the NVU, and in 

particular ECs, are involved in the development of chronic pain. I identified the 

glycoprotein Lrg1 that is derived from ECs and is a likely candidate contributing 

for chronic pain, and that the BSCB is transiently and locally permeable, which 

might further contribute for central sensitization. 

Overall, this project does not only provide new molecular pathways regulating 

vascular-CNS communication in physiology and pathology, but the findings also 

supporting the relevance of neurovascular interactions for proper CNS 

development and function. 

 

4.1. Bidirectional neurovascular interactions during spinal cord 
vascularization 
Spinal cord vascularization does not occur randomly. Instead, BVs 

ingress, sprout and extend at very precise locations. Within the spinal cord, at 

E11.5, vessels ingress into the spinal cord by crossing areas occupied by 

interneurons, and surround other interneuron populations in honeycomb-type 

structures (see section 3.1). Notably, sprouting vessels clearly avoid regions 

occupied by some neural cells (FP, MNs and undifferentiated neural progenitors). 

But how is this vessel patterning controlled? Are these different neural cells 

responsible for guiding vessels? 

My in silico results, using a published scRNAseq from embryonic mouse 

spinal cord (Delile, Rayon et al. 2019), demonstrate that in the ventral spinal cord 

all neural cell types are predicted to signal to ECs, supporting the idea of a neural-

exerted control of spinal cord vascularization. To the moment, most of the known 

factors involved in spinal cord vascularization belong to the Vegf or Wnt signaling 
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pathways. Additionally to those, the in silico analysis identified further potential 

unknown signaling pathways occurring between neural and endothelial cells.  

While the work developed in my thesis focused on a neural-to-EC 

communication, it is important to highlight that the in silico interactome predicted 

signaling from ECs to all the ventral neural cells. Remarkably, within the top 

pathways occurring during spinal cord development is laminin signaling, 

particularly predicted to occur from EC-to-all neural cells (Appendix Fig. 1D). 

Laminins (and other extracellular matrix proteins), besides providing structural 

support, have been shown in vitro to enhance proliferation of neuroepithelial cells, 

increase the proliferation and survival of neural stem cells and promote neural 

stem cell differentiation (Drago, Nurcombe et al. 1991, Flanagan, Rebaza et al. 

2006, Ma, Tavakoli et al. 2008). Furthermore, laminin modulates neuronal cell 

development, for example by stimulating neurite outgrowth (Lander, Fujii et al. 

1985, Myers, Santiago-Medina et al. 2011). Thus, it is possible that ECs, while 

they grow through the neural tissue, influence, and shape the neighbor neural 

cells via laminin-mediated interactions. 

It is important to mention that my interactome analysis using a scRNAseq 

present the downside of not being able to spatially localize the different ECs from 

this scRNAseq, thus the analysis consider that the different spatially localized 

spinal cord ECs are relatively similar at the transcriptomic level, which needs to 

be tested. Nevertheless, such limitation can and was surpassed by confirming 

any candidate of interest by immunohistochemistry or in situ hybridization. 

 

4.2. Sema3C-PlexinD1 signaling as a regulator of MN vascularization 
Among the top signaling pathways identified was Sema3 signaling. 

Interestingly, Sema3 signaling was predicted to occur predominantly between 

MNs and ECs (Figure 3.3B). This specificity can in part be explained by the 

numerous Sema3 members particularly expressed by MNs compared to the 

remaining neural cells (Cohen, Funkelstein et al. 2005, Huber, Kania et al. 2005).  

In this work, I validated one of the predicted ligand-receptor interactions 

within the Sema3 pathway, Sema3C-PlexinD1, by demonstrating that MN-

secreted Sema3C signals to EC-PlexinD1 and that cell-specific removal of either 

of them results in premature BV ingression into MN columns (Figure 4.1) 

Interestingly, both Sema3C and PlexinD1 expression peaks at E11.5 and is 
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reduced at E12.5, when avascular MN columns become firstly invaded by 

vessels. Sema3C-PlexinD1 ability to repulse/inhibit angiogenesis was only 

demonstrated previously in pathological conditions (Yang, Hu et al. 2015). I show 

here, for the first time, that this signaling is also important in a physiological 

development process. 

Besides the results of my work, it was shown that MNs additionally control 

their vascularization by creating a tight balance of Vegf-sFlt1 (Himmels, Paredes 

et al. 2017). This raises the question of whether Sema3C-PlexinD1 signaling 

could interact with Vegf signaling to fine-tune MN vascularization, as in 

pathological conditions, Sema3C-PlexinD1 pathway in ECs was described to 

crosstalk with the Vegf signaling in order to inhibit pathological retinal 

angiogenesis (Yang, Hu et al. 2015). However, whether this occurs also in this 

physiological developmental process requires further investigation. 

 

Figure 7
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Figure 4.1. Proposed model for MN-EC communication required for proper spinal 
cord vascularization and MN development. (A) MN columns of WT embryos are 
avascular at E11.5. This is achieved by MN-secreted Sema3C signaling to 
PlexinD1/NRP1 in ECs, thereby controlling their ingression into MN columns, and 
allowing proper MN development and maturation. However, in EC- specific PlexinD1 or 
MN-specific Sema3C transgenic mice, this signaling is interrupted and blood vessels 
ingress into MN columns prematurely. Furthermore, MN development is impaired (B) 
showing defects in axon organization at their exit into to the periphery at E11.5, and 
dysregulated expression of terminal differentiation markers and functional factors for 
MNs at E18.5.  
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4.3. Sema3E is not involved in keeping MNs avascular 
Sema3E has been previously shown to be involved in BV development, 

particularly in inducing vessel repulsion, by signaling through PlexinD1 (Gu, 

Yoshida et al. 2005, Meadows, Fletcher et al. 2012). However, the in silico 

interactome did not predict Sema3E as a possible MN-expressed ligand for 

PlexinD1 in ECs. As my bioinformatic analysis group all MN pools from all the 

different spinal cord levels together, candidates that might be expressed only at 

a certain spinal cord level or only by few MN subtypes would probably not be 

predicted. And, indeed, Sema3E falls into this group of genes, thus not being an 

output candidate of my analysis. I showed that Sema3E expression at E11.5 is 

restricted to MNs only at brachial levels, similarly to what was previously shown 

at later developmental timepoints (Cohen, Funkelstein et al. 2005). Nevertheless, 

being aware of the literature, I analyzed Sema3E KO mouse embryos, finding 

that that Sema3E is not influencing MN columns vascularization or embryonic 

spinal cord vascularization, at least itself alone. 

 

4.4. MN vascularization phenotype is greater in PlexinD1 fl/flTie2:Cre mice 
compared to Sema3C fl/flTie2:Cre 

Removal of PlexinD1 from ECs (PlexinD1 fl/flTie2:Cre) resulted in a stronger 

MN vascularization when compared to the removal of Sema3C from MNs 

(Sema3C fl/flTie2:Cre). I hypothesize that this can be explained by three different, 

non-exclusive, mechanisms. First, as mentioned before, other Sema3 family 

members able to bind PlexinD1 are expressed by MNs (Cohen, Funkelstein et al. 

2005). Thus, upon Sema3C removal, it is possible that other Sema3 proteins, 

such as Sema3A and Sema3E, takeover and compensate in part for the repulsive 

action of Sema3C. For example, while Sema3E by itself does not have an effect 

in MN vascularization, it might act in synergy with Sema3C, or replace Sema3C 

when this one is absent. Second, it was demonstrated that PlexinD1 in ECs can 

act as a mechanosensory (Mehta, Pang et al. 2020), independent of its ligands, 

being activated by mechanical forces and leading to cytoskeleton rearrangement 

of ECs and control vessel growth. Thus, a similar action of PlexinD1 in ECs of 

developing spinal cord vessels is possible. Last, as discussed in section 4.2., 

Sema3C-PlexinD1 signaling in ECs can crosstalk with the Vegf signaling and 

regulate vessel growth (Yang, Hu et al. 2015). Whether any of these three 
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mechanisms occurs upon Sema3C removal at this developmental stage needs 

to be further explored. 

 

4.5. Importance of avascular MN columns for a particular developmental 
time window 

Vessels ingress into the spinal cord laterally to the MN columns and further 

completely surround them at E11.5. But why would MNs prevent vessel 

ingression for such particular time window? 

The data presented in this thesis suggests that this timely vessel 

ingression into MN columns is required for proper MN development. Indeed, 

premature vascularization of MN columns resulted in MN axon exit defects 

(Figure 4.1). While MN axons normally exit the spinal cord in a single organized 

bundle, MN axons in both PlexinD1 fl/flTie2:Cre and Sema3C fl/flTie2:Cre transgenic 

mouse embryos exit into the periphery in disorganized, segregated fascicles. In 

between these segregated fascicles, I identified vessels that had prematurely 

invaded into the MN columns, suggesting that vessels create a physical barrier 

to growing MN axons, which in turn have to circumvent those vessels. Moreover, 

it is possible that MN axons have a tropism for vessels so that upon premature 

vascularization, MN axons associate with those vessels and grow/migrate along 

their surface. MN axon guidance from the spinal cord to the periphery was 

described to be regulated by repulsive signals within the spinal cord and attractive 

signals from the MEP and peripheral targets (Bonanomi, Valenza et al. 2019, 

Suter and Jaworski 2019). Here, I reveal another possible layer of regulation, 

where MN-secreted Sema3C acts as a repulsive signal to keep vessels outside 

MN columns until axons have projected out of the spinal cord in an organized 

manner. Supporting this idea, a similar premature vascularization, though 

achieved by interfering with Vegf levels, resulted in similar MN axon 

defasciculation (Himmels, Paredes et al. 2017). 

 

4.6. MN defects at late embryonic development 
At the end of embryonic development, E18.5, MNs in PlexinD1 fl/flTie2:Cre 

embryos show alteration in the expression patterning of genes associated with 

axon terminal differentiation and functionality, in particular ChAT. ChAT is a key 
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enzyme in acetylcholine production, the neurotransmitter released by MNs, 

suggesting that MN neurotransmission potential is reduced. As this reduction 

does not seem to be caused by loss of afferent inputs, these MN transcriptomic 

profile changes might be a consequence of the premature vessel ingression 

observed at E11.5 or alterations in the EC-secretome of PlexinD1 fl/flTie2:Cre 

embryos, requiring further investigation. Additionally, while this worked focused 

mainly in MNs and their development, it remains to be understood whether the 

transcriptomic profile of other neighbor interneurons might be similarly affected. 

Besides maturation defects, the axon terminal of the phrenic nerve was found to 

be hyperbranched. Remarkably, this abnormal increased nerve branching in 

PlexinD1 fl/flTie2:Cre embryos might be explained by the reduction in ChAT and 

Nrg1 expression in MNs, as KO mice for either gene were shown to present 

abnormal increase of axon branching (Wolpowitz, Mason et al. 2000, Brandon, 

Lin et al. 2003). Additionally, it needs to be further investigated if the changes in 

the transcriptomic profile and abnormal branching of MNs result in indeed in 

neurotransmission defects or not – for example by doing electrophysiology 

experiments. The defects observed at this late embryonic development might be 

in part explained by compromised MN axon patterning in the CNS periphery. In 

fact, in parallel to my groups study, PlexinD1 removal in ECs has been shown to 

provoke ectopic vessel agglomeration, which acts as a barrier and obstructs the 

MN axons to growth in direction to their muscle targets (Martins, Brambilla et al. 

2022). Furthermore, bulk-RNAseq of MNs derived from WT or EC-specific 

PlexinD1 KO embryos demonstrated that transcriptional changes within MNs are 

present at E12, including an increase of Slc18a3 at E12 (as I found at E18.5) 

(Martins, Brambilla et al. 2022). 

 While it would be of interest to know the impact of the MN phenotypes 

observed at postnatal or adult stages, PlexinD1 fl/flTie2:Cre embryos die at birth due 

to cardiovascular defects (Zhang, Singh et al. 2009), making it impossible to be 

done. Nevertheless, as it is possible that EC-specific removal of PlexinD1 leads 

to a different EC-secretome, it would be interesting to do such deletion in 

postnatal embryos and investigate whether there are any particular MN 

alterations. 
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4.7. Involvement of neurovascular cells in pain 
The results presented in this thesis show that at early stages of CFA-

induced inflammatory pain and SCI (both at 24h), non-neuronal cells express 

most of the significantly altered genes and present well-defined clustering 

dependent on the treatment. In particular, microglia and ECs seem to be the most 

affected. Considering these changes, I hypothesized that besides transcriptomic 

alterations, also additional structural changes in the non-neuronal cells could 

additionally be present.  

