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Résumé
Hétérogénéité et potentiel clinique des cellules capsules frontières et leurs dérivés

Au cours du développement embryonnaire, la crête neurale donne naissance aux cellules 
gliales et neuronales du système nerveux périphérique, mais aussi aux cellules capsules frontières 
(CF) qui forment transitoirement des amas aux points d’entrée/sortie des nerfs crâniens et 
spinaux. Notre équipe a réalisé l’étude du devenir des CF grâce à des souris transgéniques 
combinant l’expression de la Cre sous le contrôle des marqueurs des CF Prss56 ou Krox20, et un 
rapporteur dont l’expression est induite par la Cre. Nous avons montré que les CF qui expriment 
Prss56 donnent naissance à des dérivés qui migrent le long des racines des nerfs où ils sont à 
l’origine de la majorité des cellules de Schwann (CS), puis dans le ganglion rachidien (GR) où 
ils forment des neurones sensoriels, avant d’atteindre la peau, ou ils donnent naissance aux CS, 
à la glie terminale et une population de cellules potentiellement souches (SKP). Récemment, 
le traçage des dérivés des CF (dCF) au moyen d’un autre marqueur, Krox20, nous a conduit à 
réaliser une découverte inattendue. Alors que l’identité des dérivés issus des CF qui expriment 
Krox20 sont les mêmes dans les racines et les GR, une fois arrivés dans la peau ils se détachent 
des nerfs pour intégrer le plexus vasculaire et se différencier en cellules murales. 

Dans la première partie de ma thèse, j’ai étudié les mécanismes qui gouvernent le 
détachement des dCF des nerfs puis leur différenciation en cellules murales. Ainsi, j’ai montré 
que : (i) le détachement des dCF des nerfs est transitoire, a lieu entre E12,5 et E15.5, et est 
accompagné par l’extinction de marqueurs gliaux et l’activation des marqueurs muraux ; (ii) 
chez l’adulte, environ un tiers des cellules murales de la vascularisation cutanée proviennent 
des CF ; (iii) le changement d’identité (glial versus mural) a lieu dans les cellules attachées aux 
nerfs, bien avant leur décollement ; (iv) en plus des cellules murales, les dCF sont à l’origine de 
fibroblastes péri-vasculaires, une population cellulaire récemment décrite comme à l’origine de 
la fibrose dans le système nerveux central. Ces résultats m’ont conduit à proposer un nouveau 
modèle pour le développement de la vascularisation de la peau, dans lequel les CS agissent 
d’abord comme une source de cellules murales avant de sécréter des signaux pour remodeler le 
plexus vasculaire en vaisseaux sanguins matures et fonctionnels. Dans la deuxième partie de ma 
thèse, j’ai étudié le potentiel des SKP à participer à la régénération du cerveau après un infarctus 
cérébral. Malgré l’utilisation de nombreuses approches in vitro et in vivo, dont l’exploration de 
plusieurs types de biomatériaux pour la culture et la greffe des SKP, j’ai montré que les SKP 
ne possèdent pas le potentiel de générer des neurones fonctionnels. Toutefois, en collaboration 
avec une autre équipe, j’ai mis au point un biomatériau à base de polysaccharides adapté à la 
culture et la manipulation de neurones embryonnaires. Enfin, j’ai montré que les explants ou 
suspensions cellulaires de cortex sensoriel embryonnaire s’intègrent efficacement lorsqu’ils 
sont greffés après un infarctus cérébral, soutenant la faisabilité d’une telle approche.



ii



iii

Abstract
Heterogeneity and clinical potential of boundary cap cells and their derivatives.

In addition to peripheral glia and neurons, the neural crest gives rise to boundary cap 
cells (BC) that form transient clusters at the entry/exit points of all cranial and spinal nerves. 
Fate-mapping experiments using mice in which Cre expression is under control of BC marker 
Prss56, in combination with a Cre-inducible reporter, have revealed that BC derivatives migrate 
along nerve roots into the dorsal root ganglia (DRG) and then peripheral nerves to reach the 
skin. Whereas BC cells are at the origin of most, if not all, nerve root Schwann cells (SC) and 
a subpopulation of DRG sensory neurons, in the skin they give rise to SC, terminal glia on 
lanceolate and free nerve endings and a population of stem-like skin progenitor cells (SKP). 
More recent experiments using another BC marker, Krox20, have led us to an unexpected 
observation. Indeed, while Krox20-traced BC derivatives in the nerve roots and DRG correspond 
respectively to SC and sensory neurons, those reaching the skin detach from nerves and undergo 
a “glial to vascular” switch to provide mural cells to the developing vasculature. 

In the first part of my PhD, I have focused my efforts on understanding the mechanisms of 
this “glial to vascular” switch. I have shown that: (i) Krox20-traced BC derivatives detachment 
from nerves occurs between E12.5 and E15.5, concomitantly with the extinction of glial and the 
activation of mural markers; (ii) about a third of adult skin mural cells originate from BC cells; 
(iii) the expression of several mural markers is detectable at E12.5 in cells closely attached 
to axons suggesting that their switch of identity occurs well before their detachment (iv) in 
addition to mural cells, they also give rise to perivascular fibroblast-like cells, a cell population 
recently described in central nervous system (CNS) fibrosis. These findings suggest a new skin 
vasculature development model, in which peripheral glia first acts as a source of mural cells 
before providing molecular signals to shape the vascular plexus into mature and functional 
blood vessels. In the second part of my PhD, I explored the SKP regenerative potential in the 
brain after a stroke. Despite numerous in vitro and in vivo attempts, including the use of several 
types of biomaterials for cell culture and grafting, I came to the conclusions that SKP do not 
have the potential to generate functional CNS-like neurons. However, in collaboration with 
another team, I have developed a polysaccharide-based scaffold that can be used to culture and 
manipulate embryonic neurons in vitro. Finally, I have shown that explants or cell suspension of 
embryonic sensory cortex, when grafted after a stroke, efficiently integrate and form numerous 
projections in the host parenchyma, supporting the feasibility of such an approach.
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I.	The peripheral nervous system
1.	Organisation of the peripheral nervous system

1.1.	Overview of the nervous system

1.1.1.	Nervous system

The nervous system is responsible for transmitting 
information throughout the body. It collects and integrates 
signals from the environment, and it programs and 
coordinates their motor response. In vertebrates, it is 
divided in two parts that are in continuity (Figure 1), the 
central nervous system (CNS) and the peripheral nervous 
system (PNS). At the cellular level, it is composed of two 
broad cell categories, neurons and glial cells.

Neurons are polarised cells, consisting of a cellular 
body called soma and cellular processes called dendrites, 
that remain near the soma, and axons that can extend over 
long distances to connect their target (Figure 2). There is 
a wide diversity of neurons, depending on their polarity 
or neurotransmitter. They are electrically excitable cells 
that convert stimuli into electrical signals, called action 
potentials, that they can conduct through their axons. An 
action potential is generated when the axonal membrane 
is depolarized beyond the threshold necessary for 
voltage-gated sodium channels to open. The intracellular 
influx of positive charges spreads and depolarizes the 
adjacent segment of membrane, until it triggers another 
action potential hence conducting the signal without any 
decrement. They can communicate with other neurons 
using neuro-transmitters through connections called 
synapses.

Glial cells support neural functions in several ways, 
and differ between the CNS and PNS. They maintain 
homeostasis, protect neurons and myelinate axons. The 
myelin sheath consists of multiple layers of cell membrane 
wrapped around the axon. It is a vertebrate evolutionary 
acquisition that enabled the development of large and 

Figure 1. The nervous system. The central ner-
vous system is made of the brain and spinal cord. 
The spinal cord is segmented and spinal nerves 
are named for their spinal cord level and are num-
bered in order from rostral to caudal. Along with 
cranial nerves and the autonomic nervous system 
(not shown), they make the peripheral nervous 
system. Adapted from Neuroscience, Exploring 
the Brain, Fourth Edition (2016) and The Mouse 
Nervous System, First Edition (2012).
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complex nervous systems by enabling rapid and efficient nerve conduction (Figure 2). It does 
not cover the whole axonal length, with breaks in the insulation every 0.2 to 2 mm called 
Ranvier nodes, where voltage-gated cross the membrane to generate action potentials. This 
is called saltatory conduction, as the action potential “jumps” between each node instead of 
slowly spreading along the whole axonal length.

1.1.2.	Central nervous system

The CNS is composed of the brain and the spinal cord (Figure 1). The brain is formed 
by complex neural networks, receiving neural projection from and sending projections to 
the spinal cord. It is responsible for data integration, motor action coordination, emotion and 
cognition. The spinal cord conveys and modulates information between the brain and the PNS. 
The CNS has multiple layers of protection. It is encased in the skull and vertebral column for 
physical protection. It is surrounded by the meninges, whose role is to protect the CNS and 
under which flows the cerebro-spinal fluid (CSF). And finally at the cellular level, the blood-
brain barrier (BBB) tightly controls the movement of bloodborne substances to the CNS.

Figure 2. Neuronal polarity and conduction. (A) Lower motor neurons in the spinal cord are multipolar neurons, and pe-
ripheral sensory neurons are pseudo-unipolar. The high density of voltage-gated sodium channels in the axonal membrane 
enables axons to generate and conduct action potentials (arrows indicate the normal direction). (B) In non-myelinated 
conduction, the entry of positive charges during the action potential causes the membrane just ahead to depolarize to 
threshold. In saltatory condution, myelin allows current to spread farther and faster between nodes, thus speeding action 
potential conduction. Adapted from Neuroscience, Exploring the Brain, Fourth Edition (2016).
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In the CNS, glial cells include oligodendrocytes, astrocytes, ependymal cells and 
microglia. Oligodendrocytes are myelinating cells that can wrap around multiple axons. 
Astrocytes fill most of the space that isn’t occupied by neurons or blood vessels. They regulate 
the chemical content of the extracellular space, such as the synaptic junctions, and participate 
to the formation of the BBB. Ependymal cells line CSF-filled ventricles in the brain and 
central canal in the spinal cord. They are ciliated cells that produce (in the choroid plexuses), 
regulate and direct the flow of CSF. Finally, microglia are resident macrophage-like cells in 
the CNS. They are key to its immune defence and also its maintenance by removing debris 
left by dead or degenerating cells. 

1.1.3.	Peripheral nervous system

The PNS connects the CNS with the rest of the body, and is composed of the somatic 
(SNS) and autonomic nervous systems (ANS). The SNS includes the cranial nerves III to 
XII and thirty four pairs of spinal nerves that innervate the skin, muscle and joints under 
voluntary control (Watson, 2012). Each spinal nerve is connected to the spinal cord by a 
ventral and dorsal root (Figure 3). Lower somatic MN are multipolar neurons whose cell 

Figure 3. The spinal nerve. Thirty-four pairs of nerves leave the spinal cord in mice to supply the skin and the muscles. 
Incoming sensory fibers (red) and outgoing motor fibers (blue) divide into spinal roots where the nerves connect to the 
spinal cord. The ventral roots contain only motor fibers and the dorsal roots contain only sensory fibers. Adapted from 
Neuroscience, Exploring the Brain, Fourth Edition (2016).
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bodies are located in the anterior horn of the brainstem and spinal cord, but their axons exit 
through the ventral roots to extend in the PNS (Stifani, 2014). They receive glutamatergic 
input from upper MN, whose cell bodies are located in the pre- and primary motor regions of 
the cerebral cortex. Somatic sensory neurons (SN) are pseudo-unipolar neurons whose cell 
bodies are located outside the spinal cord, in dorsal root ganglia (DRG). They have one axonal 
branch that reaches the periphery to connect its targets, and another branch that projects into 
the spinal cord and forms synapses with second-order neurons in the grey matter. Notably, SN 
do not form synapses with one another within the DRG (Pannese, 2010).

The ANS innervates glands, smooth muscle and cardiac muscle (Figure 4). Thus, it targets 
almost every organ in the body. It coordinates vegetative functions such as the cardiac rhythm, 
arteries and intestines contraction and relaxation, and the secretory function of various glands. 
It includes the sympathetic and parasympathetic divisions, which have antagonistic actions. 
The sympathetic division mobilizes the body in stressful situations (physical activity, fear or 
anger) by increasing the heart and respiratory rate, or the blood flow to skeletal muscles. On 
the contrary, the parasympathetic division acts mainly in a resting situation to reduce energy 
consumption while maintaining vital functions. Contrary to lower somatic motor neurons, the 
cellular bodies of all lower autonomic neurons are clustered outside the CNS in autonomic 
ganglia and are called post-ganglionic neurons. They are driven by pre-ganglionic neurons, 
whose cell bodies are within the CNS and which send their axons through the ventral roots. 
Sympathetic ganglia are either in the sympathetic chain, which lies next to the spinal column, 
or within collateral ganglia in the abdominal cavity. Parasympathetic ganglia are typically 

Figure 4. Organisation of the peripheral nervous system. Lower spinal somatic motor neurons are in the ventral horn 
control skeletal muscle. Peripheral sensory neurons, whose cell bodies are in dorsal root ganglia, innervate skeletal mus-
cle, skin and viscerae. Visceral functions depend on the sympathetic and parasympathetic divisions of the ANS, whose 
lower motor neurons are in autonomic ganglia. Adapted from Neuroscience, Exploring the Brain, Fourth Edition (2016).
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located close to, on, or in their target organ. In the remainder of my introduction, I will focus 
on the structure, function and development of the SNS.

In the adult PNS, there are only two types of glial cells. Schwann cells (SC), which 
can be myelinating or non-myelinating, provide support to peripheral axons. Glial satellite 
cells wrap around the cellular bodies of sensory, sympathetic and para-sympathetic neurons. 
Similarly to astrocytes in the CNS, they supply nutrients to neurons and regulate their micro-
environment. I will further discuss their properties later in my introduction. 

1.2.	Neuronal diversity in the peripheral nervous system

1.2.1.	Somatic sensory neurons

The somatic sensory system is responsible for the senses other than seeing, hearing, 
tasting, smelling and balance. They are three main somatic senses: touch, pain and body 
position. Contrary to the other systems, its receptors are disseminated through the body. SN 
are a very diverse population, and a combination of morphological, molecular and functional 
properties are used to characterize each type (Figure 5). SN can be classified morphologically 
according to their soma size, axon diameter, degree of myelination and spinal cord projections 
(Bear et al., 2016; Lallemend and Ernfors, 2012). Aα SN have large cell bodies and thick heavily 
myelinated axons with the fastest conduction velocities (80–120 m.s-1). Aβ SN have medium 
cell bodies and myelinated axons with fast conduction velocities (35–75 m.s-1). Aδ SN have 
small cell bodies and lightly myelinated processes with intermediate conduction velocities (5–
30 m.s-1). Finally, C-type SN have the smallest cell bodies and thin unmyelinated axons with 
slow conduction velocities (0.2–2 m/s). SN form unmyelinated nerve endings with specific ion 
channels, and depending on their stimuli they can be can classified as mechano-, proprio- or 
nociceptors. Aα (or type I) SN are proprioceptors of skeletal muscle, responsible for the sense 
of body position. Aβ and a subset of Aδ and C fibers are low-threshold mechanoreceptors 
(LTMR) of the skin, responsible for the sense of light-touch. Most Aδ and C SN are high-
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threshold mechanoreceptors (HTMR), thermal or chemical nociceptors. They extend free 
nerve endings (FNE) in the skin and most organs, with the notable exception of the brain. 
Because Aδ and C fibers have different conduction velocities, nociception first produces a fast 
and sharp pain (Aδ) followed by a duller and longer lasting second pain (C). Finally, SN can be 
classified molecularly by their expression of neurotrophic factors receptors (Lai et al., 2016; 
Lallemend and Ernfors, 2012; Le Pichon and Chesler, 2014). Tropomyosin-receptor-kinase A 
(TrkA), TrkB, TrkC and the receptor tyrosine kinase Ret are receptors for the neurotrophins 
NGF (nerve growth factor), BDNF (brain-derived neurotrophic factor), NT3 (neurotrophin-3) 
and GDNF (glial cell-derived neurotrophic factor) family ligands respectively (Bourane et al., 
2009; Gascon et al., 2010; Luo et al., 2009; Marmigère and Ernfors, 2007). Their expression 
is crucial for SN target selection, survival and proper differentiation. Large diameter 
proprioceptive SN express TrkC, while LTMR express TrkB and/or Ret and nociceptive SN 
express TrkA or Ret (Averill et al., 1995; Lallemend and Ernfors, 2012).
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Figure 5. Different types of sensory neurons. (A) Central termination patterns of different classes of DRG neuron. The 
group Ia and II afferents that innervate muscle spindles in the periphery project into the ventral spinal cord to connect mo-
tor neurons directly. Group Ib afferents,which innervate golgi tendon organs, as well as group II afferents, connect inter-
neurons at the intermediate zone of the spinal cord, whereas group Ia afferents terminate more ventrally. The C-, Aδ- and 
Aβ-low-threshold mechanoreceptors (LTMR) project to the dorsal horn, where they occupy distinct but partially overlap-
ping laminae. Hence, C-LTMR endings terminate in lamina IIi and overlap with the Aδ-LTMR fibers that end partly wit-
hin lamina IIi and mainly in lamina III. The Aβ-LTMR fibers terminate in laminae III through V. The Aδ myelinated fibers 
innervate laminae I and V and peptidergic and non-peptidergic neurons, laminae I and II. Nociceptive, thermoceptive and 
pruriceptive neurons are either unmyelinated (C-fiber) or lightly myelinated (Aδ) sensory neurons. Peripherally, all types 
except types Ia, Ib and II afferents, innervate the skin and, unlike peptidergic neurons, non-peptidergic neurons terminate 
only in cutaneous fields and do not contribute to deep innervation. (B) Sensory neurons can be classified by their soma size 
and/or axon diameter. Type Ia/b, II and Aβ fibers are highly myelinated, while Aδ fibers are lightly myelinated, with lower 
conduction velocities.  Sensory neurons can also be classified by their expression of different molecular markers, such as 
TrkA, TrkB, TrkC, Ret, parvalbumin (PV), tyrosine hydroxylase (TH) or isolectin-B4 (IB4). Adapted from Lallemend and 
Ernfors (2012), Le Pichon and Chesler (2014) and Neuroscience, Exploring the Brain, Fourth Edition (2016).
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1.2.2.	Motor neurons and proprioceptive innervation

Motor neurons

The SNS controls skeletal muscle and is responsible for voluntary movements. Such 
movements need to be extremely precise, requiring a fine sense of each muscle’s position, 
also known as proprioception. Each skeletal muscle is formed by hundreds of muscle fibers, 
enclosed in a collagen sheath that forms, at its extremities, the tendons which connect it to 
the bones. As their functions  need to be exerted in a coordinated manner, lower somatic MN 
are spatially grouped into columns and pools (Dasen, 2009; Kanning et al., 2010). They are 
grouped in columns along the anterior-posterior axis, that each have specific molecular profiles 
(Dasen, 2009; Romanes, 1951). Within a given column, the group of MN that innervate a single 
skeletal muscle is defined as a motor pool (Dasen, 2009; Kanning et al., 2010; Stifani, 2014). A 
motor unit is composed of a single MN and all the muscle fibers it innervates. There are three 
kinds of MN defined by the muscle fiber type they innervate: alpha (α), gamma (γ) and beta 
(β) MN (Hunt and Kuffler, 1951; Kuffler et al., 1951). α-MN only innervate extrafusal fibers, 
located outside the muscle spindle, and are responsible for muscle contraction (Figure 6). 
γ-MN innervate the intrafusal muscle fibers at the two ends of the muscle spindle (Burke et al., 
1977; Westbury, 1982). During muscle contraction, their co-activation induces a retraction of 
its two poles, keeping the spindle taut which allows the continuous firing of alpha MN. β-MN 
are smaller and less abundant than the other MN subtypes (Stifani, 2014). They innervate both 
intra and extrafusal fibers, and mostly modulate the activity of sensory neurons. α-MN receive 
input from three sources: motor input from the upper MN that is the basis for the initiation and 
control of voluntary movement, sensory input from the proprioceptive neurons and excitatory 
or inhibitory input from interneurons. The identity of these different MN subtypes of motor 
neurons is characterized by the position of their cellular bodies both on the antero-posterior 

Figure 6 Muscle innervation. Type Ia and Ib SN provide the proprioceptive input from skeletal muscle. Ia fibers inner-
vate the muscle spindle, which is a strech detector that informs of the muscle length. Ib fibers innervate the Golgi tendon 
organs, which monitor muscle tension. Ia SN project in the ventral horn and made direct contact with alpha-MN. Ib SN 
connect interneurons in the intermediate zone. Alpha-MN innervate extrafusal muscle fibers and are responsible for mus-
cle contraction. Gamma-MN innevate contractile fibers within the muscle spindle, in order to keep it taut during contrac-
tion. Together these neurons form mono- or poly-synaptic arc reflexes that are necessary for proper muscle contraction. 
Adapted from Neuroscience, Exploring the Brain, Fourth Edition (2016).
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and dorso-ventral axis, and by the specific expression of homeo-domain transcription factors 
of the LIM family (Kanning et al., 2010; Stifani, 2014).