In this work I show that microglia density is increased 7 days after CFA 

injection. However, as both microglia and macrophages share many cell markers 

(Jurga, Paleczna et al. 2020), including Iba1, it would be of relevance to use 

additional markers to understand the contribution of the distinct immune cell types 

for the increase observed (for example, to distinguish microglia from 

macrophages). Nevertheless, when comparing to the literature, the microglia 

phenotype in inflammatory pain is not consensual. While morphological changes 

and activation in microglia have been suggested to occur after CFA injection from 

3 to 14 days post-injection (Raghavendra, Tanga et al. 2004, Xu, Jiang et al. 

2019), other studies have not seen significant alterations (Clark, Gentry et al. 

2007, Lin, Li et al. 2007, Ikeda, Kiritoshi et al. 2012). My result suggests that 

though mild, there is an increase in microglia density upon CFA injection. 

Similarly, activation of astrocytes is debatable. My observation that no changes 

are observed after CFA treatment go in line with a previous report (authors 

investigated Gfap levels at 4 days) (Xu, Jiang et al. 2019). However, there are 

other studies suggesting that astrocytic activation, by measuring Gfap intensity 

(at 7 days) (Ikeda, Kiritoshi et al. 2012), Gfap gene and protein levels (at 4 and 

14 days) (Raghavendra, Tanga et al. 2004) and astrocyte morphology (after 3 

and 10 days) (Cao and Zhang 2008), is present after 3 days and is present as 

long as 14 days post-injection. Due to the discrepancies between results, further 

detailed studies need to be performed in order to clearly untangle these 

differences. The solely use of Gfap and Iba1 as markers of reactivity/activation 

has been controversial, as both can variate even in physiological situations. Thus, 

besides other already published activation markers (such as CD68, a 

phagocytosis marker expressed by microglia) (Candlish and Hefendehl 2021, 

Escartin, Galea et al. 2021), newly generated scRNAseq will provide new 
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indicators of microglia activation or astrocyte reactivity, which will help in the 

future to clarify whether both are present in chronic pain. 

 Here I show that there are no significant changes in vessel density after 

CFA. While this informs that no considerable angiogenesis or vessel regression 

occur, it does not allow to perceive the impact on EC activation. An important 

message that my thesis carries is that ECs are not merely forming vessels for 

transporting oxygen and nutrients, but are much more than that. Thus, it is 

reasonable that EC activation is present without alteration in their density. EC 

activation is usually induced by inflammatory cues, which are present in the pain 

models here used, and can be observed by the expression of cell-surface 

adhesion molecules and leukocyte adhesion molecules, such as VCAM-1, ICAM-

1, E-selectin, P-selectin and von Willebrand factor (Vwf) (Liao 2013). Thus, 

potential EC activation should be taken in consideration and further investigated.  

 

4.8. BSCB breakdown as one of the multi-temporal events ocurring in 
chronic pain  
Dysregulation of the BSCB has been observed in different pain models 

(Beggs, Liu et al. 2010, Echeverry, Shi et al. 2011, Figley, Khosravi et al. 2014).  

In this work I show that the BSCB is transiently open at 48h after CFA 

injection, while in SNI mice the opening of the BSCB is maintained from 7 days 

(at least) up to 28 days, correlating with the severity of the model. It is important 

to highlight that this opening was found to be local to the L3-L5 levels of the SC 

(this is further discussed below). To the best of my knowledge, only one study 

investigated the BSCB status in CFA model, where no extravasation of EB (69 

kDa when bound to albumin) into the SC was observed at 24h (Lu, Gonzales et 

al. 2009). In an acute model of inflammatory pain, single time points have been 

investigated by different groups: BSCB permeability (using EB) was not affected 

24h after carrageenan injection (Lu, Gonzales et al. 2009), it was increase 48h 

post-carrageenan injection (Gillardon, Vogel et al. 1997), and at 3 days no EB or 

NaFlu extravasation was observed in spinal cords of carrageenan-injected mice 

(Xanthos, Pungel et al. 2012). Interestingly, the timepoint of the transient opening 

matches in both models, despite of carrageenan being a much shorter duration 

model than CFA-induced inflammatory model (Ren and Dubner 1999). 
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 BSCB breakdown seems to be a clear feature in animal pain models, 

however its contribution for the CFA-induced pain sensitization remains elusive. 

The onset of the nociception in this model does not directly correlate with the 

changes in BSCB permeability, which are transient, suggesting that BSCB 

disruption is neither a trigger nor a contributor for the initial pain nociception. In 

line with this idea, a dynamic contrast-enhanced magnetic resonance imaging 

study has shown that genetically different strains of mice present variable SNI-

induced pain hypersensitivity, and that BSCB permeability did not correlated with 

the differences in mechanical sensitivity of the diverse mouse strains (Cahill, 

Laliberte et al. 2014). 

While not acting as an initiator, BSCB increased permeability might 

contribute indirectly to the development of hypersensitivity and further 

maintenance of spinal sensitization. Essentially, chronic pain is a multi-temporal 

sequence of events where BSCB plays an intermediary role (Figure 4.2). I 

hypothesize that BSCB permeability would be inserted in chronic pain 

development as follows: shortly after pain induction, an initial burst of signals are 

generated causing the acute pain (either neuronal- or non-neural-triggered, often 

by the ‘inflammatory soup’ (Basbaum, Bautista et al. 2009)). Within these signals, 

there are factors that can in parallel induce BSCB permeability, one of them being 

Lrg1 as suggested in this work. Once the barrier is more permeable, non-desired 

cells or factors invade the spinal cord parenchyma and, at this timepoint, the 

‘system’ reacts by activating compensatory mechanisms to close the BSCB, 

explaining why the barrier opening is transitory. A similar mechanism was 

suggested for the multiple sclerosis mouse model experimental autoimmune 

encephalomyelitis (Lengfeld, Lutz et al. 2017). These cell/factors infiltration, 

together with the mechanisms of central sensitization (section 1.3.5.), promote 

the development and maintenance of chronic pain until other mechanisms 

emerge for pain resolution (Figure 4.2). To understand whether this is true, 

assessment of pain behavior in Ctnnb1 Ex3 fl/+Cdh5:CreERT2 (the model I present 

here that prevents BSCB opening) injected with CFA will be performed at 

timepoints later than the BSCB increased permeability, to investigate whether 

pain sensitivity is reduced after the 48h timepoint by restoring the BSCB.  
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The increase of permeability I observed was restricted to the dorsal part 

of the spinal cord at L3-L5 levels, while at the adjacent L3-L5 ventral side and 

dorsal L1-L3 levels no differences in BSCB opening were observed. The 

specificity for the region, which coincides to be the target area of afferent neurons 

innervating the hindpaw of mice, suggests a role for this sensorial neurons in the 

selective local opening. Purely hypothetically, it is possible that intensified release 

of neurotransmitters from afferent neurons and interneurons within the dorsal 

horn upon nociceptive stimuli provokes directly BSCB loss of integrity. ECs are 

Figure 4.2 Proposed model for the involvement of the NVU-related BSCB in 
persistent inflammatory pain. (A) Injection of CFA causes an initial early nociceptive 
response. During this early period, BSCB disruptors are highly upregulated, including 
Lrg1 shown in this work, which lead to a time window where BSCB permeability is 
increased. This opening in turn allows for the easier immune cell or factors infiltration 
from the bloodstream to the spinal cord parenchyma. This is a key event that further 
exacerbates and permits the maintenance of pain. However, as this opening is not 
desired, the biological response is the upregulation of BSCB stabilizers to counter it, 
to which Wnt pathway might contribute, as shown for other pathological situations. (B) 
Thus, early BSCB repair by Wnt pathway gain-of-function, which would create an 
imbalance towards higher levels of stabilizers than disruptors, would prevent 
cell/factors infiltration into the spinal cord and reduce the maintenance of pain. 
Overall, BSCB increased permeability might be seen as a key intermediary step in the 
development of persistent inflammatory pain, and its prevention might induce an 
earlier resolving of pain sensitivity.  
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described to express the receptors for common neurotransmitters, such as N-

methyl-D-aspartate (NMDA) receptor (Sharp, Hines et al. 2003, LeMaistre, 

Sanders et al. 2012, Lu, Hogan-Cann et al. 2019, Sailem and Al Haj Zen 2020) 

and GABA receptors (Li, Kumar et al. 2018, Choi and Vasudevan 2019, Agrud, 

Subburaju et al. 2022), hence being able to respond to them. Supporting this 

hypothesis, it was shown in vitro that glutamate is actually able to induce EC 

monolayer breakdown (Sharp, Hines et al. 2003). 

 

4.9. Cell invasion during the increased BSCB permeability time window 
One hypothesis is that breakdown of the BSCB allows the infiltration of 

myeloid cells from the blood into the spinal cord, as shown previously (Zhang, 

Shi et al. 2007, Costigan, Moss et al. 2009, Isami, Haraguchi et al. 2013, Kalin, 

Miller et al. 2018), which will further exacerbate and maintain nociception that 

further develops into chronic pain. However, the invasion of blood-derived cells 

is still questioned, with few studies reporting no myeloid cell infiltration following 

SNI (unexpectedly as authors used the exact same conditions as in Costigan et 

al 2009 (Costigan, Moss et al. 2009)) (Gattlen, Clarke et al. 2016), partial ligation 

of the sciatic nerve (PSNL) (Kim and Moalem-Taylor 2011), CCI (Austin, Kim et 

al. 2012), spinal nerve transection (SNT) (Gu, Peng et al. 2016) or L4 spinal nerve 

injury (Kobayashi, Konishi et al. 2016). One of the reasons of such variability is 

the experimental approaches used to detect immune cell infiltration. To clarify it, 

one study employing different techniques demonstrated that SNI surgeries done 

in C57Bl/6 chimeric mice, which after irradiation-depletion receive bone marrow 

transfusion from mice expressing GFP in hematopoietic cells, result in increase 

of GFP+ cells in the spinal cord. However, when they used instead a simple 

reporter line, no infiltration of immune cells was observed (Guimaraes, Davoli-

Ferreira et al. 2019). As leukocyte invasion also occurred substantially in non-

injured mice in the first approach, it suggests that the infiltration observed was 

independent of SNI induction, and probably caused by the irradiation itself, as 

suggested before (Yuan, Gaber et al. 2003, Mildner, Schlevogt et al. 2011, 

Kierdorf, Katzmarski et al. 2013). 

Additionally, it is important to consider that perhaps immune cell infiltration 

is not a direct consequence of BSCB disruption and that both are independent 
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events, although in cases where both are observed, the former may be a direct 

consequence of the latter. 

Besides the view of a physical opening of the barrier, potential alterations 

in the expression of immune cell trafficking molecules in ECs should be taken in 

consideration as a possible contributor for immune invasion. It is possible that 

immune infiltration is enhanced by increased expression of chemokine receptors, 

selectin proteins and immune cell adhesion molecules in ECs, which facilitate 

and augment not only the paracellular but also transcellular immune cell 

infiltration (independently of tight junctions remodeling) (Lopes Pinheiro, Kooij et 

al. 2016, Lutz, Smith et al. 2017, Amersfoort, Eelen et al. 2022). 

 

Essentially, one of the take-home messages of sections 4.7-4.9 is that the 

discrepancy of results between studies reflects the different experimental 

approaches, timepoints analyzed and the fact that most of the studies focus in 

short single experiments instead of performing a more global, complete panel of 

different analysis (i.e. perform simultaneously pain behavior evaluations, 

permeability experiments, assessment of immune cell invasion, neurovascular 

cell levels and their activation) to get a clear full picture of the connection between 

processes that might lead to pain chronification.  

 

4.10. Lrg1 as key player in pain 
Lrg1 was found to be a top upregulated gene upon 24h CFA in a published 

RNAseq (Litke, Hagenston et al. 2022). Interestingly, the temporal increased 

expression of Lrg1 in spinal cord ECs peaks and overlaps with the opening of the 

BSCB, and its reduction coincides with the closing of the barrier, making it an 

obvious candidate as a BSCB disruption initiator. Indeed, I show here that 

administration of rLRG1 leads to an increase in BSCB permeability after 4h. 

However, it remains to explain why a hypothetical Lrg1-induced BSCB opening 

would occur locally at dorsal L3-L5 and not in other regions, as the increase of 

Lrg1 expression and LRG1 protein circulation could potentially target all the CNS 

vasculature. One possibility is that Lrg1 action in ECs would occur indirectly 

through other cells. A second option is that for an unknown reason, perhaps due 

to exacerbated neuronal activity, the ECs at that region are ‘primed’ and sense 

Lrg1 signaling at higher levels. To directly confirm whether Lrg1 is a main 
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contributor for the barrier opening in CFA, further permeability experiments using 

EC-specific Lrg1 KO or Lrg1-global KO mice must be done.  

Interestingly, Lrg1 increase after CFA was observed in completely different 

organs (while I demonstrated that in the SC this increase occurs in ECs, the 

remaining organs were used as a whole, therefore further experiments to 

determine whether the increase is also in ECs are required), suggesting that its 

upregulation is caused by a systemic factor (e.g., from the bloodstream) instead 

of a local stimulator in the spinal cord. However, the importance of a local 

regulation of Lrg1 expression should not be discard. One of the key inducers of 

Lrg1 transcription in ECs is Il-6, which curiously has been described to be acutely 

(<12h) increased after neuropathic and inflammatory pain (Nakamura, 

Houghtling et al. 2003, Gattlen, Clarke et al. 2016, Zhou, Liu et al. 2016). 

Hypothetically, it would be possible that neurons within the dorsal horn of the 

spinal cord (or sensorial neurons), upon injury, secrete Il-6 that would signal to 

ECs, leading to increased Lrg1. Additionally, other inflammatory interleukins, 

TNF-a and Tgf-b can regulate Lrg1 expression, making them possible candidates 

(Camilli, Hoeh et al. 2022). Lrg1 levels were previously shown to be considerably 

increased in the liver as early as 6h upon LPS injection (Shirai, Hirano et al. 

2009), and I show that after 24h CFA LRG1 protein levels are increased. 

Theoretically, it might also be possible that early circulating LRG1, mainly 

secreted by the liver, somehow contributes for the BSCB destabilization as 

shown in other pathological situations (Camilli, Hoeh et al. 2022). To investigate 

the role of different cellular sources and locations for Lrg1 for pain sensitivity, 

further experiments using Lrg1 fl/flCdh5:CreERT2 (EC-specific removal of Lrg1) or 

global Lrg1 KO mice are further planned. Moreover, the use of available Lrg1 

neutralizing antibodies (Moss, Kallenberg et al. 2018, Kallenberg, Tripathi et al. 

2021) could be a promising therapeutic approach for treating chronic pain. 
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5. CONCLUSION 

In summary, the work developed in this thesis shows that from embryonic 

development to adulthood to pathology, the CNS requires a continuous 

commitment with the vascular system, exposing the importance of neurovascular 

biology. During physiological embryonic development, the novelty in the 

presented findings relies on the newly described mechanism that MNs use to 

signal to ECs, and the importance of temporal control of neurovascular processes 

for achieving proper CNS development. In particular, I show that MNs express 

Sema3C in order to prevent premature ingression of vessels into their columns, 

a signal received by ECs through the receptor complex PlexinD1/Nrp1. MNs 

require the maintenance of this avascular period as to be able to develop and 

mature correctly. The results related to the embryonic work here shown provide 

a better understanding on how impaired crosstalk between neural and vascular 

systems might contribute to neurodevelopment disorders and neurodegenerative 

diseases, particularly when timely regeneration and vascularization needs to 

occur. 

In pathological conditions, the presented findings in this thesis demonstrate 

that non-neuronal NVU cells play a significant part in inflammatory pain. While 

not presenting considerable structural alterations, most of the transcriptomic 

changes happening upon CFA are occurring in NVU cells. One of them, Lrg1, is 

greatly increased in ECs and in plasma, and leads to increased mechanical 

hypersensitivity (the latter not shown in this work, part of an ongoing 

collaboration). Additionally, persistent inflammatory pain induces a transient and 

local opening of the BSCB, which can be recapitulated by intrathecal delivery of 

rLrg1. These results not only provide new knowledge about the impact of non-

neuronal cells in pain, but also new targets for potential therapeutic approaches. 

 



 

 84 

 

 

 



Material and Methods 

 85 

6. MATERIALS AND METHODS 

6.1. Materials 

6.1.1. Chemicals and reagents 
Table 6.1: Chemicals and reagents used in this thesis. 

Chemical/Reagent Reference Supplier 
2-methylbutane M32631 Sigma-Aldrich 
20x Saline-sodium citrate (SSC) Buffer 15557-044 Life Technologies 
Agarose A9539 Sigma-Aldrich 
Albumin Fraction V 8076.2 Roth 
Bio-Rad protein assay dye reagent 
concentrate 

5000006 Bio-Rad 

Blocking Reagent 11096176001 Roche 
CD31 Microbeads 130-097-418 MACS Milteny Biotec 
CD45 Microbeads 130-052-301 MACS Milteny Biotec 
Citric acid monohydrate A1414 AppliChem 
ClarityTM Western ECL Substrate 170-5061 Bio-Rad 
Complete Freund’s Adjuvant (CFA) F5881 Sigma-Aldrich 
CompleteTM cocktail protease inhibitors 4693159001 Roche 
Corn oil C8267 Sigma-Aldrich 
Corning Matrigel Matrix 356234 Corning 
D-(+)-Glucose G5767 Sigma-Aldrich 
DAPI D1306 Invitrogen 
Deoxynucleotides (dNTPs) N0447S NEB 
Diethylpyrocarbonate (DEPC) 40718 Sigma-Aldrich 
Dimethyl sulfoxide (DMSO) 10282 Gruessing 
DNA ladder 100 bp N3231S Thermo Scientific 
DNA loading dye (6x) R0611 Thermo Scientific 
DNA stain 39803.01 Serva 
Dulbecco’s phosphate buffered saline D8537 Sigma-Aldrich 
EDTA A3553 AppliChem 
Endopan-3 Basal Medium P04-0010B PAN Biotech 
Ethanol 32205 Sigma-Aldrich 
Fetal bovine serum (FBS) F7524 Sigma 
Fluoromount-G 0100-01 Linaris 
Formamide 47670 Sigma-Aldrich 
Gelatin from porcine skin G1890 Sigma-Aldrich 
Glutamine 25030-024 Life Technologies 
HBMECs ACBRI376 Cell Systems 
HEPES 9105.2 Roth 
Horse serum 26050-88 Life Technologies 
Hydrochloric acid 35328 Sigma-Aldrich 
LB-Medium (BactoTMAgar) 214010 BD 
LB-Medium (BactoTMTryptone) 211705 BD 
LB-Medium (BactoTMYeast Extract) 212750 BD 
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Magnesium chloride A3618 AppliChem 
Maleic Acid M03575 Sigma-Aldrich 
Methanol 32213 Sigma-Aldrich 
Methyl-cellulose M0512 Sigma-Aldrich 
Midori Green Advance MG04 Nippon Genetics 
Myelin removal II Microbeads 130-096-733 MACS Milteny Biotec 
NBT/BCIP S3771 Thermo Scientific 
NEG-50 6502 Thermo Scientific 
Neuro-DiI 60016 Biotium 
Normal donkey Serum 017-00-121 Dianova 
Oligofectamine 12252011 Invitrogen 
PageRulerTM Prestained protein 
ladder, 10 to 180 kDa 

26616 Thermo Scientific 

Para-formaldehyde P6148 Sigma-Aldrich 
Penicillin-Streptomycin 15140-122 Gibco 
Ponceau S Solution for Eletrophoresis 33427.01 SERVA 
Potassium chloride A3582 AppliChem 
Potassium dihydrogenphosphate A3620 AppliChem 
Proteinase K 7528.1 Roth 
Q5 HighFidelity DNA polymerase M0491 NEB 
Recombinant LRG1 13371-HCCH Sino Biologicals 
RNAse-Free DNA set 79256 Qiagen 
RNAseOUT Recombinant 
Ribonuclease Inhibitor 

10777019 Thermo Scientific 

ROTI®Histofix 4% P087.3 Carl Roth 
Sodium bicarbonate 31437 Sigma-Aldrich 
Sodium chloride 31434 Sigma-Aldrich 
Sodium dodecyl sulfate (SDS) CN30.3 Roth 
Sodium fluorescein F6377 Sigma-Aldrich 
Sodium hydroxide 30620 Sigma-Aldrich 
Sodium phosphate dibasic dihydrate 4272 Sigma-Aldrich 
Sodium phosphate monobasic 
monohydrate 

72504 Sigma-Aldrich 

Sodium pyruvate solution S8636 Sigma 
Tamoxifen 13258 Cayman Chemical 
Tri-sodium citrate dehydrate A2403 AppliChem 
Tris(hydroxymethyl)aminomethane 
(TRIS) 

4855.2 Roth 

Triton X-100 108603 Merck 
Trypsin-EDTA 25300-054 Gibco 
Tween®20 9127.1 Roth 
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6.1.2. Consumables 
Table 6.2.: List of consumables used in this thesis. 

Consumables Type/Reference Supplier 
21G Butterfly 4056504-01 Venofix Safety 
27G Butterfly 4056501-01 Venofix Safety 
75 cm2 culture flasks CLS430641 Sigma-Aldrich 
96 well qRT-PCR plate 710874 Biozym 
AmershamTM ProtranTM 
0.45 mm 

10600002 Merck 

Cell Scraper 541070 Greiner 
Covers for PCR plates 4311971 Applied Biosystems 
Coverslips 24 x 60 mm BB024060A1 Menzel Gläser 
Cryotubes 123263 Greiner Bio-one 
EasyStrainer 40 mm 542040 Greiner 
EasyStrainer 70 mm 542070 Greiner 
Eppendorf tubes 1.5 ml, 2 ml Eppendorf 
Falcon tubes 15 ml, 50 ml Cell Star 
Filter for Syringes 0.2 mm, 0.45 mm pore 

size 
GE Healthcare 

GentleMACS C-tubes 130-093-237 MACS Milteny Biotec 
Liquid blocker Super Pap 
Pen 

Z377821-1EA Sigma-Aldrich 

LS Columns 130-042-401 MACS Milteny Biotec 
µ-Slide 15 wells  81506 Ibidi 
MicroAmpTM Fast Optical 
96-Well reaction plate 

4346907 Thermo Scientific 

MicroAmpTM Optical 
Adhesive Film 

4311971 Thermo Scientific 

Microplate 96 wells 655209 Greiner Bio-one 
Microscopy slides, 
Superfrost® Plus slides 

J1800AMNZ Thermo Scientific 

MS columns 130-042-201 MACS Milteny Biotec 
Multiwell cell culture plates 6-, 12-, 24-, 48-, 96-well Greiner Bio-one 
Needles 21G, 27G, 30G BD MicrolanceTM 
Nitrile gloves, powder-free Size L Microflex®XCEED 
Pasteur pipettes, flass 7095B9 Corning 
Pasteur pipettes, plastic LW4000 Alpha Laboratories 
PCR tubes A1402-3700 STARLAB 
Pipette tips 10 ml, 100 ml, 200 ml, 

1000 ml 
Greiner Bio-one 

Pipette tips (with filter) 10 ml, 100 ml, 200 ml, 
1000 ml 

STARLAB 

Sterile filters 150 ml, 500 ml Faust 
Syringe filter 0.2 mm 10462200 Whatmann 
Syringes 1 ml, 2 ml, 5 ml, 10 ml BD 
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6.1.3. Equipment 
Table 6.3.: List of equipment used in this thesis. 