Proprioception

Each muscle provides two kinds of proprioceptive input: length and tension (Figure 
6). The muscle spindle monitors muscle length and is formed by several types of specialized 
muscle fibers contained in a fibrous capsule, deep within the muscle. It is innervated in 
its noncontractile equatorial region by sensory Ia neurons that wrap their nerve endings 
around its fibers (Brown et al., 1967; Proske and Gandevia, 2012). When stretched, their 
mechanosensitive ion channels are activated and action potentials can be triggered. The 
Golgi tendon organs are located at the muscle-tendon junction, and monitors muscle tension 
(Bianconi and van der Meulen, 1963; Proske and Gandevia, 2012). They are innervated by 
thin axon branches of sensory Ib neurons that entwine among the coils of collagen fibrils. 
During muscle contraction, the tension increase straightens them and make them squeeze the 
Ib axons, which triggers action potentials. Proprioceptive neurons enter through the dorsal 
root to make projections into the intermediate and ventral spinal cord. Their information is 
relayed to the brain through the dorsal column medial lemniscus pathway. However, they also 
connect motor neurons directly or indirectly through inhibitory or excitatory interneurons, 
forming mono- or polysynaptic reflex arcs that are necessary for proper muscle contraction 
(Bear et al., 2016).

1.2.3.	Cutaneous sensory innervation

The skin protects the body from the external environment and helps maintain body 
homeostasis by regulating its temperature and fluids evaporation. But it is also where the 
sense of touch begins, making it the largest sensory organ in the body (Abraira and Ginty, 
2013; Rice and Albrecht, 2008; Zimmerman et al., 2014). It is composed of an outer layer 
called epidermis and an inner layer called dermis (Figure 7). The subcutaneous tissue, called 
hypodermis, attaches it to the underlying bones and muscle and supplies it with blood vessels 
and nerves. There are two types of skin, hairy and glabrous (hairless). LTMR that innervate the 
skin are distinguished by the cutaneous end organs they associate with: Pacinian corpuscles, 
Meissner corpuscles (only in glabrous skin), Ruffini endings, Merkel’s discs and hair follicles. 
Each have their specific stimuli and properties. Pacinian corpuscles are onion-like structures 
composed of multiple, fairly loose concentric layers of Schwann cell lamellae enclosed within 
a dense outer capsule. Meissner’s corpuscles are supplied by LTMR that terminate as stacks of 
multiple disks alternating with terminal Schwann cells in the upper dermis of glabrous skin. 
Both detect vibrations of different frequencies. Ruffini endings are stretch receptor located 
deep in the dermis. Merkel cells are located in the epidermis, and they actively participate to 
mechano-transduction (Woo et al., 2014). Lanceolate endings are elongated flattened blade-
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like structures that are typically oriented parallel to the long axis of the hair follicles. They 
function as velocity detectors for the deformation of hair. Aδ and C fibers form free nerve 
endings (FNE) in the skin, mostly in the epidermis and around hair follicles. 

1.3.	Glial diversity within the peripheral nervous system

1.3.1.	Schwann cells

All peripheral axons are covered by glial cells called Schwann cells (SC), named 
after physiologist Theodor Schwann who first described them (Schwann, 1839). SC can be 
myelinating or non-myelinating (Figure 8). Both insulate peripheral axons from each other and 
provide key metabolic support to maintain axonal integrity (Nave, 2010; Viader et al., 2011). 
Both SC types derive from a common progenitor called SC precursor (SCP) via successive 
steps of embryonic development, but retain an unusual plasticity (Jessen and Mirsky, 2005; 
Jessen et al., 2015). Indeed, seminal studies have shown that when nerve segments containing 
mostly myelinating SC are grafted into a largely unmyelinated nerve, these SC do not myelinate 
(Aguayo et al., 1976b). Conversely, non-myelinating SC are capable of generating myelin 

Figure 7. The cutaneous innervation. Innocuous touch information is processed by both glabrous hairless and hairy skin.  
(A) In glabrous skin, innocuous touch is mediated by four types of mechanoreceptors. The Merkel cell-neurite complex is 
in the basal layer of the epidermis and consists of clusters of Merkel cells making synapse-like associations with enlarged 
nerve terminals branching from a single Aβ fiber. This provides acute spatial images of tactile stimuli. Meissner corpuscles 
are localized in the dermal papillae and consist of horizontal lamellar cells embedded in connective tissue. They detect 
movement across the skin. Ruffini endings are localized deep in the dermis and are morphologically similar to the Golgi 
tendon organ, a large and thin spindle-shaped cylinder composed of layers of perineural tissue. Their exact role remains 
debated. Lastly, Pacinian corpuscles are located in the dermis of glabrous skin where their characteristic onion-shaped 
lamellar cells encapsulate a single Aβ ending. They detect high-frequency vibration. (B) In hairy skin, tactile stimuli are 
transduced through hair follicles, some associated with touch domes at the apex and Aβ-LTMR longitudinal lanceolate 
endings at the base, others triply innervated by C- LTMR, Aδ-LTMR, with or without Aβ-LTMR longitudinal lanceolate 
endings. In addition, all three hair follicle types are innervated by circumferential lanceolate endings whose physiological 
properties remain unknown. Noxious touch is detected by free nerve endings found in the epidermis of both glabrous and 
hairy skin and are characterized by both Aδ- and C-HTMR responses. Adapted from and Abraira and Ginty (2013).
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when sections of predominately unmyelinated nerve are grafted into a primarily myelinated 
nerve (Aguayo et al., 1976a). More recently, it has been shown that this plasticity is of critical 
importance after a peripheral nerve injury. After an injury, SC dedifferentiate back into their 
immature stage before differentiating into a specific repair SC, that promote and guide axon 
regrowth in coordination with fibroblasts, macrophages and blood vessels (Cattin et al., 2015; 
Parrinello et al., 2010).

Myelinating Schwann cells

Myelinating SC wrap around and myelinate a single large axon (Salzer, 2015). They are 
radially and longitudinally polarized into distinct membrane domains with specific properties 
(Figure 8). Longitudinally, they are divided into nodal, paranodal and juxtaparanodal 
compartments near the Ranvier nodes, and the internodal compartment in between (Arroyo 
and Scherer, 2000; Ozcelik et al., 2010; Pereira et al., 2012; Salzer, 2003). Radially, they 
are defined by their inner (adaxonal) and outer (abaxonal) membrane surfaces. The adaxonal 
membrane is separated from the axon by a 15 nm gap, the peri-axonal space. It is enriched in 
receptors and adhesion molecules, such as MAG proteins (Myelin-Associated Glyco-protein) 
to interact with the axon. The abaxonal membrane is adjacent to the basal lamina (Figure 8). 
The myelin sheath membranes are located between these two domains. Their architecture, 
function and integrity are based on interactions between the axon and SC (heterotypic), 
and between the membranes of the same SC (homotypic). They result from the presence 
of different types of adhesion, scaffolding and cytoskeleton proteins. The internode myelin 
sheath is mostly compact, due to the adhesion of the successive membrane layers that form 
homotypic contacts. Myelin has a high lipid content and is enriched in cholesterol, which 
plays an important role in its assembly and insulating properties (Saher et al., 2009). Compact 
myelin is also enriched in adhesion molecules, the most abundant being P0, a transmembrane 
adhesion molecule which promotes compaction via homophilic adhesion of its extracellular 
domain (Arroyo and Scherer, 2000). Compact myelin is interrupted along the internode by 
the Schmidt-Lanterman incisures, which are stacks of non-compacted myelin that spiral 
around the axon to ensure rapid communication between the ad- and abaxonal regions and 
myelin maintenance (Figure 8). The nodal, paranodal and juxtaparanodal compartments have 
non-compact myelin and contain particular sets of ion channels, adhesion molecules and 
cytoplasmic proteins. The Ranvier node is a specialized axonal region, enriched in voltage-
gated sodium channels. The paranodal loops correspond to the lateral edges of the myelin 
sheath, that act as a strong diffusion barrier through axoglial junctions (Poliak and Peles, 
2003). The juxtaparanodal compartment is an intermediate region between the paranode and 
the internode. This area is characterized by an enrichment in specific potassium channels 
(Peles and Salzer, 2000; Salzer, 2003). 
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Non-myelinating Schwann cells

In peripheral nerves, non-myelinating SC, also called Remak SC (RSC), ensheath 
multiple small-caliber axons in “Remak bundles” (Figure 8). RSC are not as well characterized 
as their myelinating counterpart (Harty and Monk, 2017). They are the most common type of 
non-myelinating SC, but several others have been described at the peripheral nerve endings. 
For instance, perisynaptic SC cap motor nerve terminals at the neuromuscular junction (NMJ) 
(Auld and Robitaille, 2003; Balice-Gordon, 1996; Ko and Robitaille, 2015). They regulate the 
plasticity of the NMJ and modulate synaptic transmission through their specific expression 

Figure 8. Schwann cells. (A) The most common type of non-myelinating Schwann cells (SC) are Remak SC, which en-
sheath multiple small caliber axons. Myelinating SC ensheath in a 1:1 ratio a large caliber axon. (B) Electron micrograph 
of transverse sections of adult mouse sural nerve (10 weeks of age). Magnification 25 000X. Typical Remak bundle in 
which each unmyelinated axon (A) is separated by SC cytoplasm and are of similar sizes around the nucleus (N). Collagen 
(C) fibrils are abundant in the peri-neural space. (C) Hypothetical drawing depicting a myelinated axon with the unrolled 
sheath of a SC shown on the right. Compacted myelin (pale purple) serves as an insulator that inevitably deprives the 
axoplasm (brown) of free access to nutrients in the extracellular milieu, except for at widely spaced short gaps (nodes of 
Ranvier). Non-compacted myelin defines a channel system (purple) that is continuous with the glial cytoplasm and brings 
cellular metabolites close to the periaxonal space (yellow). Schmidt-Lanterman incisures (SLI) are stacks of non-com-
pacted myelin that spiral around the axon to ensure rapid communication between the ad- and abaxonal regions. They 
are linked by gap junctions when stacked. Around the SC is the basal lamina (dark purple). (D) Electron micrograph of a 
myelinating SC from a 21-day-old rat sciatic nerve. Magnification 25 000X. Myelinating (M) SC ensheath a single axon 
(A) and are surrounded by a basal lamina (BL). Collagen (C) fibrils are abundant in the peri-neural space. Adapted from 
Nave and Schwab (2005) and Nave (2010). EM pictures from Fricker et al. (2009) and Kidd, Ohno and Trapp (2013).
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of ion channels and neurotransmitter receptors, and bidirectional interactions via trophic-
related factors (Auld and Robitaille, 2003; Ko and Robitaille, 2015). In addition to RSC, 
several types of terminal non-myelinating SC have been described in the skin. Hair follicle-
associated glia unsheathes lanceolate nerve endings, and is involved in the maintenance of the 
lanceolate complex (Li and Ginty, 2014). It could also modulate the activity of SN endings 
through calcium signalling (Takahashi-Iwanaga, 2005). Sub-epidermal glia is associated 
with nociceptive FNE, which contrary to what their name suggest are covered by terminal 
SC. Little is known about these cells beyond electron microscopy studies that revealed a 
peculiar morphology, with numerous cytoplasmic protrusions covering axons at the dermis/
epidermis boundary (Cauna, 1973). Similarities with the morphology of perisynaptic SC 
questions whether these cells could also play a modulating role in nociception, but their exact 
function remains unknown (Reinisch and Tschachler, 2012). More recently, our lab has shown 
that these cell are the likely candidate for the cellular origin of cutaneous neurofibromas in 
neurofibromatosis type 1 (NF1) disease (Radomska et al., 2019). Finally, other terminal SC 
are present within Meissner or Pacinian corpuscles, and the arrector pili muscle. Although 
these cells are likely to have specific molecular properties and functions, they still remain 
unknown.

1.3.2.	Glial satellite cells

Satellite glial cells (SGC) are located in the PNS sensory and autonomic ganglia 
(Pannese, 2010). They tightly wrap around the neuronal soma, with only a 20 nm gap between 
them (Figure 9). In mice, 4 to 10 SGC ensheath an individual soma depending on its size, and 
form a distinct functional unit connected by Gap junctions (Hanani, 2005; Ledda et al., 2004). 
SGC express distinct glial markers such as S100 or Vimentin, pointing to an heterogeneity 
that may depend on the size and function of the SN they are associated with (Nascimento et 
al., 2008). SGC have similar functions to astrocytes, providing support to and modulating the 
activity of SN. Indeed, SGC express various neurotransmitter receptors, such as the purinergic 
P2 receptors, and can release neuroactive substances such as ATP (Gonçalves et al., 2018; 

Figure 9. Glial satellite cells. (A) The soma of sensory neurons are located in the DRG. Each pseudo-unipolar neuron 
branches off with a peripheral process that connects with target tissues in the periphery and a central process that projects 
in the spinal cord dorsal horn. Its soma is covered by satellite glial cells (SGC). (B) Immunostaining of a mouse DRG 
section stained against the SGC marker glutamine synthetase in green and the purinoreceptor P2X7 in red, which is ex-
pressed in sensory neurons. Scale bar 50 µm. Adapted from Gonçalves et al. (2018). Immunostaining from Jager (2016).
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Huang et al., 2013). In response to neural injury they can enter an « activated » stage, which 
they can transmit to other SCG through calcium signalling (Suadicani et al., 2010). Through 
this process, SGC help recruit other SN for the amplified response and may be implicated 
in the development of chronic pain (Hanani, 2012). Finally, a subpopulation of SGC might 
correspond to multipotent glial progenitors. In culture, they form self-renewing spheres, and 
generate SC, astrocytes and oligodendrocytes (Fex Svenningsen et al., 2004).

1.3.3.	Endo-, epi- and perineurial fibroblasts

All peripheral nerves are protected by three fibroblastic layers: the epi-, peri- and 
endoneurium (Figure 10). Multiple axons and their surrounding SC lie within the endoneurium, 
which consists of extracellular matrix components, such as collagen, secreted by endoneurial 
fibroblasts (Kucenas, 2015). They are assembled in fascicles ensheathed by the perineurium, 
which is formed by highly compacted concentric rings of perineurial fibroblasts connected via 
tight junctions. They are a part of the blood-nerve barrier, which protects the interior of the 
nerve (Akert et al., 1976; Shanthaveerappa and Bourne, 1963). Finally, fascicles are bundled 
together by the epineurium into a single nerve structure. It is made of collagen secreted by 
epineurial fibroblasts and adipocytes. Peripheral nerves are highly vascularized, with blood 
vessels located both in the endo- and epineurium. Even though they play a key role in the 
architecture and homeostasis of the peripheral nerve, epi-, peri- and endoneurial fibroblasts 
are not classified as glial cells. Few endoneurial fibroblasts molecular markers have been 
described such as Platelet-derived growth factor receptor alpha (PDGFRα) or Thy1, and they 

Figure 10. Peripheral nerve anatomy. (A) Toluidine blue-stained semithin cross section of an entire human sural nerve, 
composed of ten fascicles ensheathed by a thin perineurium, each surrounded by the epineurium. The large green epineu-
rial bodies are adipocytes (Ad). (B) Perineurial cells form a sheath around the nerve that separates the endoneurial envi-
ronment from the epineurial environment. Within the endoneurium, there are SC that myelinate single axons, non-myeli-
nating SC that are associated with multiple axons, endoneurial fibroblasts and pericytes that surround small blood vessels. 
Perineurial cells are distinguished based on their position and their characteristic flattened morphology. Schwann cells 
are distinguished by their association with axons, their expression of glial markers and their basal lamina. Endoneurial 
fibroblasts lack a basal lamina, often have long interdigitating processes, are not associated with axons. Adapted from 
Joseph et al. (2004). Sural nerve section from Biopsy Diagnosis of Peripheral Neuropathy, Second Edition (2015).
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don’t express SC markers such as S100β (Joseph et al., 2004; Richard et al., 2014). They 
synthesize collagen, which is necessary for SC to generate their basal lamina, they also play a 
role in myelin phagocytosis, inflammatory response and nerve regeneration (Parrinello et al., 
2010; Richard et al., 2012). More recently, it has been shown that they may be mesenchymal 
precursor cells with the ability to regenerate tissues (Carr et al., 2019).

2.	Development of the peripheral nervous system
2.1.	Peripheral nervous system stem cells

2.1.1.	What is a stem cell? 

A stem cell is a cell that can replicate itself (self-renew) and has the ability (potency) 
to differentiate into multiple cell types, either directly or through terminal divisions (Gilbert, 
2016; Siminovitch et al., 1963). When they are not quiescent, stem cells face at each division 
a choice between self-renewal and generating lineage-committed progenitor cells which is 
ensured by asymmetrical division (Figure 11). Asymmetrical division can either be at the 
single cell level, with one stem cell dividing into a stem cell and a progenitor cell, or at 
the population level, with subsets dividing symmetrically into either stem or progenitor cells 
(Simons and Clevers, 2011). This choice is highly influenced by the interaction between stem 
cells and their environment, called niche. Overall, these participate to the subtle equilibrium 
necessary to maintain the stem cell pool. Stem cell potency is defined by the cell type diversity 
they generate in vivo. Hence, a cell able to generate a both embryonic and extra-embryonic 
lineages is considered as totipotent, and only embryonic lineage pluripotent. Multipotent stem 
cells, often called somatic stem cells, are restricted to cell types specific to the tissue they 
reside in. Finally, unipotent stem cells only generate one cell type.