Equipment Model Supplier 
Centrifuge MEGAFUGE 16R Heraus 
Centrifuge 5424R Eppendorf 
ChemidocTM Imaging 
System 

17001402 Bio-Rad 

CLARIOstar Plus   BMG LABTECH 
CO2 incubator HERA CELL 150i Thermo Scientific 
Confocal microscope LSM510 and 

LSM800 with 
Airyscan 

Zeiss 

Confocal microscope A1r Nikon 
Cryostat CM3050 Leica 
Cryostat CM1950 Leica 
Dumont #5 Forceps - 
Standard / Dumoxel  

11251-30  Fine Science Tools 

Epifluorescence 
microscope 

Axiovert 200 Zeiss 

Fine Scissors - ToughCut  14058-09  Fine Science Tools 
gentleMACS™ Dissociator 130-093-235 Milteny Biotec 
Graefe Forceps - Angled / 
Serrated  

11049-10  Fine Science Tools 

Graefe Forceps - Straight / 
Serrated 

11050-10  Fine Science Tools 

HybEZTM Oven 241000 ACD-2 Advanced Cell Diagnostics 
Laminar flow hood SAFE 2020 Thermo Scientific 
MACS Multistand 130-042-303 Milteny Biotec 
MACSmix™ Tube Rotator 130-090-753 Milteny Biotec 
Microplate reader Rosys Anthos 

2001 
Anthos Mikrosysteme Gmbh 

Midi MACS separator 130-042-302 Milteny Biotec 
OctoMACS™ Separator  130-042-108 Milteny Biotec 
PCR Machine ProFlex PCR 

System 
Applied Biosystems 

Pipettes P-2, P-10, P-20, 
P-100, P-200, P-
1000 

Eppendorf 

qRT-PCR machine StepOne Applied Biosystems 
qRT-PCR machine StepOne Plus Applied Biosystems 
Scissors - Straight / Sharp 
/ Blunt  

14001-13 Fine Science Tools 

Spectrophotometer Nanodrop1000 Peqlab 
Spectrophotometer DS-11 Series DeNovix 
Spring Scissors - Angled 15006-09  Fine Science Tools 
Stereomicroscope M210F Leica 
Vibratome VT1200S Leica 
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6.1.4. Kits 
Table 6.4.: List of kits used in this thesis. 

Kits Reference Supplier 
ArcurtusTM PicoPure RNA 
Isolation 

12204-01 Applied Bioscience 

cDNA synthesis Superscipt® 
ViloTM 

11754-050 Invitrogen 

Collagenase/Dispase 10269638001 Sigma-Aldrich 
Digoxigenin (DIG) RNA labeling 
kit 

11175025910 Roche 

DNAse I LS002139 Worthington Biochemical 
DNAse I, RNAse-free EN0521 Thermo Scientific 
Endopan 3 complete medium P04-0010K PAN-Biotech 
Fast SYBR Green Master Mix 43-856-12 Thermo Scientific 
High-Capacity cDNA Reverse 
Transcription 

4368814 Thermo Scientific 

Maxima Reverse Transcriptase EP0742 Thermo Scientific 
NEB T4 DNA Ligase M0202 NEB 
Neural tissue dissociation 130-092-628 Milteny Biotec 
NucleoSpin®Gel and PCR 
Clean-Up 

740609.25 Machery-Nagel 

PCR-CleanUp A9281 Promega 
Plasmid Plus MAXI Kit 12963 Qiagen 
Rnaeasy® Mini kit 74104 Qiagen 
RNAscope®Multiplex 
Fluorescent assay 

320850 Advanced Cell Diagnostics 

TaqMan Master-Mix 4369510 Thermo Scientific 
 

6.1.5. Softwares 
Table 6.5.: List of softwares used in this thesis. 

Software Source Website 
Fiji NIH https://fiji.sc/ 
Graphpad Pris 7.0 
and 9.0 

GraphPad Software, 
Inc 

https://www.graphpad.com 

iLastik 1.4.0rc8 Anna Kreshuk's lab 
(at EMBL) 

https://www.ilastik.org 

Illustrator Adobe Systems Inc https://www.adobe.com 
Imaris Oxford Instruments https://imaris.oxinst.com 
InDesign Adobe Systems Inc https://www.adobe.com 
Photoshop Adobe Systems Inc https://www.adobe.com 
R   https://www.r-project.org 
StepOne™ and 
StepOnePlus™ 
Software v2.3 

Thermo Scientific https://www.thermofisher.com 

StepOneTM Software 
v2.1  

Applied Biosystems www.thermofisher.com 
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ZEN blue Zeiss www.zeiss.com 
 

6.1.6. Oligonucleotides 
6.1.6.1. ISH Primers 
Table 6.6.: List of primers for making ISH probes used in this thesis. 

ISH primers Forward 5’ à 3’ Reverse 5’ à 3’ 
Mouse Chx10 CGGTGTGGCGAGTTCTCT AAGCTCTGGGTGAGGGC

T 
Mouse En1 ACACAACCCTGCGATCCT

ACT 
CCAGCAAATAGAGATCGC
TACAC 

Mouse Evx1/2 TGTCACCTCTCTTCTCAG
ATGC 

CTGGGTTAAGGGAGAAG
AGGTT 

Mouse PlexinD1 GTACCAACTGTCGAGTGC
CA 

TTCTCGAAGCGGTGGTCT
TC 

Mouse Sema3C AGGTCAGAGGACCAGGT
ATTCA 

GAGTGTTGTCCTTGGATT
GTCA 

Mouse Sema3E CCACACGATCTACACCCG
AG 

CACAGCAGAGGCTGATC
CAA 

Mouse Sim1 TATACTGCCTTTGGGGAG
AG 

CTACCCGTACAACCTTTG
TG 

 
6.1.6.2. qRT-PCR Primers and TaqMan probes 
Table 6.7.: List of primers and TaqMan probes for qRT-PCR used in this thesis. 

qRT-PCR primers Forward 5’ à 3’ Reverse 5’ à 3’ 
Human Gapdh TGCCGTCTAGAAAAACC

TGC 
ACCCTGTTGCTGTAGCC
AAA 

Human Nrp1 CGCTCCCGCCTGAACTA
CCCT 

TGAGGTGCGGGTGGAA
GTGCC 

Human PlexinD1 AACATCTCCAGCCAGAG
CAG 

CCAGGAAGACCGCTGT
GTAG 

Mouse Gapdh GGTCCTCAGTGTAGCCC
AAG 

AATGTGTCCGTCGTGGA
TCT 

Mouse Lrg1 CCATGTCAGTGTGCAGA
TTC  

AAGAGTGAGAGGTGGA
AGAG  

TaqMan probes Gene name Assay ID 
Mouse Gapdh glyceraldehyde-3-

phosphate dehydrogenase  
Mm99999915_g1 

Mouse Lrg1 leucine-rich alpha-2-
glycoprotein 1 

Mm01278767_m1  
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6.1.6.3. siRNAs 
Table 6.8.: List of siRNAs used in this thesis. 

siRNA siRNA ID Supplier 
siRNA Universal control SIC001 Merck/Sigma 

siRNA against human PlexinD1 SASI_Hs01_00194034 Merck/Sigma 

siRNA against human Nrp1 SASI_Hs02_00307190 Merck/Sigma 

 

6.1.6.4. RNAscope probes 
Table 6.9.: List of RNAscope probes used in this thesis. 

RNAscope probes Reference Supplier 
Mouse Chat 408731 ACD Bio-Techne 
Mouse Fos 316921 ACD Bio-Techne 
Mouse Glra2 510301 ACD Bio-Techne 
Mouse Mcam 406321 ACD Bio-Techne 
Mouse Nrg1 418181 ACD Bio-Techne 
Mouse Nrp1 471621 ACD Bio-Techne 
Mouse Pappa 443921 ACD Bio-Techne 
Mouse PlexinD1 405931 ACD Bio-Techne 
Mouse Sema3C 441441 ACD Bio-Techne 
Mouse Sema5a 508091 ACD Bio-Techne 
Mouse Slc10a4 544771 ACD Bio-Techne 
Mouse Slc18a3 448771 ACD Bio-Techne 
Mouse Slc5a7 439941 ACD Bio-Techne 

 

6.1.7. Antibodies 
6.1.7.1. Primary antibodies 
Table 6.10.: List of primary antibodies used in this thesis. 

Primary antibodies Catalogue 
number Supplier Dilution Method 

Goat a-CD31 AF3628 R&D 1:250 IHC 
Goat a-ChAT Ab144P Sigma 1:200 IHC 
Guinea-pig a-VACht 139105 Synaptic 

Systems 
1:200 IHC 

Mouse a-Claudin-5 35-2500 Invitrogen 1:100 IHC 
Mouse a-Isl1/2 39.4D5 DSHB 1:100 IHC 
Mouse a-Neurofilament 
M (RMO 270) 

13-0700 Thermo 
Scientific 

1:300 IHC 

Mouse a-Synaptophysin SAB4200544 Sigma 1:200 IHC 
Mouse a-VGAT 131011 Synaptic 

Systems 
1:100 IHC 

Rabbit a-Collagen IV CO20451 Biozol 1:300 IHC 
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Rabbit a-FoxP1 Ab16645 Abcam 1:300 IHC 
Rabbit a-HB9 N/A (Thaler, 

Harrison et 
al. 1999) 

1:8000 IHC 

Rabbit a-Iba1 019-19741 Wako 1:300 IHC 
Rabbit a-Lrg1 NBP1-82823 Novus 1:500 WB 
Rabbit a-Neurofilament M 841001 Biolegend 1:300 IHC 
Rabbit a-VACht 139103 Synaptic 

Systems 
1:200 IHC 

Rat a-CD13 Ab33489 Abcam 1:250 IHC 
 
6.1.7.2. Secondary antibodies 
Table 6.11.: List of secondary antibodies used in this thesis. 

Secondary 
Antibodies 

Catalogue 
number Supplier Dilution Method 

a-Bungarotoxin 
Alexa 594 
Conjugated 

B13423 Thermofisher 1:100 IHC 

Alkaline 
phosphatase-
coupled anti-DIG 

11093274910 Roche 
Diagnostics 

1:500 or 
1:1500 

ISH 

Donkey a-goat 
Alexa 647 

705-605-147 Jackson 
ImmunoResearch 

1:500 IHC 

Donkey a-guinea 
pig Alexa 488 

706-546-148 Jackson 
ImmunoResearch 

1:500 IHC 

Donkey a-guinea 
pig Alexa 594 

706-586-148 Jackson 
ImmunoResearch 

1:500 IHC 

Donkey a-mouse 
Alexa 488 

715-545-150 Jackson 
ImmunoResearch 

1:500 IHC 

Donkey a-rabbit 
Alexa 488 

A21206 Invitrogen 1:500 IHC 

Donkey a-rabbit 
Alexa 568 

A10042 Invitrogen 1:500 IHC 

Isolectin GS-IB4 
Alexa Fluor 568 

I21412 Invitrogen 1:250 IHC 

Isolectin GS-IB4 
Alexa Fluor 647 

I32450 Invitrogen 1:250 IHC 

Peroxidase 
AffiniPure goat a-
rabbit IgG (H+L)  

111-035-144 Jackson Immuno 
Research  

1:5000 WB 
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6.2. Methods 

6.2.1. Animals 
All experimental protocols, handling and care of mice were conducted in 

accordance with the local authorities and animal welfare officers (Germany, 

Baden-Württemberg, Regierungspräsidium Karlsruhe: animal projects approved 

under the licenses T38/19, I19/13, I21/02 and G3/19. UK: a project license to 

Prof. Christiana Ruhrberg was attributed by the United Kingdom Home Office and 

reviewed by the University College London Institute of Ophthalmology Animal 

Welfare and Review Body).  

The following transgenic mouse lines were previously described and were 

used in this thesis: PlexinD1 full KO (Gitler, Lu et al. 2004), Tie2:Cre (Kisanuki, 

Hammer et al. 2001), PlexinD1 fl/fl (Zhang, Singh et al. 2009), Sema3E full KO 

(Gu, Yoshida et al. 2005), Olig2:Cre (Dessaud, Yang et al. 2007), Sema3C fl/fl 

((Plein, Calmont et al. 2015), Cdh5:Cre (Wang, Nakayama et al. 2010) and 

Ctnnb1Ex3 fl/fl (Harada, Tamai et al. 1999). The deletion of PlexinD1 from ECs 

was achieved by crossing PlexinD1 fl/fl mice with PlexinD1 fl/+Tie2:Cre mice, 

resulting in the generation of the mouse line PlexinD1 fl/flTie2:Cre. Deletion of 

Sema3C in MNs was accomplished by crossing Sema3C fl/fl mice with the 

Olig2:Cre line to generate Sema3C fl/flOlig2:Cre mice. To determine the embryonic 

stages, the morning of vaginal plug formation after mating was considered as 

E0.5. PlexinD1 full KO, PlexinD1 fl/flTie2:Cre and Sema3E full KO embryos were 

kindly provided by Prof. Dr. Christiana Ruhrberg, a collaborator of the study. 

To remove Ctnnb1 from ECs in adult mice, Ctnnb1Ex3 fl/fl mice were 

crossed with Cdh5:CreERT2 mice to generate Ctnnb1 Ex3 fl/flCdh5:CreERT2 (these 

mice were kindly provided by Prof. Dr. Stefan Liebner, Frankfurt). To induce 

deletion of the exon 3 of Ctnnb1 by CreERT2, intraperitoneal injections of 

tamoxifen (500 µg/mouse/day; Cayman #13258) prepared using corn oil (Sigma-

Aldrich #C8267) were administered for 5 consecutive days starting at 8 weeks of 

age. Experiments involving this mouse line were performed after 3 weeks of the 

first tamoxifen injection. Animals were genotyped by conventional PCR. 

Adult male or pregnant female C57BL/6N WT mice were purchased from 

Charles River Laboratories and Janvier Labs, respectively. Adult males were 

aged between 8 to 12 weeks old during all experiments. All animals were housed 
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under controlled humidity and on a 12h light-dark cycle, and had free access to 

food and water. 

 

6.2.2. Complete Freund’s Adjuvant (CFA) pain model 
CFA injections were mainly administered by Dr. Christian Litke or Ann-

Kristin (a former PhD student and a current master student in Prof. Dr. Daniela 

Mauceri’s group, respectively) in a project collaboration. A smaller group of CFA 

injections were administered by me. The induction of the CFA inflammatory pain 

model was done by injecting subcutaneously 20 µl of CFA (Sigma Aldrich 

#F5881) into the plantar surface of both hind paws (Stosser, Agarwal et al. 2010). 

Control mice were similarly injected with 20 µl of 0.9% saline. During the 

intraplantar injections, animals were kept under isoflurane anesthesia. 

 

6.2.3. Spared nerve injury (SNI) model 
All the surgeries were performed by Dr. Manuela Simonetti, a collaborator 

of the project. Nerve or sham injuries were done as previously described 

(Simonetti, Hagenston et al. 2013). Mice were kept anesthetized under 1.5-2.5% 

isoflurane during procedure. After no reflexes were observed, an incision was 

made in the skin on the lateral surface of the thigh to expose the sciatic nerve 

and its branches. The common peroneal and tibial branches were ligated and a 

1-2 mm distal portion of the nerve was cut, while the sural nerve branch was left 

intact. Sham animal underwent the same surgical procedure, but without the final 

nerve injury steps. 

 

6.2.4. Intrathecal injections 
Intrathecal injections were performed by a project collaborator, Dr. 

Manuela Simonetti, and were performed following previously published protocols 

(Njoo, Heinl et al. 2014). Anesthesia was initially induced by placing the mice 

under 3 % isoflurane (in O2) until the mice presented no reflexes after pinching 

the tail or paw. Mice were then kept under continuous 1.5% isoflurane (in O2) 

throughout the injection procedure. First, to visualize the spinal column, the lower 

back of the animals was shaved and wiped with 70 % EtOH. Then, the L6 

vertebra was identified, and a previously prepared and loaded 0.3 ml insulin 
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syringe with a 30 G needle was gently inserted between the vertebrae L5 and L6, 

followed by slow injection of the solution. In most of the injections, a tail flick would 

be observed, indicating successful entry of the needle into the intradural space. 

Mice were then placed back in their cages and monitored until the end of the 

experiment. Intrathecal injections were used to deliver 0.8 µg of rLRG1 (13371-

H02H) in 10 µl of 0.9% saline solution. As control, mice were injected with 10 µl 

of 0.9% saline solution. 

 

6.2.5. Endothelial cell culture 
Primary human brain microvascular endothelial cells (HBMECs) (ACBRI 

376, Cell Systems) were cultured in 75 cm3 flasks or 6-well plates (previously 

coated with 0.1% gelatin) in Endopan 3 complete medium for ECs (P04-0010K, 

PAN-Biotech) complemented with 10% FBS, 100 U ml−1 of penicillin and 100 μg 

ml−1 of streptomycin (15140122, ThermoFisher) in a 5% CO2 humidified incubator 

at 37°C. For the experiments, HBMECs from passages 6 to 10 were used. 

 

6.2.6. Histology 
At the respective development stage (E11.5, E12.5, and E18.5), embryos 

were collected and fixed in 4% paraformaldehyde (PFA)/PBS (for the embryos 

used for ISH or RNAscope, PBS was DEPC-treated) at 4°C overnight. 

Afterwards, embryos were cryopreserved in 30% sucrose in PBS at 4°C until 

sinking, and then embedded in optimal cutting temperature (OCT) compound and 

stored at -20°C or -80°C until the day of sectioning. For experiments, 20- and 40 

μm thick sections were made using a cryostate (MICROM HM560) and collected 

on SuperFrost Plus slides (Menzel-Glaeser, Braunschweig, Germany). 

For the visualization of MN axons exiting the spinal cord, embryos were 

fixed in 4% PFA at 4°C overnight, and then kept in PBS until sectioning (no 

cryopreservation with 30% sucrose). Embryos were embedded in 3-5% low-

melting agarose on the day of sectioning, and blocks were cut on a vibratome 

(VT1200S, Leica) to obtain 300 μm thick slices. 

For immunohistochemistry experiments using adult mice, at the respective 

experimental timepoints, mice were euthanized with an overdose of Narcoren 

(300mg/kg, intraperitoneal injection). After loss of reflexes, mice were 
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transcardiac perfused with PBS and subsequently 4% PFA. Spinal cord lumbar 

L3-L5 levels were isolated and post-fixed in 4% PFA at 4° overnight. Afterwards, 

tissues were cryoprotected in 30% sucrose in PBS (DEPC-treated) at 4°C until 

sinking and embedded as mentioned for mouse embryos. Spinal cords were cut 

at 20 µm thickness using a cryostat (MICROM HM560 or C1950 from Leica) and 

collected on SuperFrost Plus slides (Menzel-Glaeser, Braunschweig, Germany). 

 

6.2.7. Immunohistochemistry 
Frozen sections were allowed to thaw at room temperature (RT) for 20 min 

before staining. Sections were washed with PBS, and blocked in 5% normal 

donkey serum in 0.3% Triton X-100/PBS (being permeabilized in simultaneously) 

for 1h. Afterwards, sections were incubated with primary antibodies in blocking 

buffer at 4°C overnight. The primary antibodies used can be found in table 

6.1.7.1. The next day, sections were washed three times with PBS and further 

incubated with secondary antibodies (listed in table 6.1.7.2.) at RT for 2 h. 

Labeling of blood vessels using Isolectin GS-IB4 (I21412 and I32450, 1:250, 

Invitrogen) was done with secondary antibodies incubation. A similar protocol 

was used for the immunostaining of 300 μm thick sections, but with two 

alterations: sections were incubated with primary antibodies at 4°C for 72 h, and 

with secondary antibodies at 4°C for 24 h. For all sections, after secondary 

antibody incubations, sections were washed three times with PBS and mounted 

with fluoromount G (00-4958-02, Invitrogen). Images were acquired on a confocal 

microscope on a Nikon AR1 confocal microscope with x20/0.75 Plan-Fluor 

Objective and Zeiss LSM800 confocal microscope with x20/0.8 Plan-

APOCHROMAT. For the 3D reconstructions, image processing was performed 

using IMARIS software (version 9.5.1). 

 

6.2.8. In situ hybridization 
The mRNA expression and localization of the target genes was performed 

by ISH using the following protocol: after thawing, sections were incubated with 

hybridization buffer at 68°C for 1h. Then, the hybridization step with digoxigenin 

(DIG)-labeled antisense riboprobes (sequence information of the primers used to 

generate the probes is available in Table 6.1.6.1.) was performed at 68°C 



Material and Methods 

 97 

overnight. Digoxigenin (DIG) riboprobes were detected using an alkaline 

phosphatase-coupled anti-DIG antibody (1:500 for 2 h or 1:1500 overnight, 

Roche Diagnostics, Mannheim, Germany). The alkaline phosphatase reaction 

was performed with nitroblue tetrazolium/5-bromo-3-chloro-3-indolyl phosphate 

(NBT-BCIP, Promega) as a chromogenic substrate, resulting in a violet 

precipitate after some hours. Total incubation times varied between 14 h and 18 

h, depending on the specific probe used. As a negative control, sections were 

incubated in parallel with sense probes that generate no specific signal. For the 

combination of ISH and immunofluorescence, the immunohistochemistry 

experimental protocol described in 6.2.7. for frozen sections was done after 

completion of the ISH protocol. Regular ISH or combined ISH and 

immunofluorescence were imaged using a Zeiss Axiovert 200 fluorescence 

microscope or a confocal microscope Zeiss LSM800. 

 

6.2.9. RNAscope multiplex fluorescent assay 
Detection of mRNA specific targets in embryonic spinal cord frozen 

sections was done using the RNAscope probes listed in table 6.1.6.4., which 

were all acquired from Advanced Cell Diagnostics. RNAscope without co-staining 

was performed following the manufacturer’s instructions (Advanced Cell 

Diagnostics). For the RNAscope with co-staining for MN markers HB9, Isl1/2 and 

Foxp1, sections were initially blocked and stained with primary antibodies as 

mentioned in section 6.2.7, and post-fixed in 4% PFA. Afterwards, the RNAscope 

was proceeded with Protease III treatment, probe binding and signal amplification 

following the manufacturer’s instructions (Advanced Cell Diagnostics). After the 

last RNAscope step, sections were washed, incubated with secondary antibodies 

(including blood vessel staining with Isolectin GS-IB4 Alexa Fluor 568 or 647 

conjugate) at RT for 2 h and mounted with fluoromount-G (00-4958-02, 

Invitrogen). As negative control a RNAscope probe detecting dapb (bacterial 

gene) was used, and as positive control I used the 3-Plex-positive control 

RNAscope probe targeting Polr2a, Ppib and Ubc (both provided by the 

manufacturer). Image acquisition was done using a Zeiss LSM800 confocal 

microscope with x20/0.8 Plan-APOCHROMAT and 40x/1.30 C Plan-

APOCHROMAT objectives. The number of mRNA transcripts detected in HB9+ 

nuclei were counted manually. 
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6.2.10. Immunoblot analysis 
Lrg1 expression at the protein level was analyzed by Western Blot. Adult 

mice were initially anesthetized using Narcoren (300mg/kg, intraperitoneal 

injection) until the loss of any tail or paw reflexes. Afterwards, the lower part of 

the abdomen was cleaned with 70 % EtOH and the abdomen was opened by a 

longitudinal incision. The inferior vena cava was exposed and punctured to collect 

blood into eppendorfs filled with 40 µl of EDTA to obtain plasma. Blood samples 

were centrifuged at 3000 rpm at 4°C for 15 min, and the supernatant was 

transferred into a new tube and frozen at -80°C until further use. The 

concentration of the protein samples was determined using a colorimetric assay 

based on the Braford method (5000006, Bio-Rad), with BSA used as standard. 

30 µg of plasma were mixed with 4x Laemmli sample buffer (160 mM Tris HCl 

pH 6.8, 4% SDS, 30% glycerol, 0.02% bromophenol blue) and 1% dithiothreitol, 

and heated at 95°C for 10. For SDS-PAGE, samples were loaded on 3.75% 

acrylamide stacking gel and a 10% acrylamide resolving gel. Gel electrophoresis 

was performed at constant amperage (35 mA per running gel) in running buffer 

(10 mM glycine, 2.5 mM Tris, 0.01% SDS). Proteins were then transferred onto 

a nitrocellulose membrane (AmershamTM 0.45 μm, GE Healthcare) at constant 

voltage of 18V for 2 h in transfer buffer (15 mM glycine, 2mM Tris, 0.01 % SDS, 

20 % methanol). Membrane was stained with Ponceau S solution (33427.01, 

SERVA) to verify successful transfer, and blocked in 5% milk powder in PBST 

(0.1 % Tween 20 in 1x PBS) at RT for 1 h. Primary antibody incubation (listed in 

section 6.1.7.2.) was performed at 4°C overnight. The next day, membranes were 

washed with three 10 min washes with PBST, and incubated with HRP-

conjugated secondary antibody at RT for 1 h. Then, membranes were washed 

again three times with PBST and blots were developed using ClarityTM Western 

ECL substrate (#170-5061, Bio-Rad). Detection was done using the ChemidocTM 

Imaging System (Bio-Rad). Quantification of relative protein band density was 

done using ImageJ.  