2.1.2.	Embryonic stem cells

Embryonic development is a complex process during which a single cell will give rise 
to an entire organism made up of hundreds of cell types. In mice embryos, blastomeres are 
totipotent until the 16-cell stage (Baker and Pera, 2018; Tarkowski et al., 2010). At the 32-
cell stage, the morula cavitates into the blastocyst, which consists of a spherical layer of 
trophectoderm cells around a fluid-filled cavity called blastocoel, with a cluster of approximately 
12 cells, called the inner cell mass (ICM), adhering to one side (Fleming, 1987). The ICM 
then develops into the epiblast and hypoblast, a layer of primitive endoderm that separates 
it from the blastocoel. The epiblast will generate all the embryonic cell types, whereas 
the trophectoderm and primitive endoderm will give rise to the extraembryonic structures 
(Stephenson et al., 2012). When cultured, ICM cells generate pluripotent embryonic stem 
cells (ESC) that can self-renew indefinitely in proper culture conditions (Evans and Kaufman, 
1981; Evans, 2011; Martin, 1981; Thomson et al., 1998). Over the last 30 years, advances in 
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developmental biology have provided important insights into ESC differentiation, with the 
identification of downstream multipotent stem cells committed to different lineages (Wu and 
Izpisua Belmonte, 2016). This has supported the development of protocols for the efficient in 
vitro generation of a wide diversity of cell types such as cardiomyocytes or neurons (Murry 
and Keller, 2008). Three transcription factors (Oct4, Nanog and Sox2) are necessary the ICM 
and epiblast to maintain their pluripotency (Shi and Jin, 2010). A decade ago, it was shown 
that retrovirus-mediated transfection of four transcription factors, Oct4, Sox2, c-Myc and 
Klf4 could induce the dedifferentiation of somatic cells into an ESC-like state (Takahashi and 
Yamanaka, 2006; Takahashi et al., 2007; Yu et al., 2007). The discovery of induced pluripotent 
stem cells (iPSC) opened a new field for stem cell research and cell therapies.

Figure 11. The stem cell concept. (A) The first defining stem cell property is their differentiation potential. Totipotent 
stem cells are capable of generating embryonic and extra-embryonic tissues, while pluripotent stem cells only embryonic. 
Multipotent stem cells that can generate several cell types exist in the embryo, an example being the neural crest, and in 
adult tissues (somatic stem cells). When differentiating, they can give rise to highly proliferative progenitors that will ge-
nerate committed precursors which will finally differentiate in a nonmitotic functional cell. (B) The second defining stem 
cell property is their ability to self renew and give rise to committed cells through asymmetrical division. It can either take 
place at the single cell or at the population level, in which case there is a balance between groups of stem cells that either 
self renew or give rise to committed cells. Adapted from Developmental Biology, Eleventh Edition (2016).
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2.1.3.	Multipotent stem cells in the adult peripheral nervous system

Somatic stem cells are essential for many adult tissues, both in normal conditions 
and during regeneration. Bone marrow transplantations in mice in the 1950s were the first 
demonstration supporting the existence of an adult hematopoietic stem cell at the origin of 
both lymphoid an myeloid lineages (Becker et al., 1963). Since then, adult somatic stem cells 
have been identified in most adult tissues including the brain, epidermis, hair follicles, muscle, 
and intestinal villi (Clevers and Watt, 2018; Goodell et al., 2015). Adult stem cells maintain 
their ability to self-renew and their multipotency on the long term. Each type is located in a 
tissue-specific stem cell niche that regulates their survival, self-renewal and differentiation 
potential (Simons and Clevers, 2011). 

During embryonic development, the PNS derives from a population of multipotent stem 
cells called the neural crest (NC), which gives rise to a broad cell diversity. When entering 
their target tissues, most NC cells undergo progressive developmental restrictions. However, 
some instead retain their multipotency and form NC-derived stem cells in each tissue (NCSC) 
(Dupin and Sommer, 2012). Such NCSC have been described in the sciatic nerve, DRG and 
skin innervation (Bixby et al., 2002; Carr et al., 2019; Kruger et al., 2002; Morrison et al., 
1999; Nagoshi et al., 2008; Wong et al., 2006). In proper conditions these cells can not only 
generate PNS cell types, but also other ecto- and mesodermic cell types. Somatic stem cells 
have a significant clinical potential for regenerative medicine, either as a putative source of 
cells for homologous transplantation or as a therapeutic target to improve tissue regeneration 
(Keller, 2005; Shevde, 2012).

2.2.	The neural crest: key multipotent stem cells during development

2.2.1.	The neural crest and advances in developmental biology

The neural crest (NC) is a key evolutionary acquisition of vertebrates (Gans and Glenn 
Northcutt, 1983; Glenn Northcutt, 2005; Sauka-Spengler et al., 2007). It was first described in 
the chick embryo by Wilhelm His as a strip of cells between the neural tube (NT) and dorsal 
ectoderm (His, 1868). It is a transient, multipotent and highly motile cell population that 
emerges from the dorsal portion of the NT, migrates towards the periphery and gives rise to 
numerous derivatives, such as peripheral neurons and glia, cartilage, bone and melanocytes 
(Le Douarin and Kalcheim, 1999). Almost fifty years ago, the development of “quail-chicken” 
grafts allowed to perform seminal discoveries in the NC field. It consisted in transplanting 
a quail embryo NT fragment into a chicken embryo before NC delamination, without 
altering its development nor inducing rejection. Hence, it allowed to trace quail cells and 
their derivatives thanks to their specific nuclear staining (Le Douarin and Kalcheim, 1999). 
Later, the development of dye injections or infection with a reporter-expressing virus allowed 
to follow single cells and their progeny during development. In mice, advances in genetic 
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manipulations were instrumental in developing the Cre-LoxP prospective cell-fate mapping 
system (Figure 12). It requires to cross two transgenic mice: one in which Cre recombinase 
expression is under the control of regulatory elements of a gene of interest; and one in which a 
Cre-inducible reporter gene, such as tandem 
dimeric tomato (tdTomato),  is under the 
control of an ubiquitously active promoter 
such as Rosa26 (Madisen et al., 2010). When 
the gene of interest is expressed, it induces 
a Cre-mediated deletion of the STOP codon 
which switches on the reporter gene in the 
cell and all its derivatives. Several Cre-
lines have been generated and used for NC 
cell-fate mapping: HtPA-Cre (human tissue 
plasminogen activator), P0-Cre, Sox10-Cre 
and Wnt1-Cre (Matsuoka et al., 2005; Pietri 
et al., 2003; Yamauchi et al., 1999). Genetic 
fate-mapping has allowed to successfully 
track NC derivatives during and beyond 
embryonic development to postnatal and 
adult stages. 

2.2.2.	Neural crest specification and migration

After a specification phase during which they receive defining environmental cues 
(Figure 13), NC cells undergo an epithelial-to-mesenchymal transition (EMT) to exit the NT 
and migrate throughout the developing embryo along specific pathways. This process is subject 
to a fine spatial and temporal restriction. Indeed, the same transcription factor, patterning 
signal or guidance cue can have different, often opposite, effects at different times and/or sites. 

Neural crest specification and delamination

 NC specification begins during early gastrulation within the neural plate border (NPB) 
region, located between the future neural and epidermal domains (Figure 13). It is induced 
by a precise combination of Wingless-type MMTV integration (Wnt), bone morphogenetic 
protein (BMP), fibroblast growth factor (FGF), retinoic acid (RA) and Notch signals secreted 
by the ectoderm, the neuroepithelium and the underlying mesoderm (García-Castro et al., 
2002; Groves and LaBonne, 2014; Milet and Monsoro-Burq, 2012). Its second step is the 
establishment of NC identity, defined by the expression of several key transcription factors 
such as Snail/Slug, Twist, FoxD3 and the SoxE genes that activate the EMT effector program 
(Khudyakov and Bronner-Fraser, 2009; Kos et al., 2001; Mayor and Theveneau, 2013; Simoes-

GeneCreGeneCre

tdTomatoRosa26tdTom
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Figure 12. Cre-LoxP tracing system. The Cre-LoxP fate-mapping 
system requires to cross a mouse in which Cre recombinase expres-
sion is under the control of regulatory elements of a gene of interest, 
and one in which a Cre-inducible reporter gene such as tdTom is un-
der an ubiquitously active promoter, such as Rosa26. Hence, when
the gene of interest is expressed (1), Cre recombinase is expressed 
and activates the fluorescent reporter gene (2), which will make the 
cell, and all the cell that it will give rise to, fluorescent (3).
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Costa and Bronner, 2015). It results from 
the concerted action of signalling pathways 
and medial NPB transcription factors such as 
Pax3/7, Msx1 and Zic1 (Grocott et al., 2012; 
Monsoro-Burq et al., 2005; Patthey et al., 2009). 
Then, NC cells undergo an EMT during which 
they detach from the neuroepithelium, lose their 
apicobasal polarity and modify their contacts 
with the ECM. The EMT effector program vary 
across the antero-posterior position and species, 
but the major common transcription factors are 
Snail/Slug, FoxD3 and Sip1 (Simoes-Costa 
and Bronner, 2015; Theveneau and Mayor, 
2012). This process involves molecular switch 
between epithelial type 1 cadherins and type 2 
cadherins, as well as the reorganization of the 
actin cytoskeleton that provides them particular 
adhesive and migratory properties (Szabó and 
Mayor, 2018; Taneyhill, 2008).

Neural crest migration

After delamination, NC cells first migrate 
in the cephalic region between the epidermal 
and mesodermal layers as a continuous sheet, 
which subsequently splits into three streams. 
Next, trunk migration is initiated progressively 
along the antero-posterior axis in thin streams 
(Figure 14) that align as a chain with the 
somites (Le Douarin and Kalcheim, 1999). NC 
migration relies on permissive ECM molecules 
(fibronectin, laminins and some collagens) that 
line migration routes and is shaped by multiple negative and positive guidance cues (Harris 
and Erickson, 2007; Szabó and Mayor, 2018; Theveneau and Mayor, 2012). Three major 
receptor families are involved, and can have an attractive or repulsive effect with their ligands 
depending on the expressed subtype: neuropilin (Nrp) receptors to class 3 semaphorins 
(Sema3); tyrosine kinase-active erythropoietin-producing human hepatocellular (Eph) 
receptors to ephrins;  and G-protein coupled endothelin (Edn) receptor B (EdnrB). In the head, 
Nrp2-expressing NC cells avoid Sema3A/D secreted by the surrounding tissues (otic vesicles, 
rhombomeres and eyes) and migrate alongside NC cells with compatible Eph/ephrin codes to 

Figure 13. Neural crest development. First, neural 
crest (NC) cells are specified in the border plate region 
by a gradient of BMB, Wit and FGF signalling during 
early gastrulation. Then, when the neural tube (NT) 
folds, NC cells delaminate at the point of NT closure. 
Then, they migrate throughout the embryo to give rise 
to multiple cell types. Adapted from Developmental 
Biology, Eleventh Edition (2016).
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invade tissues with compatible Eph/ephrin profiles (Theveneau and Mayor, 2013). Trunk NC 
cells follow two distinct paths: (i) a ventromedial path along the NT and notochord, that will 
give rise to autonomic and enteric neurons, glia and adrenomedullary cells; (ii) a ventrolateral 
path, that will give rise to sensory neurons and glia; (iii) a dorsolateral path immediately 
below the dorsal ectoderm, that will give rise to the majority of skin melanocytes (Krull, 2001; 
Szabó and Mayor, 2018; Theveneau and Mayor, 2012). The choice between both pathways 
is an example of the opposite effects that ligands can have. Indeed in the dorsolateral path, 
ephrin-B1 and Edn3 attract NC cells that express EphB2 and EdnrB2 but repel NC cells that 
express EphB3 and EdnrB, which in turn are diverted to the ventromedial and ventrolateral 
paths (Harris and Erickson, 2007; Santiago and Erickson, 2002). In the latter, NC cells migrate 
initially between the somites but this path is quickly blocked by Sema3F, and the following 
cells are redirected through the somites. They are restricted to the rostral part of the somites 
by the expression of ephrin-B1, Sema3F and ECM components such as versicans that act as 
repulsive cues in their caudal segments (Harris and Erickson, 2007; Kalcheim and Teillet, 
1989; Keynes and Stern, 1984). 

Ectoderm

Neural tube
Sclerotome

NC

Dorsolateral pathway:
 - melanocytes

Ventrolateral pathway:
 - sensory neurons
 - glial satellite cells
 - Schwann cells

Ventromedial pathway: 
 - autonomic neurons
 - glial satellite cells
 - Schwann cells
 - enteric neurons
 - chromaffin cells

Figure 14. Trunk neural crest migration. Trunk neural crest (NC) cells migrate following three pathways. The dor-
solalteral pathway, under the ectoderm, is followed by NC cells that will give rise to melanocytes. In the ventrolateral 
pathway, NC cells first migrate between the neural tube and the somites before migrating through their rostral parts. They 
give rise to sensory neurons, glial satellite cells and Schwann cells. Finally, some NC cells migrate ventrally to give rise 
to autonomic and enteric neurons, glial cells and adrenal chromaffin cells. Adapted from Szabo and Mayor (2018) and 
Developmental Biology, Eleventh Edition (2016).
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2.2.3.	Neural crest differentiation

Neural crest differentiation

NC cells differentiation is subject to a fine temporal and spatial restriction along the 
anterior-posterior axis (Figure 15). As a result, depending on their position on the anterior–
posterior axis NC cells are subdivided in cranial, vagal, trunk, and sacral NC with different 
potentials (Dupin et al., 2018; Le Douarin and Kalcheim, 1999; Martik and Bronner, 2017). 
While NC cells at all axial levels contribute to melanocytes, sensory neurons only originate 
from the trunk NC, enteric neurons from the vagal and sacral NC, and bone and cartilage only 
the cranial NC (Dupin et al., 2018; Le Douarin and Kalcheim, 1999; Martik and Bronner, 
2017). Their differentiation is controlled by multiple factors, including main signalling 
pathways (Figure 16), such as FGFs and 
sonic hedgehog (Shh) for skeletal fate 
(Abzhanov and Tabin, 2004; Ahlgren and 
Bronner-Fraser, 1999; Li et al., 2010), 
transforming growth factors (TGF) for 
smooth muscle cells (Shah et al., 1996), 
BMP2 and 4 for autonomous neurons (Shah 
et al., 1996; White et al., 2001) and Wnt/β-
catenin signalling for SN and melanocytes 
(Lee et al., 2004). Environmental cues 
also play an essential role to regulate their 
differentiation, such as neuregulins for glial 
fate (Bhatt et al., 2013; Dupin et al., 2000; 
Leimeroth et al., 2002; Martinez-Morales 
et al., 2007; Shah et al., 1994). However, it 
has been demonstrated through heterotopic 
transplantation assays that NC cells of 
different regions are not fate restricted and 
that all populations exhibit comparable 
potentials (Le Douarin and Dupin, 2003). In 
addition, NC cells differentiation potential 
is also subject to a temporal restriction. 
For instance, although Wnt signalling is 
necessary for NC specification,  it becomes 
after delamination the master signal for 
sensory neurogenesis (Lee et al., 2004). 
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Figure 15. Regions of the chick neural crest. The cranial 
neural crest (NC) migrates into the pharyngeal arches and the 
face to form bones and cartilage, melanocytes and partici-
pate to the cranial nerves. It also gives rise to CNS pericytes. 
The vagal and sacral NC form the parasympathetic nerves of 
the gut. Cardiac NC cells are critical in making the division 
between the aorta and the pulmonary artery. Trunk NC cells 
make sensory and sympathetic neurons, melanocytes and 
a subset of them forms the medulla portion of the adrenal 
gland. Adapted from Martik and Bronner (2017) and Deve-
lopmental Biology, Eleventh Edition (2016).
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Neural crest multipotency

Over several decades, there has been a considerable controversy on how NC cells give 
rise to such a vast lineage repertoire (Dupin and Sommer, 2012). One model proposes that all 
NC derivatives arise from a single type of multipotent stem cells, akin to the hematopoietic 
model (Figure 17). In this model, initial multipotent NC stem cells would gradually lose 
their differentiation potential to become tri- or bi-potent before being committed to one cell 
type (Le Douarin and Kalcheim, 1999). The other suggests that NC derivatives arise from a 
heterogeneous population of already committed precursors in the pre-migratory NC. Early 
studies in avian and mouse embryos, where individual NC cells were traced either with dye 
labelling or low-titer infection with a reporter-expressing virus, concluded that NC cells were 
multipotent in vivo (Bronner-Fraser and Fraser, 1988; 1989; Frank and Sanes, 1991). At the 
same time, in vitro clonal analysis of quail and rat NC cells also supported this hypothesis 
(Baroffio et al., 1988; 1991; Stemple and Anderson, 1992). However, other publications 
reported instead that NC cells were a heterogeneous population of restricted progenitors 
(Harris and Erickson, 2007; Henion and Weston, 1997; Luo et al., 2003). In particular, it was 
proposed that NC cells are already committed before delamination and organized according 
to a spatiotemporal pattern in the dorsal NT of chicken embryos (Krispin et al., 2010; Nitzan 
et al., 2013a). However, similar experiments performed afterwards instead suggested that NC 

Trunk neural crest stem cell
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Glial cells

Sensory neurons
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Figure 16. Factors involved in trunk neural crest differentiation. Based on in vitro and in vivo studies, the following 
factors are involved in the differentiation of the trunk neural crest (NC). However, the role of Wnt in melanocyte differen-
tiation remains unclear in mice. Indeed, in absence of Wnt mice lack both sensory neurons and melanocytes, but consti-
tuve activation of the Wnt/β-catenin signalling pathway results in only sensory neurons. Recent studies have suggested 
that Wnt could play a role in melanocyte at a later time point, but it has yet to be proven. Adapted from Anderson (1997) 
and Lee et al. (2004).
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cells can generate multiple differentiated cell types, regardless of their location within the 
neural tube or time of emigration (McKinney et al., 2013). More recently, new advances in the 
Cre-LoxP tracing system have allowed to use it as an in vivo clonal analysis assay to address 
the question of NC cells multipotency non-invasively. The R26R-Confetti allele acts as a 
multicolour Cre-inducible reporter that generates randomly nuclear green, cytoplasmic yellow 
or red, or membrane-bound blue cells in a stochastic manner (Snippert et al., 2010). This 
system was used with inducible reporter lines, Wnt1-CreERT and Sox10-CreERT2, at different 
time points to demonstrate that the vast majority of trunk NC cells are multipotent in vivo 
before delamination and during migration (Baggiolini et al., 2015). More recently, a similar 
approach with Sox10-CreERT2 and PLP-CreERT2 was used to study NC-derived clones during 
facial development. They showed that single NC cells give rise to a spatially defined clonal 
patches containing multiple ectomesenchymal lineages such as osteogenic, chondrogenic, 
adipogenic and odontogenic but not neural (Kaucka et al., 2016). Overall, these new studies 
show that the majority of NC cells are multipotent, both at the premigratory and migratory 
stage, and that lineage restriction occurs at a later time.