 

6.2.11. siRNA transfection 
To knockdown specific targets, HBMECs were transfected with siRNA 

Universal control (SIC001, Sigma), siRNA against human PlexinD1 (siRNA ID: 

SASI_Hs01_00194034, Sigma) or siRNA against human Nrp1 (siRNA ID: 



Material and Methods 

 99 

SASI_Hs02_00307190, Sigma). Transfection of HBMECs (12 × 104 cells) in 6-

well plates (657-160, Greiner Cell Star) with siRNA (with a final concentration of 

200 nM) was performed with Oligofectamine according to the manufacturer’s 

transfection protocol (12252011, ThermoFisher). First, HBMECs were 

transfected with siRNAs Opti-MEM reduced serum medium (51985034, 

ThermoFisher) for 4 h. Then, cells were washed with PBS and cultured in 

Endopan 3 complete medium for 24 h. At this point, cells were used either in the 

tube-touching assay experiments or collected using RLT buffer (74104, Qiagen) 

for total RNA extraction to confirm successful knockdown of PlexinD1 or Nrp1. 

siRNA Universal control was used to exclude non-specific effects related to the 

transfection. 

 

6.2.12. Spinal cord MN explant dissection 
MN explants from embryonic spinal cords were generated as previously 

described (Himmels, Paredes et al. 2017). Spinal cords from E11.5 embryos 

were dissected via open-book preparation (Langlois, Morin et al. 2010) on L15 

medium (L5520, Sigma) supplemented with 5% horse serum, 50 U ml-1 of 

penicillin and 50 µg ml-1 of streptomycin. Spinal cords were flattened and the 

visible MN columns were isolated and cut in approximately 1 cm explants under 

a stereomicroscope. As the explants generated might contain also neural 

progenitors, due to the experimental procedure followed to dissect and prepare 

these explants, in the experiments using explants from BL6 WT embryos (co-

cultured with HBMECs-PlexinD1-KD or HBMECs-Nrp1-KD and respective 

controls), explants originating from the same embryo and dissection were used 

in both the KD and Ctrl conditions. 

 

6.2.13. Muscle innervation immunohistochemistry 
Mouse embryos were collected at E18.5 and fixed in 4% PFA at 4°C 

overnight. Then, muscles were dissected, washed in PBS for 30 min and blocked 

in 10% normal donkey serum at 4°C overnight. Afterwards, muscles were 

incubated with primary antibodies (listed in section 6.1.7.1.) diluted in blocking 

buffer at 4°C for 72h. Tissue was washed three times for 30 mins, and incubated 

with secondary antibodies (listed in section 6.1.7.2.), including blood vessel 
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staining using Isolectin GS-IB4 Alexa Fluor 647 conjugate at 4°C overnight. 

Tissues were then washed three times for 30 mins, mounted with fluoromount G 

(00-4958-02, Invitrogen), and imaged using a confocal Zeiss LSM800 with 

x20/0.8 Plan-APOCHROMAT and 40x/1.30C Plan-APOCHROMAT objectives. 

 

6.2.14. DiI tracing 
E18.5 mouse embryos were dissected, fixed in 4% PFA at 4°C overnight, 

and the spinal cord dissected and washed in PBS. Afterwards, I handled the 

spinal cords to Dr. Sebástian Dupraz, a senior scientist in my lab, who did the DiI 

tracing experiments. 100 µl drops of Neuro-DiI (60016, Biotium)-ethanol solutions 

were added on a slide grass and allowed to evaporate in order to form a thin layer 

of DiI crystals. These crystals were then scratch-collected using tungsten needles 

(10130-20, FST) and inserted into DRGs to be incorporated by sensorial neurons 

and label the afferent projections into the spinal cord. In simultaneous, ventral 

roots were cut to avoid leakage of DiI labeling into ventral MN columns. Tissue 

was then incubated in 4% PFA at 37°C for seven days. Afterwards, spinal cords 

were cryopreserved in 30% sucrose in PBS at 4°C overnight, and 50 µm 

cryosections were made. Images were acquired using a CellDiscoverer 7 

(combined with Zeiss LSM900) with x20/095 Plan-APOCHROMAT objective. 

 

6.2.15. Tube-touching assay 
Tube-touching assays were performed in µ-Slide Angiogenesis wells 

(81506, ibidi GmbH). 10 µl of Corning Matrigel matrix (356234, Corning) were 

added per well and allowed to polymerize at 37°C for 30-45 min. 50 µl of HBMECs 

suspension (in HBMECs starving medium (HBMECs culture medium without 

VEGF, FGF-2 and FBS) containing 1x104 cells and MN explants was added to 

each well (each suspension contained approximately 3–4 explants). Cells 

together with the explants were incubated in a humidified chamber at 37°C, 5% 

CO2 for 16-18 h. Acquisition of images was done using a microscope Zeiss 

Axiovert 200 M with 5x/0,16 EC Plan-NEOFLUAR Objective. The tubes touching 

the explant were counted manually and I was blinded to the experimental 

conditions during quantification.  
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6.2.16. Gene expression analysis – qRT-PCR 
RNA from HBMECs (ACBRI 376, Cell Systems) was extracted using the 

RNeasy Mini Kit (74104, Qiagen). RNA was treated with DNase I (EN0521, 

Thermo Scientific) and afterwards reverse transcribed into cDNA using 

SuperScript IV Vilo (11756-050, Thermo Scientific) following the manufacturer’s 

protocol. mRNA expression levels were assessed by qRT-PCR using Fast SYBR 

Green Master Mix (00408995, Thermo Scientific), relative to the expression level 

of the housekeeping gene Gapdh. 

Liver, hippocampus, cortex, and dorsal part of L3-L5 spinal cord levels 

were harvested, frozen in liquid nitrogen and stored at -80°C until further use. 

Total RNA from these mouse tissues was extracted using the RNeasy Mini Kit 

including the optional DNAse in-column step (#79254, Quiagen) accordingly to 

manufacturer’s instructions. Extracted RNA was then reverse transcribed into 

cDNA using the High-Capacity cDNA Reverse Transcription Kit (#4368814, 

Applied Biosystems). Quantitative reverse transcriptase PCR was performed on 

a StepOne plus real-time PCR system using TaqManÒ gene expression assays 

(#4369016, Applied Biosystems). Expression of target genes was normalized to 

the endogenous control gene Gapdh. 

Due to the low amount of cells obtained, the extraction of RNA from the 

different cell fractions obtained by MACS was done using the ArcturusTM 

PicoPure RNA isolation kit (12204-01, Applied Bioscience), following the 

manufacturers’ protocol. The extracted RNA was then processed and converted 

to cDNA as mentioned for HBMECs-derived RNA. 

The list of qRT-PCR primers and probes used in this work are described 

in Table 6.1.6.2. 

6.2.17. Magnetic cell separation (MACS) and cell isolation 
Freshly collected L3-L5 dorsal spinal cord tissues were collected from 

mice injected either with saline of CFA. Tissue was chopped in smaller pieces, 

dissociated, and digested following the neural tissue dissociation kit protocol 

(130-092-628, Milteny Biotec). Digestion of tissue was done using 

Collagenase/Dispase (10269638001, Sigma-Aldrich) and DNase I (LS002139, 

Worthington Biochemical) with final concentrations of 3 mg/ml and 0.25 mg/ml, 

respectively. The homogenate solution was passed through a 70 µm cell strainer 
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and washed several times with 2% FBS in 1x PBS. After dissociation, a myelin 

removal step was performed using the myelin removal beads II (130-096-733, 

Milteny Biotec) following the manufacturers’ protocol. Isolation of the different cell 

fractions was performed following the step ‘Isolation of endothelial cells’ of the 

protocol ‘Isolation and cultivation of endothelial cells from adult mouse brain’ 

available from Milteny Biotec. CD45+ immune cells were isolated by incubating 

the single cell solution with CD45 Microbeads (130-052-301, Milteny Biotec) in 

2% FBS/PBS at 4°C for 15min and then applied on separation columns. The 

CD45 positive cell fraction was collected and frozen (this cell fraction contains 

only immune cells), while the flowthrough containing CD45- cells was collected, 

incubated with CD31+ Microbeads (130-097-418. Milteny Biotec) in 2% FBS/PBS 

at 4°C for 15min, and then applied on separation columns. Here, the positive 

fraction containing only ECs (CD31+CD45- fraction) and the flowthrough 

containing mainly neuronal/glia unlabeled cells (CD31-CD45- fraction) were 

collected and frozen until the day of RNA extraction. 

 

6.2.18. In vivo tracer permeability 

At the respective timepoint of interest, 120 µl of 10 mg/ml solution of 

sodium fluorescein (F6377, Sigma-Aldrich) were injected intravenously into the 

tail vein and allowed to circulate for 30 min. Afterwards, animals were injected 

with an overdose of Narcoren (300mg/kg, intraperitoneal injection). After loss of 

reflexes, 300 µl of blood were collected into an eppendorf tube containing 40 µl 

of EDTA and thereafter, mice were perfused for 2 min (at 5 ml/min) with PBS. 

The different regions of the spinal cord were then isolated, weighted, and 

homogenized in 100 µl PBS. In parallel, blood was centrifuged at 15000 g at 4°C 

for 5 min, and supernatant (plasma) was collected. Homogenized spinal cord 

samples were then centrifuged at 10000 g at 4°C for 15 min. Spinal cord 

supernatants and plasma (at a dilution of 1:100 or 1:1000) were then loaded on 

a 96-well plate (655209, Greiner Bio-one) and fluorescence emissions (relative 

fluorescence units (RFU)) were measured in a microplate reader (Rosys Anthos 

2001, Anthos Mikrosysteme Gmbh; CLARIOstar Plus, BMG LABTECH) at 

excitation/emission of 460/515 nm. Non-injected sham animals were used in 
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parallel to subtract tissue and plasma auto-fluorescence values. Permeability 

index was calculated as (Tissue RFU/Tissue weight)/(Plasma RFUs). 

 

6.2.19. Quantification of blood vessel density and ingression angles 
For the quantification of spinal cord vascularization, sections from brachial 

and thoracic levels were used for all lines except for Sema3E WT and KO 

embryos, where only the brachial level was considered as Sema3E is only 

expressed at this spinal cord level. Total spinal cord vascularization was 

calculated as the covered IsoB4 staining area per spinal cord area (excluding the 

FP, which is also labeled by IsoB4, and the central ventricle). Similarly, MN 

column vascularization was calculated as the percentage of MN column (labeled 

by Isl1/2+ staining) area covered by IsoB4 staining. All above quantifications were 

performed using the NIH ImageJ software. Blood vessel ingression into the 

ventral spinal cord was analyzed as previously described (James, Gewolb et al. 

2009), considering the FP as the reference 0°. The angle of blood vessels 

ingressing was measured using the Angle Tool of NIH ImageJ software. 

Quantification of vessel length in MN columns was done using the software 

“Angiotool” (Zudaire, Gambardella et al. 2011) 

 

6.2.20. Analysis of MEP position, quantification of thickness of MN 
axon bundle at MEP and measure of ventral root diameter 
MEPs positioning in the ventral spinal cord was determined by quantifying 

the distance from the ventral midline (at the FP position) to the most ventral axon 

bundle (labeled with neurofilament M) at MEPs. Similarly, the average position of 

MEP was calculated by measuring the distance from the ventral midline to the 

average middle position of the motor neuron axon bundle. To exclude variations 

in the embryos size, the distances were divided by the respective embryo height 

(calculated as the distance between dorsal and ventral midlines) (Kim, 

Fontelonga et al. 2017). MN axon bundles thickness was quantified at MEP by 

measuring the distance between the most ventral and most dorsal axon bundle 

leaving the spinal cord in 300 µm vibratome sections. Similarly, ventral root 

diameter was measured at a distance of 30 µm from the MEP in 300 µm 

vibratome sections. Quantifications were done using NIH ImageJ software. 
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Maximum intensity projections were created only from confocal z-stacks 

containing the entire ventral root. 

 

6.2.21. Analysis of MN number, soma size, synaptic input density and 
synaptic input puncta 
At E18.5, MNs were identified by staining for the MN-specific transcript 

factor HB9. The total number of MNs (HB9+ cells) located in the ventral spinal 

cord were manually. MN soma size was quantified by measuring the area of 

HB9+/ChAT+ cells. Total area occupied by input synapses (synaptic density) was 

quantified by measuring the VAChT+ or VGAT+ staining area overlapping with 

HB9+/ChAT+ MNs. Synaptic density was then normalized for the respective MN 

soma area. All quantifications were performed using NIH ImageJ software. 

 

6.2.22. In Silico analysis 
These bioinformatic analysis were done with the support of Dr. Géza 

Schermann, a bioinformatician in the lab, who introduced me to the bioinformatic 

field and was always available to check my R code workflows in case I needed 

during my analysis. 

For the embryonic in silico analysis, publicly available scRNAseq data 

from the embryonic spinal cord (Delile, Rayon et al. 2019) were downloaded from 

ArrayExpress (accession number E-MTAB-7320) and analyzed using R (version 

4.0.2; http://www.R-project.org/). The bioinformatic analysis were done as 

follows: first, the selection of ECs was performed by extracting the cluster 

classified as ‘Blood’ and identify the cells within this cluster expressing the 

commonly accepted EC markers Cdh5, Kdr and Pecam1. Ventral neural cells 

were already identified in the dataset and thus directly extracted. The prediction 

of cell-cell interactions occurring between ventral neural cells and ECs was 

performed using the R toolkit CellChat (Jin, Guerrero-Juarez et al. 2021). The 

interactome prediction was performed using the original pipeline published by the 

CellChat authors (Jin, Guerrero-Juarez et al. 2021) (github.com/sqjin/CellChat) 

with minor changes: computation of the communication probability was done 

using the method type “truncatedMean” with “trim = 0.07”, as the previously 

described Vegf-Kdr interaction in developing motor neurons was not predicted 
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using the original default method (Himmels, Paredes et al. 2017). Plots for 

Sema3C, PlexinD1 and Nrp1 expression were done using the original pipeline 

described in Delile et al. (Delile, Rayon et al. 2019), with the minor change that 

no threshold was applied to the minimum number of cells needed to express the 

genes. 

For the adult in silico analysis, publicly available bulk-RNAseq data from 

spinal cords derived from mice injected with saline or CFA (with additional 

intraspinal delivery of expressing construct for LacZ) (Litke, Hagenston et al. 

2022) were downloaded from Gene Expression Omnibus (GEO) (accession 

number GSE159895) and analyzed using R. To see which cells expressed the 

significant genes obtained in the comparison saline vs CFA, previously published 

scRNAseq data from the adult spinal cord (Sathyamurthy, Johnson et al. 2018) 

were downloaded from GEO (GSE103892) and used to plot the expression of 

significant altered genes in each cell type in baseline conditions. For the 

pseudobulk comparisons for the different cell types derived from non-injured or 

SCI mice (Matson, Russ et al. 2022), the available scRNAseq dataset was 

download from GEO (GSE172167). Then, cells from the same cell type were 

pseudobulked and differential gene expression analysis between treatments was 

performed using the R package DESeq2 (Love, Huber et al. 2014). PCA plots 

were done using transformed data (using the variance stabilizing transformation).  
 

6.2.23. Statistical analysis 
All results in this thesis were plotted as the mean for each group, and 

respective error bars represent means ± standard deviation. For each embryonic 

experiment at least two independent experiments (or independent litters) were 

analyzed. Sample sizes for each experiment are provided in the respective figure 

legends. Statistical significances between two groups were calculated using 

parametric two tailed unpaired Student’s t-test, while multiple comparisons 

between three or more groups were performed using One-way analysis of 

variance (ANOVA) followed by Sidak’s multiple comparisons test correction. 

Outliers were detected using the Outlier calculator (GraphPad Prism, version 7.0 

and version 9.0) with an Alpha=0.05 significance level. Statistically significant 

results are indicated in the figures using *P < 0.05, **P < 0.01 ***P < 0.001 and 

****P < 0.0001 and respective figure legends. Analyses were performed blinded 
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to the experimental conditions for all the experiments. The statistical analysis 

were performed using GraphPad Prism (version 7.0 and version 9.0).
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8. APPENDIX 

Appendix Fig. 1. Top predicted interactions between ventral spinal cord cells, and 
PlexinD1 and Nrp1 expression. (A) Graph showing the predicted interactions between 
the different cell types. (B-E) Graphs showing the predicted interactions between cell 
types using (B) Notch signaling, (C) Epha signaling, (D) Laminin signaling, and (E) Jam 
signaling. (F-G) Temporal plot of the percentage of ECs expressing PlexinD1 (F) and  
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the average number of PlexinD1 reads in ECs (G) between E9.5 to E13.5, using 
previously published single-cell RNAseq data (Delile, Rayon et al. 2019). (H) 
Representative images for PlexinD1 ISH between E9.5 and E12.5. PlexinD1 mRNA is 
expressed only in ECs at all the spinal cord levels. Scale bars 100 µm. (I) Predicted 
expression of Nrp1 in the different cell types between E9.5 to E11.5, using previously 
published single-cell RNAseq data (Delile, Rayon et al. 2019). (J-K) Temporal plot of the 
percentage of ECs expressing Nrp1 (J) and the average number of Nrp1 reads in ECs 
(K) between E9.5 to E13.5, using previously published single-cell RNAseq data (Delile, 
Rayon et al. 2019). (L) Representative images of RNAscope Multiplex Fluorescent Assay 
using Nrp1 probe combined with staining for ECs (IsoB4+). Inset shows higher 
magnification of vessels surrounding the MN column. Blue arrowheads point at Nrp1 
dots within ECs. Scale bar 100 µm for low magnification and 25 µm for higher 
magnifications. 
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Appendix Fig. 2. Sema3C is expressed in MNs during spinal cord development. 
(A) Representative images of Sema3C in situ hybridization (ISH) at brachial and 
thoracic level between E11.5 and E12.5. (B-C) Percentage of MNs expressing Sema3C 
(B) and the average number of (C) Sema3C reads in MNs over the indicated 
developmental times, using previously published single- cell RNAseq data (Delile, 
Rayon et al. 2019). (D) Predicted expression of Sema3C in the different MN columns 
 



Appendix 

 137 

 
 
 
 
 
 
 
 

 

HBMECs-Control
HBMECs-PlexinD1-KD

E
xp

la
nt

 s
iz

e 
(μ

m
2 )

2.0

4.0

6.0

HBMECs-Control
HBMECs-PlexinD1-KD

R
el

at
iv

e 
ex

pr
es

si
on

 o
f 

P
le

xi
nD

1 
in

 H
B

M
E

C
s ****

0.0

0.5

1.0

1.5

2.0

A B

E
HBMECs-Control
HBMECs-Nrp1-KD

E
xp

la
nt

 s
iz

e 
(μ

m
2 )

0.0

1.0

2.0

3.0

4.0

FD

HBMECs-Nrp1-KD
HBMECs-Control

N
o.

 o
f T

ub
es

 / 
μm

 e
xp

la
nt

 s
ur

fa
ce

0.0

0.5

1.0

1.5

2.0 *

HBMECs-Control
HBMECs-Nrp1-KD

R
el

at
iv

e 
ex

pr
es

si
on

 o
f 

N
R

P
1 

in
 H

B
M

E
C

s

****

0.0

0.5

1.0

1.5

2.0

C HBMECs-Control HBMECs-Nrp1-KD

Fig. Sup. 3 - Related to Figure 2

Appendix Fig. 3. Knockdown of PlexinD1 and Nrp1 in ECs results in increased 
HBMECs tubes contacting MN explants. (A) Relative PlexinD1 mRNA expression in 
HBMECs upon transfection with siRNA PlexinD1 (HBMECs-PlexinD1-KD), normalized to 
siRNA Ctrl (HBMECs-Control) (n=9 siRNA Ctrl, n=9 siRNA PlexinD1, from two 
independent experiments). (B) Relative Nrp1 mRNA expression in HBMECs upon 
transfection with siRNA Nrp1 (HBMECs-Nrp1-KD), normalized to siRNA Ctrl (HBMECs-
Control) (n=10 siRNA Ctrl, n=10 siRNA Nrp1, from two independent experiments). (C) 
Representative images of the tube “touching” assay showing HBMEC-Control and 
HBMECs-Nrp1-KD tubes touching MN explants. Red arrowheads indicate contacts 
between HBMEC tubes and explants. Scale bars 1000 µm. (D) Quantification of the 
number of either HBMECs-Control or HBMECs-Nrp1-KD tubes touching MN explants, 
normalized to the explant perimeter (n=37 explants siRNA Ctrl, n=28 explants siRNA 
Nrp1, from 2 independent litters). (E) Quantification of MN explant size from BL6 WT 
embryos used for the tube touching assay (data are normalized to Control; n=72 explants 
cultured with HBMECs-Control, n=77 explants cultured with HBMECs-PlexinD1-KD, from 
two independent litters). (F) Quantification of the number of either HBMECs-Control or 
HBMECs-Nrp1-KD tubes touching MN explants, normalized to the explant perimeter 
(n=37 explants siRNA Ctrl, n=28 explants siRNA Nrp1, from 2 independent litter). All 
statistical analyses done using parametric distribution, two tailed unpaired Student’s t-
test. All data shown as mean ± SD.  
 

using previously published single-cell RNAseq data (Delile, Rayon et al. 2019). (E) 
Representative RNAscope assay for the negative control Dapb, showing background 
staining prevenient from erythrocytes. The inset shows a higher magnification of MN 
column. (F) Schematic representation of MN clustering and positioning at brachial and 
thoracic levels of the spinal cord at E11.5. (G) Representative images of RNAscope 
assay using Sema3C probe combined with staining for MN columns (LMCl - red circle, 
Isl1/2-Foxp1+; LMCm - yellow circle, Foxp1+Isl1/2+; MMC – green circle, Foxp1-Isl1/2+). 
All scale bars 100 µm. 
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Appendix Fig. 4. PlexinD1 KO and PlexinD1 fl/flTie2:Cre, but not Sema3C fl/flOlig2:Cre, 
show increased total spinal cord vascularization. (A) Representative images at 
brachial level of PlexinD1 ISH in PlexinD1 WT and KO embryos at E11.5 to confirm 
successful global PlexinD1 deficiency. (B) Quantification of vessel density in the total 
spinal cord of PlexinD1 WT and KO embryos at E11.5. n=6 PlexinD1 WT, n=5 PlexinD1 
KO, from two independent litters. (C) Representative images at thoracic level of ISH for 
PlexinD1 in PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos at E11.5 to confirm successful 
PlexinD1 knockdown in ECs. (D) Quantification of vessel density in the total spinal cord 
of PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos at E11.5. n=4 PlexinD1 fl/fl, n=6 
PlexinD1 fl/flTie2:Cre, from two independent litters. (E) Representative image at thoracic 
level of ISH for Sema3C in Sema3C fl/fl and Sema3C fl/flOlig2:Cre embryos at E11.5 to 
confirm successful and specific removal of Sema3C in MNs (black arrows) but not roof 
plate (red arrow). (F) Quantification of the explant sizes used from Sema3C fl/fl and 
Sema3C fl/flOlig2:Cre E11.5 embryos (normalized to control littermates), n=40 explants 
Sema3C fl/fl, n=125 explants Sema3C fl/flOlig2:Cre, from two independent litters. (G) 
Quantification of vessel density in the total spinal cord of Sema3C fl/fl and Sema3C 
fl/flOlig2:Cre embryos at E11.5. n=5 PlexinD1 fl/fl, n=6 PlexinD1 fl/flTie2:Cre, from two 
independent litters. All statistical analyses done using parametric distribution, two tailed 
unpaired Student’s t-test. All data shown as mean ± SD. All scale bars 100 µm. 
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Appendix Fig. 5. Sema3E KO embryos do not show MN column vascularization 
defects. (A) Scheme of the different spinal cord levels in a rostral to caudal axis. (B) ISH 
for Sema3E in the developing spinal cord of WT embryos from E10.5 to E12.5 and at 
brachial and thoracic levels. (C) Representative image at brachial level of ISH for Sema3E 
in Sema3E WT and KO embryos at E11.5 to confirm successful global deletion of 
Sema3E (green arrowheads - MNs, blue arrowheads - FP). (D) Representative images 
of spinal cord sections stained for vessels (IsoB4+) and MNs (Isl1/2+) in Sema3E WT and 
KO embryos at E11.5. Insets show higher magnifications of MN columns. (E-G) 
Quantification of vessel density in MNs at brachial level (E), at brachial and thoracic levels 
together (F), and vessel density in the total spinal cord (G) of Sema3E WT and KO 
embryos at E11.5. n=5 Sema3E WT, n=7 Sema3E KO, from two independent litters. All 
statistical analyses done using parametric distribution, two tailed unpaired Student’s t-
test. All data shown as mean ± SD. All scale bars 100 µm. 