Neural crest 
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Melanocytes
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Schwann cells

Neurons

Bone / CartilageNeural crest lineage precursors

Figure 17. Neural crest progressive lineage restriction model. In this model, neural crest stem cells give rise to in-
termediate progenitor cells that are initially multipotent, and whith time are restricted until they give rise to committed 
precursors of cartilage/bone (C), glia (G), neurons (N), and melanocytes (M). The paracrine factors regulating these steps 
are shown in colored type. Abbreviations: Edn1/3, endothelin-1/3; GDNF, glial cell-derived neurotrophic factor ; Nrg1, 
neuregulin 1; NTs, neurotropins, Nppc, natriuretic peptide precursor. Adapted from Le Douarin and Dupin (2003) and 
Martinez-Morales et al. (2007).
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2.3.	The peripheral nervous system derives from the neural crest

2.3.1.	 Sensory neurons

Sensory neuron specification

Sensory neurogenesis occurs during NC cells ventromedial migration in two successive 
and overlapping waves (Figure 18) that have been described both in chick and mouse embryos 
(Frank and Sanes, 1991; Lawson and Biscoe, 1979; Ma et al., 1999; Marmigère and Ernfors, 
2007). In mice, they respectively take place between E9.5 to E11.5 and E10.5 to E13.5 (Figure 
19). They are under the control of the Wnt/β-catenin signalling pathway, which promotes the 
expression of two essential basic helix-loop-helix (bHLH) transcription factors, neurogenin-1 
(Ngn1) and Ngn2 (Hari et al., 2002; Lee et al., 2004; Ma et al., 1999). Neurogenins bias NC 
cells to the sensory as opposed to the autonomic lineage, which is induced by Achaete-scute 
homolog 1 (Ascl1), another bHLH transcription factor (Bertrand et al., 2002; Guillemot et al., 
1993). Ngn2 expression begins in a subset of migratory NC cells close to the dorsal NT, that 
will aggregate to form the DRG (Ma et al., 1999; Marmigère and Ernfors, 2007). This first 
Ngn2+ wave gives rise to SN-committed cells that express the forkhead transcription factor 
Foxs1 and will differentiate into TrkB+ mechanoreceptive and TrkC+ proprioceptive SN 
(Figure 19; Frank and Sanes, 1991; Ma et al., 1999; Marmigère and Ernfors, 2007; Montelius 
et al., 2007). However, a subset of Ngn2+ cells do not express Foxs1 and remain Sox10+ 
uncommitted NC cells in the nascent DRG. These cell will either give rise to GSC or, with 
other NC cells, participate to the second Ngn1+ neurogenesis wave that takes place within the 
DRG and produces small TrkA+ nociceptive and TrkB+/TrkC+ SN (Montelius et al., 2007; 
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Figure 18. Sensory neurogenesis. During development, dorsal root ganglion (DRG) sensory neurons (SN) arise from 
two overlapping waves of neurogenesis. The first wave takes place between embryonic day (E)9.5 and E11.5. Multipotent 
neural crest (NC) cells migrate at the level of the rostral part of the dorsal somitic lip. They contribute to large mechanore-
ceptive and proprioceptive SN in the DRG. The second wave occurs between E10.5 and E13.5 in post-migratory cells in 
the DRG, and results in all SN subtypes. Boundary cap (BC) cells can be identified at E10.5 in the spinal cord dorsal root 
entry zone. Their derivatives migrate into the DRG and give rise to small nociceptive neurons. Thickness of curved arrows 
indicates different rates of proliferation. Adapted from Marmigeres and Ernfors (2007).
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Zirlinger et al., 2002). Indeed, in the absence of Ngn2, Ngn1 is sufficient to generate all types 
of SN but in the absence of Ngn1 TrkA+ SN do not develop (Ma et al., 1999). 

It is crucial for proper PNS development that all NC cells that migrate through the 
nascent DRG do not commit to the SN lineage and give rise for instance to glial cells. Two 
mechanisms other than Wnt/β-catenin have been shown to play key roles in this finely tuned 
balance between neurogenesis and gliogenesis: Notch and Sox10. Indeed, Notch activation 
by it ligand delta-like 1 (Dll1), which is expressed by SN, has been shown in vitro to inhibit 
neurogenesis and increase gliogenesis (Kubu et al., 2002; Morrison et al., 2000; Wakamatsu 
et al., 2000). Hence, newly formed SN inhibit neurogenesis in their adjacent cells. While it 
has been shown in vitro that Sox10 expression maintains NC cells pluripotency, recent studies 
in zebrafish embryos have identified Sox10 as an active promoter of sensory neurogenesis 
(Carney et al., 2006; Delfino-Machín et al., 2017). Indeed, they have shown that Sox10 drives 
Ngn1 expression and that a single amino acid substitution in its DNA binding high mobility 
group (HMG) domain induces the loss of all glial cells while retaining neurogenesis. Given 
the multiple functions of Sox10 during NC specification but also during melanogenesis and 
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Figure 19. Sensory neurons specification. In the first wave, Sox10-positive cells migrate and express Neurogenin 2 
(Ngn2), which biases them towards a sensory fate. Cells with high levels of Ngn2 subsequently commit to a sensory neu-
ron (SN) fate as defined by the expression of the forkhead transcription factor Foxs1 during migration. Other cells with 
low or no Ngn2 remain uncommitted. Neurons of the first wave express Brn3a and form large proprio- and mechanore-
ceptive neurons expressing runt-related transcription factor 3 (Runx3) and neurotrophic tyrosine receptor kinase C (TrkC) 
at early developmental stages. In the second neurogenesis wave, Sox10-positive cells within the dorsal root ganglia start 
to express Foxs1, Brn3a and Ngn1, before they express Runx factors. They can give rise to both TrkA+ and TrkC+ SN by 
expressing Runx1 or Runx3, respectively. Sox10- and Krox20-positive boundary cap (BC) cells contribute to the Runx1/
TrkA nociceptive neuronal population in addition to glia. Finally, Runx expression levels control SN diversification into 
different cell types. Indeed, maintained Runx3 expression promotes the proprioceptive fate, while continuous TrkA ex-
pression promotes the peptidergic fate. E, embryonic day; P, postnatal day. Adapted from Marmigeres and Ernfors (2007).
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gliogenesis, it is likely to function in a combinatorial fashion (Aoki et al., 2003; Britsch et al., 
2001).

Sensory neuron maturation

The earliest SN subtypes markers are the TrkA, TrkB and TrkC neurotrophins receptor 
for NGF, BDNF and NT3 respectively, that play several roles during SN development (Figure 
19; Lallemend and Ernfors, 2012; Marmigère and Ernfors, 2007; Mu et al., 1993; Sommer, 
2013). First, neurotrophins act as long range cues that participate to axonal guidance (Bibel 
and Barde, 2000; Marmigère and Ernfors, 2007). Second, they control cell survival during 
the naturally occurring cell death that is a part of normal development. Indeed in mice, loss 
of function of each of these receptors leads to the disappearance of their corresponding SN 
populations (Klein et al., 1994; 1993; Smeyne et al., 1994). Similarly, NT3 inactivation in 
mice results in significant neuronal loss (Fariñas et al., 1994; Lee et al., 1994). Finally, they 
direct phenotypic maturation by regulating peptides an ion channels expression (Bibel and 
Barde, 2000; Marmigère and Ernfors, 2007). Indeed, it was shown in knock-in mice that 
replacing TrkA with TrkC induces a fate switch of some TrkA-expressing nociceptors into 
proprioceptive neurons (Moqrich et al., 2004). Two other genes, runt-related transcription 
factor 1 (Runx1) and Runx3 (Figure 19) play an important role in DRG SN diversification 
(Kramer et al., 2006; Marmigère and Ernfors, 2007). Runx transcription factors are key 
regulators of lineage-specific gene expression in major developmental pathways such as 
neuronal differentiation or osteogenesis (Levanon and Groner, 2004). Runx1 and Runx3 are 
differentially expressed in SN in a non-overlapping manner, respectively in TrkA+ and TrkC+ 
SN. Interestingly, both shape their respective lineages by switching from being transcriptional 
activators at earlier stages to acting as repressors later (Kramer et al., 2006; Marmigère et al., 
2006). Indeed, Runx3 expression starting at E10.5 is necessary for the establishment of an 
early TrkC+ population from which will arise both TrkB+ LTMR and TrkC+ proprioceptive 
SN. However between E11.5 and E13.5, its continuous expression downregulates TrkB and 
consolidates the proprioceptive lineage (Kramer et al., 2006). In a similar fashion, Runx1 
initially activates TrkA expression but at late embryonic and postnatal stages its continuous 
expression represses TrkA and consolidates the non-peptidergic Ret+ nociceptor lineage 
(Chen et al., 2006; Kramer et al., 2006; Marmigère et al., 2006).
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Axonal guidance

Finally, another key aspect of SN development is their ability to direct their axons towards 
and reach the appropriate targets in the spinal cord and the periphery. An interesting example 
is the TrkC+ proprioceptive SN development, which involves both extrinsic environmental 
guidance cues such as NT3 and Sema3A, and cell-intrinsic factors such as Runx3. Indeed, 
NT3 acts as a long range guidance cue that is essential for their ability to reach the muscle and 
induce the formation of their sensory end-organs, the GTO and the muscle spindle (Kucera et 
al., 1995; Lee et al., 1994). Once innervated, these end-organs start expressing NT3 which in 
return promotes the survival of their innervating TrkC+ proprioceptive SN and their proper 
afferent projections. Indeed, when their axons reach the spinal cord dorsolateral margin, they 
are initially repelled by the presence of Sema3A through its interaction with Nrp1-plexinA4/3 
(Masuda et al., 2003; Yaron et al., 2005). Sema3A is then progressively downregulated in the 
dorsal spinal cord, allowing the entry of sensory axons, but its expression is maintained in the 
ventral horn (Fu et al., 2000). At this stage, contrary to the other SN, TrkC+ SN downregulate 
Nrp1, which allows them to project appropriately in the ventral horn (Pond et al., 2002). Finally, 
several studies have shown that Runx3 plays a specific role in the establishment of terminal 
contact patterns in the spinal cord, mediated only partly by TrkC (Chen et al., 2006; Levanon 
et al., 2002). Although its role could be due to its influence on other unknown axon guidance 
cues, the fact that Runx1 overexpression in vitro in a serum-free medium induces neurite 
outgrowth in a dose-dependent manner suggests that Runx3 could act cell-autonomously to 
drive axonal growth (Marmigère et al., 2006).

2.3.2.	Schwann cells

Schwann cell precursors

NC cells generate SC in three successive steps (Figure 20): between E10.5-13.5,  they 
generate SC precursors (SCP); around E14.5-15.5 SCP convert into immature SC (ISC); and 
finally around birth, ISC either become myelinating or non-myelinating SC depending on 
the diameter of the axon they randomly associate with (Jessen and Mirsky, 2005; Jessen et 
al., 2015; Woodhoo and Sommer, 2008). At E12.5, embryonic nerves are still compact axon 
bundles, intimately associated with SCP who depend on them for their survival, and do not 
yet contain blood vessels or connective tissue (Jessen et al., 1994; 2015). SCP play several 
key functions beyond their role as an intermediary stage in SC development. They provide 
necessary trophic support to the developing sensory and motor neurons (Garratt et al., 2000; 
Riethmacher et al., 1997). SCP ensheath axon growth cones and in their absence, developing 
nerves reach their target fields but are defasciculated distally and present abnormal branching 
and terminal sprouting (Grim et al., 1992; Jessen et al., 2015; Wanner et al., 2006; Woldeyesus 
et al., 1999). Finally, recent studies have shown that SCP are a multipotent stem cell population 
that gives rise to several cell types (Figure 20) such as endoneurial fibroblasts, melanocytes, 
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Figure 20. The Schwann cell lineage. The embryonic phase of Schwann cell (SC) development involves three transient 
cell populations: first, migrating neural crest cells; second, Schwann cell precursors (SCP); third, immature Schwann cells 
(ISC). All ISC cells have the same developmental potential, and their fate is determined by the axons with which they 
associate. Myelination occurs only in SC that by chance envelop large diameter axons. SC that ensheath small diameter 
axons become mature non-myelinating SC. Dashed arrows indicate the reversibility of the final transition. Adapted from 
Jessen, Mirsky and Lloyd (2015).
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adrenergic chromaffin cells, parasympathetic and enteric neurons (Adameyko et al., 2009; 
Britsch et al., 2001; Dyachuk et al., 2014; Espinosa-Medina et al., 2014; Furlan et al., 2017; 
Joseph et al., 2004; Petersen and Adameyko, 2017; Uesaka et al., 2015). It is unclear at this 
point if these multipotent SCP are only a transient population or if they do exist in the adult 
nerve, in a similar fashion to adult NCSC.

Compared with sensory neurogenesis, transcription factors actively promoting 
gliogenesis have not been identified so far. Two transcription factors expressed by early NC 
cells, FoxD3 and Sox10, are involved in NC gliogenesis. Gain- and loss-of-function experiments 
have shown that FoxD3 acts as a fate switch by inhibiting neuro- and melanogenesis in NC 
cells while being permissive for glial differentiation (Nitzan et al., 2013a; 2013b). Sox10 
inactivation in vivo leads to the absence of SC and SGC (Britsch et al., 2001; Kim et al., 2003; 
Paratore et al., 2001). However, given the multiple roles of Sox10 in NC ontogeny, it is likely 
that its pro-gliogenic effect depends on the presence of extracellular cues. One could be the 
Nrg1 signalling pathway, as Sox10 drives the expression of its receptor ErbB3 (Britsch et al., 
2001). Two signalling pathways, Nrg1 and Notch, are involved in early NC cells differentiation 
into SCP. Nrg1 is an epidermal growth factor-like ligand that interacts with ErbB receptor 
tyrosine kinases (Birchmeier and Nave, 2008; Garratt et al., 2000; Nave and Salzer, 2006). 
Due to extensive alternative RNA splicing, there are numerous Nrg1 isoforms categorised in 
six major classes, the most common being types I-III. Following proteolytic cleavage, type I 
and II Nrg1 are released from the cell surface and function as a paracrine signal, but because 
of a second anchoring domain, type III Nrg1 (Nrg1-III) remains tethered to the cell surface and 
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acts as a juxtacrine signal (Mei and Xiong, 2008; Nave and Salzer, 2006; Wang et al., 2001). 
Neuronal expression of Nrg1-III is essential for the survival, proliferation and migration of 
SCP, through its interaction with ErbB2/3 heterodimers (Birchmeier, 2009; Lyons et al., 2005; 
Morris et al., 1999; Nave and Schwab, 2005; Riethmacher et al., 1997; Woldeyesus et al., 
1999). Indeed, ErbB2/3 inactivation leads to the absence of SCP and a subsequent massive 
death of SN and motor neurons. However, it may not be necessary for SCP/SGC specification: 
in vitro, Nrg1-III inhibit neurogenesis but NC cells can give rise to SC in its absence; in 
vivo, SCP are formed in the absence of ErbB3 in zebrafish and SGC appear normally in the 
absence of Nrg1-III (Garratt et al., 2000; Lyons et al., 2005; Shah et al., 1994). As mentioned 
earlier, it has been shown in vitro that Notch activation inhibits neurogenesis in NC cells and 
increases the number SC (Kubu et al., 2002; Morrison et al., 2000; Wakamatsu et al., 2000). 
Interestingly, conditional inactivation in NC cells of its canonical pathway effector, Rbp/d, 
only blocks the formation of SGC, while SC formation along peripheral nerves is not affected 
(Taylor et al., 2007). There is also evidence that Notch activation, like Nrg1, stimulates ISC 
formation from SCP and ISC proliferation (Woodhoo et al., 2009). Overall, it is not yet clear 
whether Nrg1-III and Notch act instructively on NC cells to promote gliogenesis.

Figure 21. Changes in phenotypic profile in the embryonic Schwann cell lineage. The boxes above the lineage 
drawing indicate the changes in gene expression that take place during embryonic Schwann cell (SC) development. Each 
developmental stage also involves characteristic relationships with surrounding tissues, and distinctive cell signalling 
properties (boxes below lineage drawing). For instance, while neural crest (NC) cells migrate through the extracellular 
matrix (ECM), SCP and immature SC (ISC) are embedded among axons with minimal extracellular spaces separating 
them. Basal lamina is absent from migrating NC cells and SCP, but appears on ISC. Finally, in vitro Neuregulin 1 (Nrg1) 
only supports NC cells survival in the presence of an ECM, although this is not required for the NRG1-mediated survival 
of SCP. ISC have autocrine survival circuits that are absent from SCP. Adapted from Jessen and Mirsky (2005) and Jessen, 
Mirsky and Lloyd (2015).
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Immature Schwann cells

In mice, SCP mature into ISC around E14.5–E15.5 (Figure 21), when axons reach 
their peripheral targets, and undergo coordinated changes in molecular expression and signal 
responses (Jessen and Mirsky, 2005; Jessen et al., 2015; Woodhoo and Sommer, 2008). ISC 
envelop groups of axons to form irregular axon/ISC families, each covered by a nascent basal 
lamina and surrounded by ECM that has now formed within the nerve (Webster et al., 1973). 
Their apparition correlates with the development of the endo- and perineurium as well as the 
intra-neural vascular plexus. ISC secrete Desert hedgehog (Dhh) that interacts with its receptor, 
Patched/Smoothened, which is expressed by fibroblasts surrounding the nerve (Parmantier et 
al., 1999). A key ISC acquisition is the establishment of an autocrine loop that allows them to 
survive in the absence of neurons or Nrg1-III (Figure 21). Unlike SCP, they can support their 
own survival by secreting a cocktail of survival factors that include insulin-like growth factor 
2 (IGF2), NT3, platelet-derived growth factor-β (PDGFB), leukaemia inhibitory factor (LIF) 
and lysophosphatidic acid (LPA) (Dowsing et al., 1999; Meier et al., 1999; Weiner and Chun, 
1999). The SCP-ISC transition is under the control of positive axonal signals, such as Nrg1 
and Notch1-ligand Jagged1, and negative signals such as Edn. Indeed, it has been shown in 
vitro that Nrg1-III induces the differentiation of SCP into ISC (Dong et al., 1995; Leimeroth 
et al., 2002). Similarly, Notch1 activation by axonal Jagged1 also drives the differentiation of 
SCP into ISC, in part by elevating ErbB2 receptor levels and their responsiveness to Nrg1-
III (Woodhoo et al., 2009). Conversely, its inactivation in vivo leads to a delayed maturation 
SCP into ISC. Two negative regulators of ISC differentiation have been described, Edn and 
adaptator protein complex 2 alpha (AP2α). Edn slows the differentiation of SCP into ISC in 
vitro, and in vivo SC form prematurely in rats with defective EdnrB (Brennan et al., 2000). 
AP2α is the only transcription factor whose inhibitory role in the SCP-ISC transition has been 
demonstrated (Figure 21). It is downregulated during ISC differentiation, and if maintained 
its expression delays ISC differentiation (Stewart et al., 2001). Transforming growth factor 
(TGF)-β plays a very specific role to adjust the SC pool to the number of axons in the developing 
nerve. Indeed, in vitro experiments as well as loss of function mutants have shown that it can 
induce both proliferation in ISC with tight axonal contacts and cellular death in cells with less 
effective axonal contacts (D’Antonio et al., 2006; Einheber et al., 1995; Parkinson et al., 2001; 
Ridley et al., 1989). In vitro data suggests that this dual effect results from a cooperation with 
the Nrg1 signalling (D’Antonio et al., 2006).

Radial sorting

As they differentiate around birth into myelinating and non-myelinating SC, ISC extend 
cytoplasmic processes into groups of axons and progressively segregate them (Harty and 
Monk, 2017; Jessen et al., 2015; Salzer, 2015). All ISC have a similar myelination potential, 
and their commitment to myelination is under axonal control (Jessen and Mirsky, 2005; 
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Nave and Salzer, 2006). At the end of this process, called radial sorting, pro-myelinating SC 
establish a 1:1 relationship with large-diameter axons (> 1 µm), while future non-myelinating 
SC continue to be associated with multiple small-diameter axons (Figure 22). It has been 
known for more than 30 years that radial sorting and myelination are deeply connected to 
basal lamina development around SC, and are highly dependent on interactions with ECM 
molecules such as laminins and collagens (Bunge et al., 1986; Chernousov et al., 2008). Indeed, 
it has been shown that laminin α2β2γ1 (laminin-211) is a key radial sorting and myelination 
regulator through its interactions with its abaxonal receptors β1-integrins and α-dystroglycan 
and their effector Fak (Berti et al., 2011; Feltri et al., 2002; McKee et al., 2012; Pellegatta et 
al., 2013; Pereira et al., 2017; Yu et al., 2005). More recently, adhesion G protein-coupled 
receptor (aGPCR) Gpr126, that is expressed by ISC, has been identified as an essential radial 
sorting and myelination regulator (Monk et al., 2009; 2011). aGPCR are a newly defined 
receptor family that, when activated, can undergo autoproteolysis resulting in an extracellular 
N-terminal fragment (NTF) and a seven-transmembrane-containing C-terminal fragment 
(CTF; Langenhan et al., 2013). Importantly, key amino-acids at the CTF extracellular end 
can act as a tethered agonist, while the cleaved NTF remains noncovalently associated at the 
cell-membrane and can either modulate CTF signalling or function independently from it 
(Langenhan et al., 2013; Liebscher et al., 2014; Prömel et al., 2012). Indeed, it has been shown 
that the interaction between laminin-211 and the NTF of Gpr126 is necessary and sufficient 
for radial sorting, and at low concentrations inhibits CTF signalling which is involved later in 
myelination (Petersen et al., 2015). 

Myelinating Schwann cells

Myelination is the result of complex molecular changes induced by extrinsic signals that 
trigger in turn significant transcriptional changes (Glenn and Talbot, 2013a; Jessen and Mirsky, 
2005; Nave and Salzer, 2006; Nave and Schwab, 2005; Salzer, 2015). Two major extrinsic 
signals are presented by the axon and ECM, respectively Nrg1-III and laminin-211 (Figure 
22). Nrg1-III is expressed by axons in amounts proportional to their diameters (Taveggia et 
al., 2005). The level of Nrg1-III expression in axons regulates the initiation of myelination 
as well as myelin sheath thickness (Michailov et al., 2004; Taveggia et al., 2005). Indeed, 
overexpressing Nrg1-III in sympathetic neurons that are normally not myelinated leads to 
their myelination (Taveggia et al., 2005). Nrg1-III signalling activates several downstream 
pathways in SC, such as the phosphatidylinositol-3-kinase (PI3K), the MEK/ERK and the 
phospholipase C-g (PLC-g) calcium signalling pathway (Nave and Salzer, 2006; Pereira et 
al., 2012). Indeed, several studies have shown that signalling downstream of PI3K and MEK/ 
ERK positively regulates myelination and myelin sheath thickness in vivo (Cotter et al., 2010; 
Goebbels et al., 2010; Ishii et al., 2013; Newbern et al., 2011; Sherman et al., 2012). Finally, 
Nrg1-III signalling is modulated depending on which protease cleaves it. Indeed, β-secretase 
(BACE1) cleaving promotes myelination and mice lacking BACE1 have abnormally thin 
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myelin sheaths, while tumor necrosis factor-α-converting enzyme (TACE/ADAM17) cleaving 
represses myelination and TACE mutants exhibit hypermyelination in peripheral nerves (La 
Marca et al., 2011; Willem et al., 2006). In addition to its role in radial sorting, laminin is 
also essential to initiate myelination. When laminin-211 concentrations increases in the ECM, 
it promotes CTF signalling which drives the expression of promyelinating transcription 
factor Pou3f1 (Oct6) by elevating cAMP levels (Glenn and Talbot, 2013b; Monk et al., 2009; 
Petersen et al., 2015). Indeed, in Gpr126 mutants transient cAMP increase restores myelination 
while Nrg1-III overexpression is insufficient (Glenn and Talbot, 2013b). Moreover, in vitro 
experiments suggest that cAMP may amplify the strength of Nrg1 signals and modulate SC 
response to Nrg1-III from proliferation to myelination (Arthur-Farraj et al., 2011; Monje et 
al., 2006).

During development, SC myelination is under the control of pro-myelinating and 
demyelinating transcription factors (Pereira et al., 2012; Svaren and Meijer, 2008). The main 
pro-myelinating transcription factors are Sox10, Pou3f1 (Oct6), Pou3f2 (Brn2) and Krox20 
(Egr2; Figure 22). They are organised in a feed-forward loop, in which Sox10 expression 
at the ISC stage activates Pou3f1/Pou3f2 during the promyelinating stage before activating 
Krox20 in synergy with them at the myelinating stage (Ghislain et al., 2002; Kuhlbrodt et al., 
1998; Svaren and Meijer, 2008). Pou3f1/Pou3f2 are downregulated at the myelinating stage, 
at which point Sox10 and Krox20 act in synergy to drive the transcription of myelin structural 
proteins and biosynthetic components of myelin lipid synthesis (Kuhlbrodt et al., 1998; 
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Svaren and Meijer, 2008). The POU homeo-domain transcription factors Pou3f1 and Pou3f2 
are cell autonomous regulators of the timing and rate of the promyelinating-myelinating SC 
transition, whose deletion results in hypomyelination and the persistence of promyelinating 
SC into adulthood (Bermingham et al., 1996; Jaegle et al., 1996; 2003). Krox20 is considered 
a master regulator of PNS myelination. From E10.5 to E15.5, its expression is restricted to 
boundary cap (BC) cells at the CNS/PNS interface. Around E15.5, it is expressed in all pro-
myelinating ISC (Topilko et al., 1994). After birth, its continuous expression along with Sox10 
is necessary to promote and then to maintain the myelinating phenotype (Decker et al., 2006; 
Topilko et al., 1994). Its inactivation blocks SC at the promyelinating stage. Analysis of cis 
regulatory sequences directing Krox20 expression in SC have identified two distinct elements 
(Ghislain et al., 2002). The first ISC element (ISE) is active between the E15.5 and E18.5 stages 
in ISC while the myelinating SC element (MSE) is activated at E18.5 and is maintained in 
myelinating cells. These pro-myelinating genes are counterbalanced during SC development 
by the transcription factors c-Jun, Sox2 and Pax3 (Jessen and Mirsky, 2008; Svaren and 
Meijer, 2008). They are expressed by ISC during development and need to be downregulated 
before myelination (Figure 22), and also play a crucial role in nerve regeneration (Jessen and 
Mirsky, 2008). c-Jun is a key component of the AP-1 transcription factor complex, which 
has been shown to inhibit the induction of myelin genes by Krox20 and cAMP, maintain SC 
proliferation and induce demyelination when overexpressed in uninjured adult nerves (Fazal 
et al., 2017; Jessen et al., 2015; Parkinson et al., 2008). Finally, Notch signalling also acts 
as a negative regulator of myelination after birth. It is selectively suppressed in cells that 
initiate myelination, and similarly to c-Jun its expression in uninjured adult nerves induces 
demyelination (Jessen and Mirsky, 2008; Woodhoo et al., 2009).

Non-myelinating Schwann cells

The mechanisms underlying the different types of non-myelinating SC differention 
are not as well understood as those regulating the myelination process. This may be in part 
because these cells maintain a molecular profile closer to ISC than myelinating SC (Jessen 
and Mirsky, 2008; Woodhoo and Sommer, 2008). Among them, advances have been made 
in the field of RSC differentiation (Harty and Monk, 2017). Indeed, the two main pathways 
involved in myelination, Nrg1-III/ErbB2/3 and laminin-211/Gpr126, are also involved in the 
proper development of RSC. Indeed, targeted loss of Nrg1-III in non-myelinated SN results 
in Remak bundles with many more axons, and dramatically reduced RSC axon ensheathment 
(Fricker et al., 2009). Loss of laminin-211/Gpr126 signalling results in naked small caliber 
axons in adults (Mogha et al., 2013; Petersen et al., 2015). Specific pathways involved in RSC 
differentiation are still unknown. However, Neuropathy target esterase (Nte) has recently been 
identified as specifically necessary to RSC maturation (Figure 22). Indeed, targeted deletion 
of Nte in ISC results in incomplete ensheathment of unmyelinated axons followed by their 
degeneration, without affecting myelinating SC (McFerrin et al., 2017).
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2.3.3.	Satellite glial cells 

The sequences of SGC development remain poorly characterized compared to SC. 
Although both types derive from NC cells, developing SGC and SCP differ in several ways 
(Woodhoo and Sommer, 2008; Woodhoo et al., 2004). SGC development occurs earlier than 
SCP, in terms of autocrine survival mechanisms and expression of markers such as S100b 
and Fabp7. They do not require similar factors, as for instance IGF1 that only promotes the 
survival of SGC. In mice mutants for Nrg1 components, SGC remain unaltered contrary to SCP 
(Garratt et al., 2000; Woodhoo and Sommer, 2008). On the contrary, conditional inactivation 
of the Notch pathway in vivo blocks the formation of SGC but not SCP (Taylor et al., 2007). 
Given these differences, it has been suggested that GSC and SC glial lineages segregate at 
an early developmental stage, supported by fate-mapping experiments showing that Ngn2+ 
NC cells only give rise to SN and SGC but not SC (Woodhoo and Sommer, 2008; Zirlinger 
et al., 2002). However, our lab has shown that BC cells, which appear at E10.5, give rise to a 
subpopulation of SN, SGC and SC (Gresset et al., 2015; Maro et al., 2004). Another way to 
explain these results could be the presence of a heterogenous SGC population, which remains 
to be determined.

3.	Boundary cap cells
3.1.	Boundary cap cells origin and markers

3.1.1.	Anatomical position and origin 

During development, the NC also gives rise to a multipotent cell 
population called boundary cap (BC) cells, which has been described in 
birds, rodents and human embryos. BC cells form transient clusters of 
rapidly proliferating cells located at the dorsal root entry zone (DREZ) 
and ventral motor exit points (MEP) of all cranial and spinal nerves 
(Figure 24; Altman and Bayer, 1984; Niederländer and Lumsden, 1996; 
Vermeren et al., 2003; our unpublished results). The NC origin of dorsal 
BC cells has been well established by several fate-mapping studies with 
quail-chick grafts or NT electroporation (Niederländer and Lumsden, 
1996; Radomska and Topilko, 2017; Woodhoo and Sommer, 2008). On 
the contrary, the origin of ventral BC cells is still controversial (Erickson 
and Weston, 1999). Indeed, retroviral labelling studies of the ventral 
NT have suggested the existence of a group of ventrally emigrating NT 
(VENT) cells that colonize the ventral root and give rise to multiple 
neuronal and non-neuronal cell types (Dickinson et al., 2004; Sohal et 
al., 1999). However, in vivo ventral NT fate-mapping at the hindbrain 
level by electroporating a GFP expression vector before to the putative 
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VENT cells migration did not identify such cells (Yaneza et al., 2002). This data supports the 
hypothesis that most ventral BC cells, at least in the head, originate from the NC. 

3.1.2.	Boundary cap cells markers

Thirty years ago, our lab identified Krox20 (Egr2 in humans) as a BC cell marker in mouse 
embryos (Schneider-Maunoury et al., 1993; Wilkinson et al., 1989). Since then, the discovery 
of such BC-specific markers has allowed to expand our knowledge on this population through 
fate-mapping and functional studies. Our group and others have characterized additional BC 
markers such as Cdh7, Sema3B and Sema3G in chick embryos, and Cxcr4 and Netrin 5 in 
mouse embryos (Bron et al., 2007; Niederländer and Lumsden, 1996; Zhu et al., 2015). With 
a global gene expression profiling of BC cells versus SCP and NC cells in mouse embryos, our 
lab has also identified several new BC markers (Figure 24), including Prss56, Wnt inhibitor 
(Wif1) and Hey2 (Coulpier et al., 2009). The detailed expression pattern analysis of Krox20 
and these new markers suggests that BC clusters form in mice around E10.5 simultaneously 
in both DREZ and MEP (Coulpier et al., 2009; Topilko et al., 1994). Indeed, their expression 
is initiated at E10.5 and persists until E14.5, after which none of them are expressed. This 
supports the idea that BC cells persist at least until that developmental time, before either 
undergoing profound molecular changes, emigrating from the CNS/PNS boundary, or dying 
(Radomska and Topilko, 2017).

3.1.3.	BC cells heterogeneity

The situation is different in zebrafish embryos, that do not have proper BC cells. 
Although Nkx2.2-expressing cells have been described in the ventral NT to migrate to the 
periphery along the motor roots, they differ in several ways with BC cells (Fontenas and 
Kucenas, 2017; Kucenas et al., 2008). First, they do not stop at the PNS/CNS interface 
and keep migrating along motor nerves. Second, they give rise to a proximal part of the 

Figure 24. Boundary cap cells markers. Expression patterns of BC cells and nerve root markers at E12.5. The ex-
pression of the indicated genes was analyzed by in situ hybridization on transverse vibratome sections of E12.5 mouse 
embryonic spinal cords at the thoracic level. Arrows point to expression in the BC cells or nerve roots. Left and right roots 
are not always present in the section. Scale bar: 500 μm. Adapted from Coulpier et al. (2009).
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perineurium, but not to peripheral glia. More recently, a distinct population of CNS-derived 
progenitors, localized at MEP and expressing Olig2 and Wif1, has been identified in zebrafish 
(Fontenas and Kucenas, 2018; Smith et al., 2014). These cells generate glial cells that, in 
a similar manner to ventral BC derivatives, exclusively ensheath ventral root motor axons. 
When taking in account our unpublished observations of significant discrepancies between 
Wnt1Cre and Krox20Cre fate-mapping in mice, and the expression of Wif1 in Krox20-traced BC, 
these results raise the possibility that ventral BC cells may have an heterogenous NC/CNS 
origin (Coulpier et al., 2009; Radomska and Topilko, 2017). This exciting hypothesis remains 
to be tested experimentally.

3.2.	Boundary cap cells functions

3.2.1.	Gatekeepers for motor neurons cellular bodies

The fact that ventral BC clusters form in mice around E10.5, which is also the time when 
motor axons grow out of the NT, raised the question of their possible role in defining MEP. 
Surprisingly, the genetic ablation of Krox20-expressing BC cells by a targeted expression of 
diphtheria toxin did not affect MN axon outgrowth but resulted, in a sub-population, in the 
translocation of their somata out of the NT (Figure 25) followed by their death (Vermeren 

Figure 25. Boundary cap cells confine the cellular bodies of motor neurons. (A–D) Transverse sections of E11.5 
Krox20DT/+ (A-B) and wild-type (C-D) embryos immunostained with antibodies against the axonal marker β-III-tubulin 
(TuJ1, green) and Islet-1/2 (red), which labels both motor and sensory neurons. In the mutant, ectopic Islet-1/2-positive 
cells are frequently found in the marginal zone and within the ventral root (A-B, arrowheads),  well separated from the 
dorsal root ganglia (DRG). Extraspinal Islet-1/2-positive neurons were never observed in wild-type embryos (C-D). (E–
H) Transverse sections of E11.5 Krox20DT/+ (E-F) and wild-type (G-H) embryos immunostained with antibodies against 
β-III- tubulin (TuJ1, green) and the motor neuron-specific marker HB9 (red), which is not expressed in DRG neurons 
(stars in E–F). In Krox20DT/+ mutant embryos, HB9-positive neurons were observed in the marginal zone and within the 
ventral root (E-F, arrowheads), but not in wild-type embryos (G-H). (I) Transverse section of a E12.5 Krox20Cre/+, ZAP 
embryo. ZAP encodes a Cre-inducible human placental alkaline phosphatase (hPLAP) providing high resolution staining 
of cell membranes. At the dorsal level, hPLAP-expressing cells are present at the CNS/PNS interface, along the dorsal 
root (DR) and in the DRG. At the ventral level, boundary cap cells form numerous cytoplasmic protrusions toward the 
ventral horn. Abbreviations: DR, dorsal root; VR, ventral root; PAL, alkaline phosphatase; NT, neural tube. Scale bar (A-
H): 50 μm. Adapted from Vermeren et al. (2003) and Radomska and Topilko (2017).
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et al., 2003). This observation supports that BC cells play a role in MN development by 
confining them to the CNS. Further studies have shown that this confinement is mediated 
in part by two signalling pathway, Sema6A and Netrin 5 (Bron et al., 2007; Mauti et al., 
2007). BC cells membrane-attached Sema6A plays two roles in MN confinement. First, it 
aggregates BC cells at the CNS/PNS interface and then it confines MN somata to the ventral 
horn through its repellent effect, mediated by its MN-expressed receptors plexinA2 and/or 
Nrp2 (Bron et al., 2007). The involvement of Sema6A was surprising, since it requires direct 
contact between BC cells and MN cell bodies, which are about 100 µm apart. However, 
using a human placental alkaline phosphatase (hPLAP) reporter to label BC cells membranes, 
our lab has shown that some of them extend long cytoplasmic protrusions within the NT 
(Figure 25). They may ensheath MN axons up to their cell bodies, which could enable such 
an interaction (Radomska and Topilko, 2017). Netrins are a family of bifunctional axon 
guidance cues, capable of attracting or repelling axons when respectively binding a member 
of the deleted in colorectal cancer (DCC) or Unc5 receptor families (Tessier-Lavigne and 
Goodman, 1996). More recently, it was shown that the interaction between BC-expressed 
Netrin 5 and its MN-expressed DCC is also necessary to confine MN somata (Garrett et al., 

Figure 26. Fate-mapping of Krox20-traced boundary cap cells and their derivatives. Schematic representation of 
BC cell fate mapping in the trunk of a Krox20Cre/+, R26tdTom mouse embryo at E13.5. Clusters of BC cells reside transiently 
at the DR/VR entry/exit points and their derivatives populate the proximal (nerve roots and DRG) portions of peripheral 
nerves. Krox20-expressing BC cells (shown in red) give rise to Schwann cell precursors in the nerve roots, and a subset 
of sensory neurons and satellite glia in the DRG. Transverse sections of Krox20Cre/+, R26tdTom embryos between E11 and 
E13.5, immunostained against tdTom (red) and β-III-tubulin (Tuj1, green). Arrows and arrowheads indicate ventral and 
dorsal BC cells derivatives, respectively. Abbreviations: BC, boundary cap; DR, dorsal root; DRG, dorsal root ganglia; 
NT, neural tube; VR, ventral root. Scale bars: 100 μm. Adapted from Gresset et al. (2015).
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2016). Interestingly, ectopic MN were observed in the posterior NT in the Sema6A/plexinA2 
mutant embryos, whereas in Netrin 5/DCC mutants they were mostly observed in the anterior 
NT. These differences suggest that MN somata confinement is a complex process that differs 
depending on MN subtypes and the anterior-posterior axis.