Appendix 

 140 

 

D
is

ta
nc

e 
fro

m
 m

id
lin

e 
to

  
m

os
t v

en
tra

l e
xi

t p
oi

nt
 

(h
ei

gh
t n

or
m

al
iz

ed
) 

A B
M

N
 a

re
a/

To
ta

l 
S

C
 a

re
a 

ra
tio

 %

0

2

4

6

8

10

PlexinD1 WT
PlexinD1 KO

M
N

 a
re

a/
To

ta
l 

S
C

 a
re

a 
ra

tio
 %

0

2

4

6

8

PlexinD1 fl/fl
PlexinD1 fl/flTie2:Cre

C

M
N

 a
re

a/
To

ta
l 

S
C

 a
re

a 
ra

tio
 %

Sema3C fl/fl
Sema3C fl/flOlig2:Cre

0

2

4

6

8

10 *
D

is
ta

nc
e 

fro
m

 m
id

lin
e 

to
  

m
os

t v
en

tra
l e

xi
t p

oi
nt

 
(h

ei
gh

t n
or

m
al

iz
ed

) 

0.0

0.2

0.4

0.6

Sema3C fl/fl
Sema3C fl/flOlig2:Cre

I

D
is

ta
nc

e 
fro

m
 m

id
lin

e 
to

 
av

er
ag

e 
po

si
tio

n 
of

 a
ll 

of
 

ex
it 

po
in

ts
 

(h
ei

gh
t n

or
m

al
iz

ed
) 

0.0

0.2

0.4

0.6

Sema3C fl/fl
Sema3C fl/flOlig2:Cre

Isl1/2

Pl
ex

in
D

1 
fl/

fl

Foxp1

Pl
ex

in
D

1 
fl/

flT
ie
2:
C
re

D E

H

0.0

0.2

0.4

0.6

D
is

ta
nc

e 
fro

m
 m

id
lin

e 
 

to
 a

ve
ra

ge
 p

os
iti

on
 o

f a
ll 

of
 e

xi
t  

po
in

ts
 (h

ei
gh

t n
or

m
al

iz
ed

) 

PlexinD1 fl/fl
PlexinD1 fl/flTie2:Cre

F

G

0.0

0.2

0.4

0.6

PlexinD1 fl/fl
PlexinD1 fl/flTie2:Cre

Height
normalized

RP

FP
MEP

Distance from midline 
to exit point

Fig. Sup. 6 - Related to Figure 5

Pl
ex

in
D

1 
fl/

fl

IsoB4 Neurofilament M Merge

Pl
ex

in
D

1 
fl/

flT
ie
2:
C
re

J

Appendix Fig. 6. Premature MN vascularization does not lead to defects in MN 
area and MN clustering, nor to defects in the position of the MEP. (A-C) 
Quantification of the ratio between MN area and total spinal cord area in PlexinD1 WT 
and KO embryos (A), PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos (B), and Sema3C 
fl/fl and Sema3C fl/flOlig2:Cre embryos (C) at E11.5. n=6 PlexinD1 WT, n=6 PlexinD1 KO; 
n=4 PlexinD1 fl/fl, n=6 PlexinD1 fl/flTie2:Cre; n=5 Sema3C fl/fl, n=6 Sema3C fl/flOlig2:Cre,  
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from two independent litters. (D) Immunostaining shows the localization of the different 
MN clusters at brachial level in PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos. MN 
clustering into the medial division of the lateral motor column (LMCm, Isl1/2+ and 
FoxP1+, yellow dotted outline), lateral division of lateral motor column (LMCl, FoxP1+, 
red dotted outline), and medial motor column (MMC, Isl1/2+, black dotted outline) is not 
affected in PlexinD1 fl/flTie2:Cre embryos. (E) Scheme representation to illustrate how the 
distance from the midline to the most ventral exit point is calculated. (F-G) 
Quantification of the distance from the midline to the most ventral exit point (F), and the 
distance from the midline to the average position of the exiting motor axon bundles (G) 
in PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos. n=4 PlexinD1 fl/fl, n=6 PlexinD1 
fl/flTie2:Cre, from two independent litters. (H-I) Quantification of the distance from the 
midline to the most ventral exit point (H) and the distance from the midline to the 
average position of the exiting motor axon bundles (I) in Sema3C fl/fl and Sema3C 
fl/flOlig2:Cre embryos at E11.5. n=5 Sema3C fl/fl, n=6 Sema3C fl/flOlig2:Cre, from two 
independent litters. (J) Representative images of 300 µm thick sections at thoracic level 
co-labeled for blood vessels (IsoB4+) and MN axons (neurofilament M) exiting the spinal 
cord in PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos at E11.5. All statistical analyses 
done using parametric distribution, two tailed unpaired Student’s t-test. All data shown 
as mean ± SD. All scale bars 100 µm.  
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Appendix Fig. 7. Afferent inputs to MNs are not affected in PlexinD1 fl/flTie2:Cre 

embryos. (A) Quantification of the number of MNs (HB9+) per spinal cord section at 
E18.5 in PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos, normalized to control littermates. 
n=7 PlexinD1 fl/fl, n=6 PlexinD1 fl/flTie2:Cre, from two independent litters. (B) Quantification 
of the MN soma size at E18.5 in PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos,  
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normalized to control littermates. n=7 PlexinD1 fl/fl, n=6 PlexinD1 fl/flTie2:Cre, from two 
independent litters. (C) Quantification of the number of MNs (HB9+) at thoracic levels at 
E18.5 in PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos, normalized to control littermates. 
n=7 PlexinD1 fl/fl, n=6 PlexinD1 fl/flTie2:Cre, from two independent litters. (D-E) 
Quantification of the number of MNs (HB9+) at lumbar levels at E18.5 in the MMC (D) 
and LMC (E) columns in PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos, normalized to 
control littermates. n=4 PlexinD1 fl/fl, n=4 PlexinD1 fl/flTie2:Cre, from two independent 
litters. (F) Quantification of the MN column area at thoracic levels at E18.5 in 
PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos, normalized to control littermates. n=7 
PlexinD1 fl/fl, n=6 PlexinD1 fl/flTie2:Cre, from two independent litters. (G-H) Quantification 
of the MMC (G) and LMC (H) column areas at lumbar levels at E18.5 in PlexinD1 fl/fl and 
PlexinD1 fl/flTie2:Cre embryos, normalized to control littermates. n=6 PlexinD1 fl/fl, n=6 
PlexinD1 fl/flTie2:Cre, from two independent litters. (I) Schematic representation of the 
procedure for dorsal root tracing with NeuroDiI. (J) Representative images of coronal 
sections from E18.5 thoracic level spinal cords from PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre 
traced with NeuroDiI. Red arrowheads indicate the major proprioceptive descending 
bundle as well as its two main secondary branches. Scale bar 200 µm. (K) Scheme 
illustrating the procedure to obtain the angles for the major proprioceptive descending 
bundle (a) and its main secondary branches (b and c) as shown in (J). (L) Quantification 
of (J). Experiment presented in (J-L) was performed by Dr. Sebástian Dupraz. Average 
angle for (a, b and c). n=20 PlexinD1 fl/fl and n=27 PlexinD1 fl/flTie2:Cre spinal cord 
sections were analyzed from three independent experiments; Comparison in ordinary 1-
way ANOVA. (M) Schematic representation of MN connectivity. MNs receive signal 
inputs from sensory neurons, cholinergic, inhibitory, and excitatory interneurons (IN). (N) 
Images of ventral spinal cords immunostained for MNs (HB9+) and cholinergic inputs 
(VACht+) in PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos at E18.5. Scale bars 100 µm. 
(O) Quantification of the cholinergic synaptic density contacting MNs in PlexinD1 fl/fl and 
PlexinD1 fl/flTie2:Cre embryos at E18.5. Data normalized to the control. n=7 PlexinD1 fl/fl, 
n=6 PlexinD1 fl/flTie2:Cre, from two independent litters. (P) Images of ventral spinal cord 
immunostained for MNs (HB9+), MN soma (HB9+ and Chat+), and inhibitory inputs 
(VGAT+) in PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos at E18.5. Scale bars 100 µm. 
(Q) Quantification of inhibitory synaptic density connecting to MNs in PlexinD1 fl/fl and 
PlexinD1 fl/flTie2:Cre embryos at E18.5, normalized to control littermates. n=7 PlexinD1 fl/fl, 
n=6 PlexinD1 fl/flTie2:Cre, from two independent litters. All statistical analyses done using 
parametric distribution, two tailed unpaired Student’s t-test, unless mentioned. All data 
shown as mean ± SD. 
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Appendix Fig. 8. Altered transcription of MN terminal differentiation markers and 
functional genes in PlexinD1 fl/flTie2:Cre embryos at E18.5. (A-D) Representative 
images of RNAscope for Glra2 (A), Nrg1 (B), Slc18a3 (C), and Mcam (D) co-stained with 
HB9 in PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos. Scale bar 25 µm. (E-F) 
Quantification of the number of RNAscope dots for the different genes per HB9+ nucleus  
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Appendix Fig. 9. Gene expression analysis via RNAscope in MNs of PlexinD1 fl/fl 
and PlexinD1 fl/flTie2-Cre E18.5 embryos. (A-E) Representative images of RNAscope for 
Slc10a4 (A), Fos (B), Slc5a7 (C), Sema5a (D) and Pappa (E) co-stained with HB9 in 
PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos. Scale bar 25 µm. 

in the MMC (E) and LMC (F) columns. Data normalized to control littermates. n=5 
PlexinD1 fl/fl, n=4 PlexinD1 fl/flTie2:Cre, from two independent litters; multiple Student’s t-
test. (G) Representative images of the intercostal muscles at E18.5 stained to show 
intercostal innervation (Neurofilament M + Synaptophysin), AchR+ clusters (a-
bungaratoxin), and vessels (IsoB4) in PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos. 
Scale bars 100 µm. (H) Quantification of the branching density of phrenic nerve at E18.5 
in PlexinD1 fl/fl and PlexinD1 fl/flTie2:Cre embryos. n=4 PlexinD1 fl/fl, n=4 PlexinD1 
fl/flTie2:Cre, from two independent litters; parametric distribution, two tailed unpaired 
Student’s t-test. All data shown as mean ± SD.  
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Appendix Fig. 10. Pro-inflammatory environment in the spinal cord following CFA 
injection. (A) Representative images of spinal cord sections stained for microglia (Iba1+) 
7 days after saline or CFA injection. (B) Quantification of microglia density after 24h, 48h, 
4 days and 7 days following saline or CFA intraplantar injection. Data normalized to the 
control. n=4 saline, n=4 CFA. (C) Representative images of immunostaining for M2-
macrophages (MRC1+) together with vessels (CD31+). Blue arrowheads indicate 
perivascular macrophages and yellow arrowheads meningeal macrophages. (D-E) 
Quantification of the number of MRC1+ cells in meninges (D) and close to vessels (E) 7 
days after saline or CFA injection. Data normalized to control. n=3 saline, n=4 CFA for (D) 
and n=4 saline, n=4 CFA for (E). The results presented in (C-E) were done together with 
Janina Hattemer, who did a lab rotation under my supervision. All scale bars 50 µm. 
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Appendix Fig. 11. BSCB permeability is increased in SNI neuropathic pain model. 
(A) Schematic illustration of the experimental protocol. Mice were submitted to sham or 
SNI and, at the respective timepoint, injected with sodium fluorescein (NaFlu), which was 
allowed to circulate for 30 min. Afterwards, mice were perfused with PBS, the spinal cord 
levels and regions dissected, and the extravasation of NaFlu into parenchyma was 
quantified. (B-D) Quantification of tracer extravasation into the dorsal region of L3-L5 
spinal cord levels upon sham or SNI surgeries at the respective timepoints. Data 
normalized to the control. N=5 sham and n=5 SNI for 2 d; N=11 sham and n=9 SNI for 7 
d ; N=7 sham and n=9 SNI for 28 d. (E-G) Quantification of tracer extravasation into the 
ventral region of L3-L5 spinal cord levels upon sham or SNI surgeries at the respective 
timepoints. Data normalized to the control. N=4 sham and n=4 SNI for 2 d; N=12 sham 
and n=9 SNI for 7 d ; N=7 sham and n=8 SNI for 28 d. (H-J) Quantification of tracer 
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extravasation into the dorsal region of L1-L3 spinal cord levels upon sham or SNI 
surgeries at the respective timepoints. Data normalized to the control. N=5 sham and 
n=5 SNI for 2 d; N=11 sham and n=9 SNI for 7 d ; N=7 sham and n=9 SNI for 28 d. All 
statistical analyses were done using parametric distribution, two tailed unpaired 
Student’s t-test. 
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