3.2.2.	Stem cells for the developing peripheral nervous system

To assess their contribution to the developing PNS, our lab has performed in vivo fate-
mapping analysis of BC cells using mouse embryos carrying Cre recombinase under the 
control of Krox20 regulatory elements in combination with a Cre-inducible fluorescent reporter 
(Maro et al., 2004). Using this approach, we have shown that BC cells actively proliferate 
and emigrate from their initial position into the nerve roots and the DRG (Figure 26). In the 
dorsal and ventral nerve roots, BC derivatives correspond to most SC and a subpopulation 
of endoneurial fibroblasts. In the DRG, they give rise to a subpopulation of GSC and about 
10% of TrkA+ nociceptive SN (Maro et al., 2004). The fact that the first Krox20-traced BC 
cells reach the DRG around E11.5 is likely to explain the absence of traced TrkB+ LTMR and 
TrkC+ proprioceptive SN. Indeed, at this time TrkB+/TrkC+ neurogenesis is ending and TrkA+ 
neurogenesis beginning, suggesting that the micro-environment is permissive for nociceptive 
SN development (Marmigère and Ernfors, 2007). This theory is supported by in vitro data and 
the fact that when transplanted into chicken DRG at an earlier stage, mouse BC cells also give 
rise to large-diameter SN (Hjerling-Leffler et al., 2005). Several studies have shown that BC 
cells are a multipotent stem cell population that can form spheres and self-renew in vitro, and 
differentiate into multiple cell types both in vitro and in vivo (Aquino et al., 2006; Hjerling-
Leffler et al., 2005; Zujovic et al., 2010; 2011). Indeed, when transplanted after a focal spinal 
cord demyelination, BC cells isolated from embryonic nerve roots can migrate to the lesion 
site, proliferate and differentiate into mature myelinating SC and thus participate to the CNS 
remyelination with a higher efficiency than SC grafts (Zujovic et al., 2010). Moreover, when 
cultured in proper conditions or upon transplantation in the developing murine forebrain they 
can generate CNS cell types such as neurons, astrocytes and oligodendrocytes (Zujovic et al., 
2011).

More recently, we have performed similar fate-mapping experiments using Cre 
recombinase under the control of Prss56 regulatory elements that I will detail in the results 
section (Gresset et al., 2015). Briefly, in addition to previously known derivatives, Prss56-
traced BC cells also generate large-diameter SN and a subset of their ventral derivatives rapidly 
migrate along spinal nerves to reach the skin around E13.5. In the adult skin, Prss56-traced 
BC derivatives include non-myelinating and myelinating SC, terminal glia associated with 
lanceolate sensory endings, sub-epidermal glia unsheathing nociceptive fibres in the upper 
dermis and melanocytes (Gresset et al., 2015; Radomska and Topilko, 2017; Radomska et al., 
2019). Fate-mapping of Krox-20 expressing BC cells in the postnatal skin was not possible 



40

due to its expression in promyelinating SC at E15.5 and in the hair follicle and myelinating 
SC around birth (Gambardella et al., 2000; Topilko et al., 1994)

3.3.	Boundary cap cells in disease: type 1 neurofibromatosis

Type 1 neurofibromatosis (NF1) is a common genetic disorder caused by mutations of a 
tumor suppressor gene encoding neurofibromin 1 (Nf1), that predisposes patients to develop 
benign peripheral nerve sheath tumors called neurofibromas (NF; Ratner, 2015). Almost all 
NF1 patients develop cutaneous NF (cNF) at nerve endings in the skin, and about a third 
develop in early infancy plexiform tumors (pNF) at the level of nerve roots and deep peripheral 
nerves that can progress into malignant peripheral nerve sheath tumors that are invariably lethal 
(Ratner, 2015). NF are complex tumors composed not only of SC but also axons, blood vessels, 
peri- and endoneurial fibroblasts, mastocytes and macrophages (Parrinello and Lloyd, 2009). 
NF are known to arise from the loss of NF1 heterozygosity in cells of the SC lineage, of the 
remaining functional copy of NF1 which results in the permanent hyperactivation of the Ras 
proto-oncogene. However, when and where the mutation occurs in the SC lineage cell type 
is still debated, ranging from NC stem cells 
to mature SC (Le et al., 2009; Mayes et al., 
2011; Wu et al., 2008).

Given their position and progeny, BC 
cells represented an interesting putative cell 
at the origin of NF. However, conditional 
inactivation of Nf1 in Krox20-expressing BC 
gave rise only to paraspinal pNF, suggesting 
that pNF but not cNF could originate from 
them (Zhu et al., 2002). Nonetheless, this new 
Prss56-expressing BC cells population, with 
derivatives in both nerve roots and terminals 
in the skin, represented an interesting new 
candidate as a putative cell of origin for both 
pNF and cNF. Hence our lab had developed 
a mouse model of biallelic conditional 
inactivation of Nf1 in Prss56-traced BC 
cells and their derivatives, by introducing 
Cre recombinase under the control of Prss56 
regulatory elements (Prss56Cre) and a Cre-
inducible fluorescent reporter (Rosa26tdTom) 
into Cre-inducible Nf1fl/fl or Nf1fl/- backgrounds 
(Radomska et al., 2019). The resulting mice 
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Figure 27. Conditional NF1 loss in Prss56-expressing 
boundar cap (BC) cells gives rise to paraspinal (plexi-
form) and cutaneous (diffuse) neurofibromas. (A, B) Cer-
vical spinal cord comparison between control and Prss56Cre, 
R26tdTom, NF1flox/flox (NF1-KO) mice. There are multiple pa-
raspinal neurofibromas (asterisk) encompassing nerve roots 
(arrowheads) and DRG, and compressing the spinal cord in 
the NF1-KO. All remaining roots show marked hyperpla-
sia. (C, D) Dorsal skin sections from control and NF1-KO 
mice immunolabeled against tdTom (red). Note the accu-
mulation of tdTom-traced cells in the NF1-KO dermis. The 
dermis-hypodermis boundary is indicated by dotted line. 
Abbreviations: SC, spinal cord; epi, epidermis; der, dermis; 
hyp, hypodermis; Nu, cell nuclei. Adapted from Radomska 
and Topilko (2017).
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were the first animal model to faithfully recapitulate the human disease (Figure 27). This clearly 
indicates that Prss56-expressing BC cells and their derivatives are implicated in the development 
of pNF and cNF, but the specific cell type, especially in the skin, responsible for initiation and 
tumor progression remains to be determined. This new mouse model constitutes an exciting new 
genetic tool to better understand the mechanisms underlying disease progression, including at 

non-symptomatic stages and perform new therapeutic studies on NF1.
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II.	 The cardiovascular system
1.	Organisation of the cardiovascular system

1.1.	Overview of the circulatory system

The circulatory system is responsible for distributing oxygen and nutrients to tissues, and 
removing and transmitting metabolic waste products, such as carbon dioxide, to the excretory 
organs (Carroll, 2007; Hall, 2016). It is subdivided into the blood-vascular and the lymphatic 
systems (Figure 28). The blood-vascular system is made 
of a muscle, the heart, which pumps a carrying fluid, 
the blood, throughout the body within blood vessels. In 
vertebrates, it is a closed circulatory system in which 
blood is confined to the vessels. Indeed, it first goes 
through the arterial system at high pressure to reach the 
capillary bed within each tissue, where exchanges occur, 
and it is then channelled through the venous system at 
low pressure back to the heart (Figure 28). In mammals, 
the heart is divided into its left and right sides, which 
are considered as two different synchronous pumps 
that propel blood into two circulations. In each, blood 
returning through veins arrives in a first chamber, 
the atria, before entering a second one, the ventricle, 
where it is pumped out into arteries. The right ventricle 
propels blood into the pulmonary circulation where it is 
oxygenated and which is connected to the left atria. Then, 
the left ventricle pumps it into the systemic circulation, 
which supplies blood to every organ, and is connected 
back to the right atria. The lymphatic system drains the 
extravasated fluid, called lymph, from the extracellular 
space and returns it to the venous circulation (Figure 
28). Beyond the removal of waste products and cellular 
debris, it also plays an essential role in immune defence. 
Indeed, the lymphatic system includes multiple lymph 
nodes throughout the body, where lymphocytes are 
concentrated, and its associated organs, such as the 
spleen and thymus, are sites of lymphocyte production. 
In the remainder of my introduction, I will focus on the 
blood vessels.
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Figure 28. Schematic representation of the cir-
culatory system. Blood is pumped from the heart 
through arteries, arterioles and capillaries to the tis-
sues, where exchanges occur. Blood is returned to the 
heart via the venous circulation. The lymphatic sys-
tem, composed of lymphatic capillaries and vessels, 
drains excess fluid, the lymph, containing proteins, 
lipids and immune cells, from the extracellular space 
and returns it to the venous circulation. Adapted from 
from Karkkainen et al. (2002).
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1.2.	Blood vessels 

1.2.1.	Macrovasculature

The macrovasculature is made of arteries and veins with a diameter of more than 100 
µm (Carroll, 2007; Hall, 2016). They are composed of three concentric tissue layers around 
the lumen (Figure 29). The inner layer, or tunica intima, is in contact with blood and consists 
in a single layer of flat endothelial cells (EC), their basement membrane (BM) and the internal 
elastic lamina that circles it. Around it, the tunica media is made of a layer of vascular smooth 
muscle cells (vSMC), connective tissue and in large arteries it is delimited by the external 
elastic lamina. Finally, the outermost layer, the tunica adventitia, is made of connective tissue, 
immune cells and contains in the larger vessels the nerves and vessels that supply the vascular 
wall, called vasa vasorum. Blood vessels are organized in a sequence of vascular segments, 
each with specific properties and functions (Figure 29). The large vessels emerging from the 
heart are elastic arteries, whose media contains vSMC and numerous concentric lamellae of 
elastin and collagen. Their elasticity allows them to stretch in response to each pulse, which 
dampens blood pressure fluctuations over the cardiac cycle and maintains organ perfusion 

Figure 29. Organization of the vasculature. The vasculature is organized into hierarchical networks of arteries (red), 
veins (blue) and interconnected capillaries. Arterioles, capillaries and venules constitute the microvasculature. Large arte-
ries and veins are characterized by a continuous lining of endothelial cells (EC), basement membrane (BM) and layers of 
smooth muscle cells (SMC). Blood capillary EC can be continuous, fenestrated or discontinuous, and they have a varying 
extent of BM and pericyte coverage. Adapted from Potente and Mäkinen (2017).
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during the diastole. They are followed by muscular arteries, whose media contains many 
concentric layers of vSMC and fewer elastic lamellae. Their controlled contraction enables to 
regulate the blood flow entering into the microvasculature according to regional needs. Finally, 
the blood exiting the microvasculature goes back to the heart through veins, which have a thin 
media containing only a few layers of vSMC but a thick adventitia made of collagen and 
some longitudinal vSMC. Most veins have one-way valves that prevent the blood from going 
backwards.

1.2.2.	Microvasculature

The microvasculature is organised in the following sequence (Figure 29): arterioles, 
capillaries, and venules (Carroll, 2007; Hall, 2016). First, the blood enters the microvascular 
tree through arterioles, whose media contains only one or two layers of vSMC, covered by 
a thin adventitia. They are the primary site of vascular resistance, and protect the capillaries 
by regulating the local blood pressure. Then, it reaches the capillaries, which are the smallest 
vessels with diameters ranging from 4 to 10 µm, and whose lumen allows the passage of cells 
in a single row. Their wall consists in EC and pericytes within their BM. Their endothelium 
can be continuous, as for instance in the skin, making them less permeable. Conversely, it 
can be discontinuous as in the liver, making them highly permeable. Intermediately, it can 
be discontinuous with a continuous BM, or fenestrated, in organs such as endocrine glands. 
Afterwards, the blood is drained by venules of increasing diameter, which are first covered by 
pericytes and then by few layers of vSMC, and a thin adventitia. Their endothelium has labile 
junctions, which can modulate their permeability during inflammation and allow the exit of 
immune cells (Girard et al., 2012). 

1.3.	Cellular diversity within the blood vessels

1.3.1.	Endothelial cells

EC are a heterogeneous population with vascular segment-specific and organ-specific 
morphological and functional differences that allow the endothelium to adapt to regional 
needs (Aird, 2007a; 2007b; 2012; Chi et al., 2003; Cleaver and Melton, 2003). To highlight 
their heterogeneity, I will briefly present here several of their main functions except for 
angiogenesis and the arterio-venous identities, that I will discuss later in the section on the 
development of the vascular system.

Barrier function

EC are organised in a single-layer epithelium (Figure 29), linked together by adherens 
(AJ) and tight junctions (TJ), that acts as a size-selective and semipermeable barrier separating 
blood from the interstitium (Aird, 2007a; Komarova and Malik, 2010; Michiels, 2003). Fluids 
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and solutes smaller than 3 nm can move through a paracellular route, regulated by inter-
endothelial AJ and TJ. Endothelial AJ, consisting in vascular endothelial (VE)-cadherin 
complexes with catenins, are the most frequent type among vascular beds. For instance 
during inflammation, EC increase vascular permeability by internalizing VE-cadherins, 
which destabilizes AJ (Dejana and Orsenigo, 2013; Komarova and Malik, 2010). By contrast, 
macromolecules move through a transcellular route via EC transcytosis. For instance, albumin 
and its ligands are transported from the luminal membrane by caveolae, formed by fission of 
plasma membrane macrodomains enriched with caveolin-1, to the basal membrane where 
they are released by exocytosis (Aird, 2007a; Komarova and Malik, 2010). Both routes are 
finely regulated to maintain the integrity of the endothelium, control tissue oncotic pressure 
and ensure the proper delivery of important blood-borne molecules such as hormones and 
albumin-bound ligands. They also differ in a segment-specific and organ-specific manner, 
illustrated by capillaries. Indeed, compared with other vascular segments, capillaries have a 
higher rate of transcytosis and looser inter-endothelial junctions to maximise exchanges (Aird, 
2007b; 2012; Komarova and Malik, 2010). However, this is not the case in the brain with the 
BBB, where EC have few caveolae and form mostly TJ (Bendayan, 2002; Nitta et al., 2003; 
Simionescu et al., 2002). 

Vascular tone

EC actively participate to the resting vascular tone by synthesizing nitric oxyde (NO) 
(Fleming et al., 1996; Furchgott and Zawadzki, 1980; Michiels, 2003; Palmer et al., 1987). 
Indeed, vSMC require a functional endothelium to relax properly in response to acetylcholine, 
and NO inhibition increases the basal blood pressure. EC also regulate the resting vascular 
tone by secreting prostacyclin (PGI2) (Michiels, 2003; Moncada et al., 1976). In specific 
conditions, such as hypoxia, EC can also release the vasoconstrictive factor Edn (Kedzierski 
and Yanagisawa, 2001; Michiels, 2003; Yanagisawa et al., 1988). EC release Edn from their 
non-luminal surface, which induces vSMC contraction via EdnrA while simultaneously 
triggering the release of vasodilating NO/PGI2 by EC via EdnrB to counteract it (Kedzierski 
and Yanagisawa, 2001).

Inflammation and immune response

 EC play a significant role in inflammation, which can be summarized in the following 
sequence: increased blood flow by arterioles, capillaries and venules dilatation; fluid exsudation 
through increased permeability; and leukocytes extravasation (Aird, 2007a; Michiels, 2003; 
Nathan, 2002). Circulating cytokines such as TNF-α or interleukine (IL)-1 trigger a pro-
inflammatory EC phenotype, which start secreting platelet-activating factor (PAF) which in 
turn stimulates neutrophil adhesion. Moreover, in post-capillary venules, EC express specific 
adhesion molecules such as E-, P-selectin, vascular cell adhesion molecule (VCAM)-1 and 
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intercellular adhesion molecule (ICAM)-1 that will recruit leukocytes and trigger diapedesis 
(Aird, 2012; Collins et al., 1995; Michiels, 2003; Muller, 2011). Diapedesis is a multistep 
process during which blood-borne leukocytes migrate through the endothelium towards the 
underlying tissue (Muller, 2011).  

Haemostasis

All EC are actively involved in haemostasis, in which they can have a pro- or anti-
thrombotic role. Indeed, quiescent EC secrete PGI2 and NO, which prevent platelet aggregation 
(Michiels, 2003; Moncada et al., 1976; Palmer et al., 1987). Oppositely when activated, either 
by a vascular injury or circulating cytokines, they can promote platelet activation by secreting 
PAF, and coagulation by releasing von Willebrand factor (vWF). Finally, during thrombosis 
EC initiate fibrinolysis by secreting of tissue-plasminogen activator (tPA) and urokinase that 
activate plasmin, which in turn degrades the clot.

1.3.2.	Mural cells

Mural cells are a heterogeneous population of perivascular cells classically divided 
between pericytes that ensheath capillaries and vSMC that are found in arterioles, venules 
and larger vessels (Armulik et al., 2011; Holm et al., 2018; Krueger and Bechmann, 2010). 
However, this definition has been challenged recently by growing evidence instead of a mural 
cell continuum (Figure 30) with transitional phenotypes at pre-capillary arterioles and post-
capillary venules (Armulik et al., 2011; Hartmann et al., 2015; Holm et al., 2018). In addition 
with the lack of specific markers, this may explain why their proper identification remains 
challenging. 

Pericytes

Pericytes were first described 150 years ago as a population of contractile cells surrounding 
the endothelium of small blood vessels (Eberth, 1871; Rouget, 1873; Zimmermann, 1923). 
Interestingly, pericytes may not be limited to the microvasculature, as there have been 
observations of subendothelial pericyte-like cells in large vessels (Andreeva et al., 1998; 
Díaz-Flores et al., 2009). Nonetheless, pericytes are currently defined as cells embedded 
within the microvascular BM (Armulik et al., 2011; Daneman and Keller, 2015; Sims, 1986). 
Capillary pericytes have a rounded cell body and limited branching, while post-capillary 
venule pericytes have a flattened cell body and many thin, branching cellular processes in a 
stellate pattern (Figure 30). Although they are separated by the BM, pericytes and EC contact 
each other through multiple holes where they establish different types of junctions. The main 
type are peg-socket junctions, which consist in reciprocal interdigitating evaginations from 
each cell and are believed to be mediated by N-cadherin and anchor pericytes (Armulik et al., 
2011; Daneman and Keller, 2015; Gerhardt and Betsholtz, 2003). Adherens and gap junctions 



48

have also been described (Armulik et al., 2011; Ivanova et al., 2017). The most commonly 
used pericyte marker is PDGFRβ, which is involved in pericyte recruitment, and more 
recently other markers have been identified, such as neural/glial antigen 2 (Ng2), desmin, 
Cd13, α-smooth muscle actin (SMA), endosialin, regulator of G protein signalling 5 (Rgs5) or 
Tbx18 (Guimarães-Camboa et al., 2017). However, none of these markers is specific as they 
are expressed in multiple other cell types. The EC-to-pericyte ratio in normal tissues varies 
between 1:1 and 10:1, and their EC abluminal surface coverage ranges from 70% to 10%, 
primarily along endothelial cell-cell junctions and branch points (Ando et al., 2016; Armulik 
et al., 2011; Daneman and Keller, 2015; Sims, 1986). Their density is inversely correlated with 
vessel wall permeability and EC turnover rate (Armulik et al., 2011; Daneman and Keller, 
2015; Díaz-Flores et al., 2009). This led to the hypothesis that pericytes promote endothelial 
stability and limit permeability, which has been supported by the analysis of knockout mice 
lacking pericytes (Hellström et al., 2001; Lindahl et al., 1997). Moreover, recent CNS pericytes 
live imaging has shown that while their cell body is static, they dynamically extend and retract 
their processes over days (Berthiaume et al., 2018). Interestingly, they negotiate their territory 
with one another as the ablation of a single pericyte leads to the robust extension of processes 
from adjacent pericytes (Berthiaume et al., 2018).
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Figure 30. Mural cell continuum along the microvascular tree. (A) Confocal images of microvascular mural cells 
(MMC) of different vessel hierarchies labeled in Pdgfrβ-mTmG mice, with the coresponding schematic illustration. Arte-
rioles are completely surrounded by a single layer of spindle-shaped vascular smooth muscle cells (vSMC). Precapillary 
arteriole coverage with transitional MMCs is loose. Pericytes covering the mid-capillary bed exhibit a round cell body 
and processes spanning over several endothelial cells (EC). Transitional MMC along the postcapillary venule are cha-
racterized by flattened cell bodies and multiple processes. Venule vSMC are large stellate cells not fully ensheathing the 
endothelium. (B) Mural cells express different combinations of markers such as platelet-derived growth factor receptor β 
(PDGFRβ), Neural/glial antigen 2 (Ng2), desmin, and α smooth muscle actin (αSMA) depending on their location along 
the microvasculature. Adapted from Holm, Heumann and Augustin (2018).
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Pericytes regulate several of the vascular functions discussed earlier, in coordination 
with EC. For instance, they regulate the barrier function in several ways. First, they are 
necessary for the production and maintenance of a proper BM, and in their absence although 
EC secrete BM proteins they are not properly deposited (Armulik et al., 2010; Stratman et al., 
2009; 2017; 2010). Moreover, recent studies on the BBB have shown that pericytes limit CNS 
vascular permeability by inhibiting the rate of transcytosis (Armulik et al., 2010; Daneman 
et al., 2010). Although it was their first suggested function, whether pericytes regulate blood 
flow remains an open question. Indeed, in vitro experiments have shown that pericytes express 
contractile proteins and can respond to vasodilative and vasoconstrictive agents (Daneman and 
Keller, 2015; Kennedy-Lydon et al., 2013; Rucker et al., 2000). However, in vivo experiments 
have yielded conflicting results, as for instance on their ability to regulate cerebral blood flow 
(Berthiaume et al., 2018; Hall et al., 2014; Hill et al., 2015). Over the last decade, several 
reports have detailed how pericytes positively regulate neutrophil transmigration through 
venular walls in the muscle and skin. Indeed, neutrophils exit the endothelium at permissive 
points without pericyte coverage and with different BM components, which is facilitated 
by the expansion of pericyte gaps (Ayres-Sander et al., 2013; Daneman and Keller, 2015; 
Proebstl et al., 2012; Voisin et al., 2010; Wang et al., 2012; 2006). Then, they crawl along 
pericytes via an interaction between the neutrophil-expressed Macrophage-1 antigen and 
ICAM-1 (Proebstl et al., 2012). Finally, it has been reported that after neutrophils exit venules, 
they are attracted by capillary pericytes, which control their activation status and survival 
(Stark et al., 2013). However, it has been reported in the CNS that pericytes downregulate 
leukocyte transmigration, suggesting a more complex and context-dependant role (Daneman 
et al., 2010). They also play a role in stabilizing blood vessels and promoting their maturation, 
which I will discuss in the development section. Finally, pericyte also regulate organ-specific 
functions such as the establishment of the BBB in the brain, the egress of T cells from the 
thymus or the storage of retinol in the liver (Armulik et al., 2010; Blomhoff and Blomhoff, 
2006; Daneman and Keller, 2015; Daneman et al., 2010; Zachariah and Cyster, 2010).

Vascular smooth muscle cells

Although vSMC are highly specialized cells whose main function is contraction, they 
retain a remarkable plasticity which allows them to take on other roles in physiological and 
pathological vascular remodelling (Alexander and Owens, 2012; Owens et al., 2004; Rensen 
et al., 2007; Wang et al., 2015). Indeed, the vast majority of normal adult blood vessels vSMC 
display a contractile phenotype, but can reversibly switch to a synthetic phenotype depending 
on their environment (Alexander and Owens, 2012; Rensen et al., 2007). Contractile vSMC are 
elongated and spindle-shaped cells (Figure 30) that have been characterized by the presence 
of contractile proteins, ion channels, and signalling molecules necessary for their function 
(Owens, 1995; Owens et al., 2004). They are structurally different from other myocytes, 
as myosin and their surrounding actin filaments are joined together and anchored by dense 
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bodies within the cell or dense bands on the inner cell surface (Klabunde, 2011). Similarly to 
cardiomyocytes, vSMC are electrically connected by gap junctions, which allow propagated 
responses along the vessel. Several markers are commonly used to characterise them, although 
none is specific: α-SMA, smooth muscle-myosin heavy chain (SM-MHC), calponin, SM22α 
and desmin (Owens et al., 2004). Contractile vSMC are always in partially contracted state, 
which determines the resting blood vessel tone and diameter, and by modulating it they 
regulate the blood pressure and blood flow distribution (Klabunde, 2011; Owens et al., 2004). 
Vasoconstrictive signals are mediated by sympathetic adrenergic nerves, circulating hormones 
such as epinephrin and also EC-secreted Edn. Oppositely, they receive vasodilative signals 
from the circulation and their environment such as NO and PGI2 from EC (Klabunde, 2011). 

Synthetic vSMC have an epithelioid morphology and are characterized by a reduced 
expression of contractile vSMC differentiation markers, such as SM-MHC, and an increased 
proliferation rate, motility, and ECM components synthesis (Alexander and Owens, 2012; 
Owens et al., 2004). The current paradigm, in which contractile vSMC switch to a synthetic 
phenotype, was founded on multiple studies who demonstrated the conversion of contractile 
vSMC to a less differentiated, proliferative and migratory cell type in culture (Alexander and 
Owens, 2012; Owens, 1995; Owens et al., 2004). Two fate-mapping studies based on different 
Cre-inducible mouse lines have supported this hypothesis, and shown that vSMC down-
regulate α-SMA, proliferate and contribute to neointima formation after a vascular injury 
(Herring et al., 2014; Nemenoff et al., 2011). More recently, this theory has been challenged 
by a report in which the authors used a SM-MHC-Cre mouse for lineage tracing and found that 
contractile vSMC are incapable of proliferating either in vitro or in vivo in response to injury 
(Tang et al., 2012). Instead, they identified a small population (<10%) of multipotent vascular 
stem cells by their expression of several markers, including Sox17, Sox10 and S100β, which 
proliferated to completely reconstitute medial vSMC in response to vascular injury. Hence, 
the in vivo plasticity of vSMC remains debated.

A source of multipotent stem cells?

Ten years ago, pericytes were reported to be mesenchymal stem cells (MSC) that could 
be expanded in vitro for multiple passages and give rise to cells of the osteo-, chondro- and 
adipogenic lineages (Crisan et al., 2008). Since then, several in vivo fate-mapping studies 
concurred that pericytes were progenitors of white adipocytes, follicular dendritic cells and 
skeletal muscle (Dellavalle et al., 2011; 2007; Krautler et al., 2012; Tang et al., 2008). It was 
also reported that CNS pericytes were able in vitro to generate neurons, oligodendrocytes 
and astrocytes (Dore-Duffy et al., 2006). However, a recent study has challenged the view 
of endogenous pericytes as multipotent tissue-resident progenitors (Guimarães-Camboa et 
al., 2017). The authors argued that most experiments were either based on artefactual in vitro 
cell culture and/or graft experiments which were not conclusive, or fate-mapping with the 
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PDGFRβ-Cre mouse line which is not specific enough. Indeed, using more specific Tbx18-
H2B-GFP and Tbx18-Cre-ERT2 mice line, they reported that while GFP+ Tbx18-expressing 
cells from adult mice behaved as MSC in vitro, Tbx18-traced pericytes and vSMC cells 
did not significantly contribute to other cell lineages in normal and pathological conditions 
(Guimarães-Camboa et al., 2017). Although these results strongly support that pericyte in 
vitro multipotency is due to their manipulation, the lack of a specific pan-pericyte marker 
means that it cannot be fully excluded that different subpopulations were studied. Similarly, 
the presence of multipotent stem cells within the vascular media has also been reported (Sainz 
et al., 2006; Tang et al., 2012). However, these claims are based on in vitro experiments and 
should be taken with caution in the absence of supporting in vivo experiments.

1.3.3.	Perivascular fibroblast-like cells

In parallel to the studies which reported pericytes to be mesenchymal stem cells, others 
implicated them as the potential cell of origin for myofibroblasts, which are responsible for 
fibrosis after a lesion in the CNS, kidney and lung (Armulik et al., 2011; Daneman and Keller, 
2015; Greenhalgh et al., 2013; Ren and Duffield, 2013). In the spinal cord, using a glutamate-
aspartate transporter (GLAST)-Cre mouse line, it was reported that a GLAST-positive pericyte 
subpopulation was at the origin of scar tissue after a spinal cord injury (Göritz et al., 2011). 
More recently, it was shown that targeting this subpopulation to reduce its derived scarring 
promoted recovery after a spinal cord injury (Dias et al., 2018). However, another lineage-
tracing study has demonstrated that a population of Collagen1α1 (Col1a1) and PDGFRα-
expressing positive perivascular fibroblast-like cell (PVF) were actually at the origin of the 
fibrotic scar tissue (Soderblom et al., 2013). Similarly, more recent studies have shown in the 
kidney and lung that PVF and not pericytes are the major source of myofibroblasts (Hung 
et al., 2013; LeBleu et al., 2013). Finally, PVF could correspond to a population recently 
described in the skin and muscle of PDGFRα/β-expressing perivascular cells that transiently 
express Adam12 following injury and are the main source of myofibroblasts (Dulauroy et al., 
2012). These examples show the challenge of properly defining pericytes and PVF, as well as 
the need for additional specific markers. Single-cell transcriptomic analysis (scRNA-seq) are 
likely to play a key role in the coming years to decipher the heterogeneous populations that 
are pericytes, vSMC and the newly defined PVF, as two recently published studies illustrate. 
Indeed, scRNA-seq of the brain vasculature has confirmed the existence of a Col1a1- and 
PDGFRα-positive population of PVF, and provided several other markers such as ECM 
components Lumican and Decorin (Vanlandewijck et al., 2018). Moreover, a second study 
has shown that following brain infection, PVF and Rgs5-expressing pericytes were the 
early source of the CC chemokine ligand 2 (CCL2), which in turn increases total neuronal 

excitability (Duan et al., 2018). 
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2.	Development of the vascular system
As the diffusion distance of molecules is limited, the establishment of a functional 

circulatory system is necessary for the embryonic development. First during vasculogenesis, 
new vessels are assembled de novo by mesoderm-derived endothelial precursors (angioblasts) 
that differentiate into a primitive vascular network (Eichmann et al., 2005; Risau and Flamme, 
1995; Swift and Weinstein, 2009). Then during angiogenesis, this network is organized into 
arteries and veins through vessel sprouting and remodeling (Adams and Alitalo, 2007; Herbert 
and Stainier, 2011; Potente and Mäkinen, 2017; Potente et al., 2011). Finally, the recruitment of 
mural cells that ensheath nascent EC tubules provides stability and regulates perfusion (Armulik 
et al., 2011; Jain, 2003). The vascular endothelial growth factor (VEGF) signaling pathway is 
essential during vascular development. In mammals, the VEGF family is composed of six secreted 
dimeric glycoproteins (A, B, C, D, E, and placenta growth factor) . There are three tyrosine kinase 
receptors, Fms-related tyrosine kinase 1 (Flt1/VEGFR1), fetal liver kinase 1 (Flk1/VEGFR2) 
and Flt4 (VEGFR3). VEGFA is the type most involved in vascular development, and while it also 
interacts with VEGFR1, VEGFR2 is the main mediator of VEGFA signaling (Apte et al., 2019; 
Blanco and Gerhardt, 2013; Olsson et al., 2006; Simons et al., 2016).

2.1.	Vasculogenesis

2.1.1.	Angioblast specification

Angioblast specification begins during early gastrulation (Figure 31), in posterior 
lateral plate mesoderm cells leaving the primitive streak (Drake and Fleming, 2000; Gilbert, 
2016; Potente and Mäkinen, 2017; Risau and Flamme, 1995; Vokes and Krieg, 2015). They 
express VEGFR2 but not PDGFRα, and give rise to endothelial and hematopoietic cells 
during development (Eichmann et al., 1993; 2005). VEGFA/VEGFR2 plays a crucial role 
during early vasculogenesis, as  heterozygous VEGFA or homozygous VEGFR2 mutants fail 
to develop a vasculature and die in utero (Carmeliet et al., 1996; Ferrara et al., 1996; Shalaby 
et al., 1995). However, the fact that angioblasts form in its absence supports that it is not 
necessary for their specification (Kelly and Hirschi, 2009; Marcelo et al., 2013; Shalaby et 
al., 1995). The first step in angioblast specification (Figure 31) is the transient expression of 
the E-26 variant 2 (Etv2) transcription factor, which is induced by a combination of BMP4, 
FGF2, Wnt and Notch signals (Eliades et al., 2016; Lee et al., 2008; Marcelo et al., 2013). 
At this stage, the transcription factor Runx1 acts as a fate switch between the hematopoietic 
and endothelial lineages (Figure 31). Indeed, it has been shown that Runx1 silencing by Bmi1 
restrains the hemogenic potential of these progenitors (Eliades et al., 2016). The relationship 
between the hematopoietic and endothelial lineages has been controversial, with the question 
of a common bipotent progenitor called hemangioblast (Vokes and Krieg, 2015). However, 
recent data from genetic fate-mapping and in vitro experiments supports that the branching 
of both lineages takes place much earlier, while progenitors are still in the primitive streak 
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Figure 31. Vasculogenesis and arteriovenous fate. Endothelial progenitor cells (angioblasts) are specified within the 
lateral plate mesoderm by a combination of BMP4, FGF2, Wnt and Notch signalling that induces the expression of the 
E-26 variant 2 (Etv2) transcription factor, and Runx1 inhibition by Bmi1. Then, they acquire arterial or venous fate, and 
assemble into the first embryonic blood vessels: the dorsal aorta and cardinal vein. In the extra-embryonic yolk sac, an-
gioblasts first assemble into blood islands that fuse to form a primary vessel network. The main signalling pathways and 
transcriptional programs that control the arteriovenous fate are detailed in the red and blue boxes. Adapted from Marcelo 
et al. (2013) and Potente and Mäkinen (2017).

(Ditadi et al., 2015; Swiers et al., 2013; Ueno and Weissman, 2006). 

2.1.2.	Primitive vascular network

In mice, angioblasts reach at E6.5 the extra-embryonic yolk sac (Figure 31), where 
they form with blood islands with hematopoietic progenitors, and later at E7.5 the embryo 
(Drake and Fleming, 2000; Pardanaud and Dieterlen-Lièvre, 1993; Risau and Flamme, 1995). 
VEGFA/VEGFR2 signalling is crucial for their proper migration, proliferation and survival, 
and in its absence blood islands do not form (Marcelo et al., 2013; Shalaby et al., 1997). In 
the yolk sac, blood islands connect each other to form a primitive vascular plexus, while 
in the embryo angioblasts aggregate directly into the dorsal aorta or cardinal vein (Chung 
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and Ferrara, 2011). During this process, angioblasts initially form primitive tube-like vessels, 
before differentiating into EC with a basal lamina while forming the vascular lumen (Herbert 
and Stainier, 2011; Patel-Hett and Damore, 2011). Interestingly, in addition to angioblast it 
has recently been shown that erythro-myeloid progenitors (EMP) that are born in the yolk 
sac contribute to EC (Plein et al., 2018). Using an inducible Csf1r-iCre mouse line (Csf1r is 
a myeloid lineage gene), the authors have revealed that EMP give rise to EC in two waves, 
first in the yolk sac and then in the embryo where they persist into adulthood (Figure 33). 
While they have shown that this process is dependent on Hoxa cluster genes, the underlying 
mechanisms remain unknown. Their contribution is proportionally smaller than angioblasts in 
most organs, such as the brain, heart and lung, except in the liver where they represent 60% 
of EC.

2.1.3.	Arteriovenous fate acquisition

Arteriovenous fate acquisition begins during vasculogenesis (Figure 31), before the 
onset of blood flow (Herbert and Stainier, 2011; Herzog et al., 2005; Marcelo et al., 2013; 
Swift and Weinstein, 2009). One of the first fate markers are ephrinB2 in artery-fated EC and 
EphB4 in their vein-fated counterparts (Wang et al., 1998). Their repulsive signalling allows 
the proper segregation of both EC types and is crucial for proper vascular development. 
Indeed, ephrinB2 knockout mice display severe vasculogenic defects (Wang et al., 1998). 
Whether arterial- and venous-fated angioblasts assemble into common precursor vessels 
before segregating, or arise from different pools of angioblasts defined by environmental cues, 
such as VEGF and Hedgehog (Hh), is still being investigated (Herbert et al., 2009; Kohli et 
al., 2013; Potente et al., 2011). At the end of this process, the primitive vascular plexus in the 
yolk sac and the cardinal vein and dorsal aortae in the embryo anastomose and connect to 
the developing heart prior to the first heartbeat, which occurs around E8 (Chong et al., 2011; 
Risau and Flamme, 1995).

The establishment of arterial identity is induced by two interrelated signalling pathways, 
VEGFA and Notch (Figure 31). VEGFA, whose expression is under the control of the Shh 
signalling pathway, induces arterial fate by binding to VEGFR2 and its co-receptor Nrp1 
in two ways (Lanahan et al., 2013; Lawson et al., 2002). First, it activates Notch signalling 
by upregulating Dll4 and Hey2 through its downstream effectors Forkhead box C1 and C2 
(Foxc1/2; Gu et al., 2003; Hayashi and Kume, 2008). Indeed, mice lacking Foxc1/2 lack 
arteries but display normal venous markers. More recently, it has been shown that VEGFA 
also activates Erk signalling, which is the key driver of arterial fate (Lanahan et al., 2010; 
2013; Potente and Mäkinen, 2017; Sakurai et al., 2005; Simons and Eichmann, 2015). Notch-
Dll4 signalling promotes ephrinB2 expression and supresses EphB4, which is key for arterial 
differentiation as in vivo inhibition of Notch results in an arterial to venous fate switch 
(Lawson et al., 2001). However, the relationship between Notch and VEGF signalling is likely 
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to be more complex. Indeed, while Notch-Dll4 signalling is considered to be downstream 
of VEGFA, a more recent report has shown that Notch1 activation by its ligand Dll1 is 
essential for arteriogenesis by upregulating of VEGFR2 and Nrp1 (Sörensen et al., 2009). The 
establishment of venous identity is induced by BMP signalling (Figure 31) and its inactivation 
in vivo resulted in the  loss of venous identity (Neal et al., 2019). BMP2/4 binding to its 
activin receptor-like kinase (Alk)3 type I receptor, through the phosphorylation of SMAD1/5, 
upregulates Ephb4 and chicken ovalbumin upstream promoter–transcription factor II (Coup-
TFII) expression. Indeed, Coup-TFII is known to repress Nrp1 and its downstream Notch 
signalling to induce vein identity, as EC acquire an arterial identity in its absence (You et al., 
2005). 

2.2.	Angiogenesis

2.2.1.	 Sprouting angiogenesis

Angiogenesis is the process of expanding blood vessels (Figure 32), either by sprouting 
new branches or by intussusception, that subsequently remodel them into a functional 
vascular circuit (Risau, 1997). During angiogenic growth, some EC are selected to lead the 
growing sprout in order to maintain vascular integrity. They are called tip cells, and the EC 
following them stalk cells (Gerhardt et al., 2003). The main signalling pathway involved in 
sprouting angiogenesis is VEGFA/VEGFR2 (Adams and Alitalo, 2007; Blanco and Gerhardt, 
2013). In response to high levels of VEGFR2, tip cells modify their cellular junctions, secrete 
matrix metalloproteases that degrade their surrounding basement membrane and acquire an 
extensively invasive and motile behaviour. They also start to express Dll4 which activates 
Notch1 signalling in the adjacent EC. Through the downregulation of VEGFR2 and the 
upregulation of VEGFR1, which acts as a decoy receptor that sequesters VEGF, Notch1 induces 
stalk cell behaviour (Blanco and Gerhardt, 2013; Hellström et al., 2007; Noguera-Troise et 
al., 2006; Ridgway et al., 2006). In addition, circulating BMP9/10 also support the stalk cell 
specification by upregulating Notch signalling upon binding their receptor Alk1 (Ricard et 
al., 2012). During sprouting, there is a dynamic tip and stalk cell shuffling, where one can 
become the other and vice versa (Jakobsson et al., 2010). This phenomenon was initially 
thought to be mostly the result of fluctuating levels of VEGF signalling, but recent studies 
have shown that the stalk cell phenotype must be actively repressed for a stalk cell to become 
a tip cell (Aspalter et al., 2015; Moya et al., 2012). This repression is mediated by Nrp1, which 
induces a differential responsiveness to BMP signalling which in turns downregulates Notch 
signalling.

In order to guide the emerging sprouts properly, tip cells extend multiple dynamic 
filopodial extensions (Figure 32) that sense and respond to attractive or repulsive guidance 
cues within their environment (De Smet et al., 2009; Gerhardt et al., 2003). Consequently, they 
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present many morphological and functional similarities with axonal growth cones (Adams and 
Eichmann, 2010; Carmeliet and Tessier-Lavigne, 2005). VEGFA is the main chemoattractive 
cue in tip cell guidance, which strongly express VEGFR2 in their filipodiae (Gerhardt et al., 
2003). However, tip cells also express several receptors for axon-guidance cues that I will 
further discuss later in my introduction. During angiogenesis, stalk cells need to create a lumen 
to establish blood vessels. Two mechanisms, cell hollowing and cord hollowing, have been 
described respectively in small and large vessels (Iruela-Arispe and Davis, 2009; Potente et 
al., 2011; Zeeb et al., 2010). In cell hollowing, EC create the lumen by coalescing intracellular 
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Figure 32. Sprouting angiogenesis. (A) In the absence of pro-angiogenic stimuli, endothelial cells are maintained in 
a quiscent state. During angiogenesis, high levels of exogenous pro-angiogenic factors such as VEGFA and of VEGF 
receptor 2 (VEGFR2) signalling select « tip cells » (TC) for sprouting, which inhibit the TC fate laterally in adjacent EC. 
TC sprouting behaviour is facilitated by the loosening of EC–EC junctions, the degradation of the extracellular matrix 
(ECM) and the detachment of pericytes (purple). Then, invasive TC sprouting is guided by gradients of pro-angiogenic 
growth factors and various environmental guidance cues. During sprout elongation, TC are trailed by endothelial ‘stalk 
cells’ (SC; yellow), which maintain connectivity with parental vessels and initiate vascular lumen morphogenesis. While 
TC inhibit the TC fate in adjacent EC, TC and SC may also shuffle and exchange positions during angiogenic sprouting. 
Finally, upon contact with other vessels, TC behaviour is repressed and vessels fuse by the process of anastomosis. Nas-
cent perfused vessels are subsequently stabilized by the recruitment of supporting pericytes, the strengthening of EC–EC 
contacts and the deposition of an ECM to re-establish a quiescent endothelial phenotype. (B) Detailed representation of 
the signalling pathways involved, with their functions indicated in color. VEGFA attracts tip cells, while Sema3A, Slits 
and Netrins repel them. Stalk cell fate is maintained by a combination of Delta-like 4 (Dll4)–Notch signalling by the tip 
cell, and BMP and Sphingosine-1-phosphate (S1P) signalling from the circulating blood. VEGFA also stimulates stalk 
cell proliferation. Pericytes are recruited by the EC secretion of platelet-derived growth factor B (PDGFB), but also other 
signalling pathways such as TGFβ (not shown). In return, they express Angiopoietin 1 which binds to its receptor Tie2 and 
stabilizes EC-EC junction, in addition to S1P signalling. Adapted from Herbert and Stainier (2011) and Betsholtz (2018).
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vacuoles together within and between neighbouring EC. In cord hollowing, EC rearrange 
their junctions, define an apical-basal polarity before expressing on the apical membrane 
negatively charged glycoproteins that act as a repulsive signal and open the lumen (Strilic et 
al., 2009; Zeeb et al., 2010). Finally during anastomosis, new vessels fuse together as tip cells 
of two sprouting vessels first establish contacts and then consolidate their connection through 
the expression of VE-cadherin (Potente et al., 2011). Interestingly, it has been reported that 
macrophages can accumulate and interact with the filipodiae of neighbouring tip cells to 
facilitate the process (Fantin et al., 2010). Several processes then occur to stabilise the new 
vessel: EC generate their BM and recruit mural cells; the onset of blood flow activates the 
shear stress-responsive transcription factor Krüppel-like factor 2 (Klf2) that induces vessel 
remodelling; and the delivery of oxygen and nutrients reduces VEGF expression, promoting 
a quiescent EC phenotype (Nicoli et al., 2010; Potente et al., 2011).

Finally, the vascular network can be locally extended by a process called intussusception, 
during which the blood vessel is split by the insertion of tissue pillars (Adams and Alitalo, 2007; 
Djonov et al., 2000). Although this process has been well described during development, little 
is known about the molecular regulation of intussusception beyond the possible involvement 
of COUP-TFII (Hlushchuk et al., 2017; Mentzer and Konerding, 2014). 

2.2.2.	Common neurovascular guidance cues

Tip cells present many morphological and functional similarities with axonal growth 
cones and express several receptors for axon-guidance cues: EphB4, which bind ephrinB2; 
Nrp1/2 and plexinD1, which bind semaphorins; Unc5b, which binds netrins; and roundabout 
guidance receptors (Robo), which bind slit proteins (Adams and Eichmann, 2010; Carmeliet 
and Tessier-Lavigne, 2005; Larrivée et al., 2009). 

EphB4 – ephrinB2

As mentioned earlier, artery-fated EC express ephrinB2 while vein-fated express EphB4 
which is key for their proper segregation. In addition, it has recently been shown in tip cells 
that reverse ephrinB2 signalling, via VEGFR2 internalization, is necessary for the VEGF-
induced filopodial extension (Sawamiphak et al., 2010; Wang et al., 2010). 

Nrp – Sema3E

Contrary to other semaphorins, Sema3E binds directly plexinD1 to act as a repulsive 
cue in a Nrp-independent manner (Gu et al., 2005). Indeed, contrary to Sema3e and plexinD1 
mouse mutants, double-mutant mice deficient for Sema3e binding sites in Nrp1/2 do not 
display severe vascular defects. Nrp1 involvement in vascular development seems restricted 
to its role as a VEGF co-receptor (Gerhardt et al., 2004; Jones et al., 2008). 
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Unc5B - Netrin

It has also been shown that the netrin receptor Unc5b is expressed in arterial EC, sprouting 
capillaries and tip cells where it represses angiogenic growth (Adams and Eichmann, 2010; 
Carmeliet and Tessier-Lavigne, 2005; Lu et al., 2004; Suchting et al., 2007). Indeed, Unc5b-/- tip 
cells display uncontrolled filopodial extensions, and Unc5b knockout mice excessive vascular 
branching (Lu et al., 2004). Whether this effect is mediated by Netrin 1 remains uncertain 
with several conflicting studies (Larrivée et al., 2007; Lu et al., 2004; Serafini et al., 1996). It 
has proposed that Unc5B may, in the absence of a ligand, induce EC apoptosis (Castets et al., 
2009). However, recent reports have pointed towards an interaction with Robo4, that I will 
detail in the next paragraph (Koch et al., 2011; Zhang et al., 2016).

Robo - Slit

Robo is a single-pass transmembrane receptor which was first identified as the mediator 
of axonal repulsion during midline crossing in the CNS upon binding to its ligand Slit (Brose 
et al., 1999; Kidd et al., 1999). Since then, four Robo (Robo1-4) and three Slit genes (Slit1-
3) have been identified in vertebrates (Blockus and Chédotal, 2016; Chédotal, 2007). Robo4, 
which is selectively expressed by EC, and more recently Robo1/2 have been reported to have 
different roles in angiogenesis (Bedell et al., 2005; Blockus and Chédotal, 2016; Dubrac et 
al., 2016; Huminiecki et al., 2002; Jones et al., 2009; Rama et al., 2015). Indeed, Robo1/2 
receptors and Slit2 have been shown to promote endothelial cell motility and polarity during 
angiogenesis, in cooperation with VEGFA signaling (Dubrac et al., 2016; Rama et al., 2015). 
Oppositely, Robo4 has been reported to promote vascular stability and inhibit angiogenesis 
(Bedell et al., 2005; Jones et al., 2009). Although its function was initially linked to Slit 
binding, recent reports support that this is not the case (Enomoto et al., 2016; Fritz et al., 
2015; Jones et al., 2009; Koch et al., 2011; Rama et al., 2015; Yu et al., 2014; Zhang et al., 
2016). Instead, two studies have shown that Robo4 binds Unc5b in neighbouring cells via its 
extracellular domain to inhibits angiogenesis and vessel permeability by counteracting VEGF 
signalling independently of Slit2 (Koch et al., 2011; Zhang et al., 2016).

2.3.	Mural cells development

2.3.1.	Origin of mural cells

Depending on their location, mural cells have many different developmental origins 
(Armulik et al., 2011; Daneman and Keller, 2015; Holm et al., 2018). The earliest studies 
have shown that mesodermal angioblasts coalesce around endothelial tubes and give rise 
to both EC and mural cells (Clark and Clark, 1925; Drake et al., 1998; Hungerford and 
Little, 1999; Kumar et al., 2017; Yamashita et al., 2000). Additional mesodermal origins 
have been described since then. Indeed, aortic mural cells derive from somites caudal to the 
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pharyngeal arches in its descending thoracic segment, while in in the abdomen they derive 
from splanchnic mesoderm (Christ et al., 2004; Majesky, 2007). Moreover, cells within the 
pleural and peritoneal mesothelium undergo an EMT, migrate and give rise to mural cells and 
fibroblasts in the lung, gut and liver (Asahina et al., 2011; Que et al., 2008; Wilm et al., 2005). 
In the heart, coronary mural cells derive from the epicardial mesothelium (Volz et al., 2015; 
Zhou et al., 2008). Finally, the NC has been shown to give rise to mural cells in the CNS, the 
head and neck regions, the thymus and, via the secondary heart field, the ascending and arch 
portions of the aorta and the base of the pulmonary trunks (Bergwerff et al., 1998; Etchevers 
et al., 2001; Korn et al., 2002; Majesky, 2007; Müller et al., 2008; Trost et al., 2013). To 
add to this complexity, recent studies have shown that in addition to this tissue-dependant 
heterogeneity, mural cells are also heterogeneous within each tissue (Dias Moura Prazeres 
et al., 2017; Yamazaki and Mukouyama, 2018). Indeed, it was first reported that about a fifth 
of cardiac mural cells derive from cardiac EC and not epicardial cells (Chen et al., 2016). 
More recently, it has been demonstrated that tissue-localized myeloid progenitors contribute 
to pericyte development in the embryonic skin (Figure 33) and brain vasculature (Yamamoto 
et al., 2017; Yamazaki et al., 2017). 
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Figure 33. Endothelial and mural cells have multiple origins within the same tissue. (A-B) Endothelial cells (EC) 
were assumed until recently to solely derive from angioblasts. But it has recently been shown in several organs such as 
the brain, liver and lungs that some EC derive from erythro-myeloid progenitors (EMP) that migrate into the embryo 
from the yolk sac. (C-D) Altgough mural cells are known to have different origins between tissues, it was assumed that 
within a single one they had the same origin. However, it has also been shown in the skin vasculature that in addition 
to mesoderm-derived mural cells, a subpopulation actually derives from tissue-resident myeloid progenitors, under the 
influence of TGFβ signalling. Adapted from Iruela-Arispe (2018).
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2.3.2.	Mural cell development

Mural cell development begins with their recruitment by EC of the vascular plexus 
during angiogenesis (Figure 32). Then, in response to specific environmental cues, they can 
either proliferate and migrate or become quiescent, differentiate and by their interactions with 
EC promote the maturation and stabilization of the blood vessels.

Mural cell recruitment

The PDGFB/PDGFRβ signalling pathway is crucial for mural cell recruitment during 
development (Armulik et al., 2011; Daneman and Keller, 2015; Gaengel et al., 2009). Indeed, 
knockouts of each gene in mice resulted in perinatal death from vascular dysfunction due 
to a global lack of mural cells (Levéen et al., 1994; Soriano, 1994). In addition, PDGFB 
has been shown to induce mural cell fate in undifferentiated mesenchymal cells, an promote 
vSMC proliferation (Gaengel et al., 2009). During angiogenesis, tip cells release PDGFB, 
which binds to the PDGFRβ expressed by developing mural cells and attracts them towards 
the angiogenic sprout (Gerhardt and Betsholtz, 2003; Lindahl et al., 1997). Once secreted, 
PDGFB is bound to heparan sulfate proteoglycans either on the cell surface of in the ECM, 
which is critical for its bioavailability and function (Abramsson et al., 2007; Lindblom et 
al., 2003). Indeed, genetically-modified mice in which PDGFB could not bind to the ECM 
displayed a reduced number of pericytes (Lindblom et al., 2003). Nonetheless, the fact that 
pericyte recruitment in the liver and thymus was unaffected in both knockout mice suggest 
that other signalling pathways are involved, at least in specific organs (Hellström et al., 1999; 
Lindahl et al., 1997). Indeed, several signalling pathway have been suggested to regulate 
mural cell recruitment in cooperation with PDGFB/ PDGFRβ: heparin-binding EGF via its 
receptor ErbB1/2; ephrin-B2, which regulates PDGFRβ internalization in mural cells; Shh 
signalling via its receptor Patched, in the choroid plexus; and possibly TGFβ and Notch, 
which are also involved in pericyte differentiation (Cappellari et al., 2013; Foo et al., 2006; 
Iivanainen et al., 2003; Jakobsson and van Meeteren, 2013; Nakayama et al., 2013; Nielsen 
and Dymecki, 2010; Stratman et al., 2010).

Mural cell differentiation

TGFβ is an important signalling pathway involved in pericyte differentiation and blood 
vessel maturation (Armulik et al., 2011; Dijke and Arthur, 2007; Gaengel et al., 2009). Indeed, 
knockouts of most of the TGFβ signalling pathway genes in mice lead to embryonic death 
at mid-gestation with severe vascular abnormalities and mural cell defects (Jakobsson and 
van Meeteren, 2013). Two type I TGFβ receptors, Alk1 and Alk5, are expressed by both 
EC and mural cells, and appear to induce opposing cellular effects. Alk1 activation triggers 
Smad1/5 phosphorylation, which promotes cell proliferation and migration, and inhibit vessel 
maturation. Oppositely, Alk5 activation triggers Smad2/3 phosphorylation, which promotes 
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cell quiescence and differentiation (Chen et al., 2003; Goumans et al., 2002; Ota et al., 2002). 
Overall, TGFβ signalling is the result of a complex interplay, in which Alk1 signalling inhibits 
Alk5 but also requires it, and differential responses of both receptors to TGFβ (Gaengel 
et al., 2009; Goumans et al., 2002). Hence, in presence of a strong and prolonged TGFβ 
stimulation Alk1 signal decreases over time and is overcome by Alk5, which promotes cell 
differentiation vessel maturation. Moreover, a recent study has shown that TGFβ signalling, 
through its receptor Tgfbr2, promotes the differentiation of embryonic myeloid progenitors 
into pericytes (Yamazaki et al., 2017). Finally, it has also been reported in EC that TGFβ 
and Notch signalling cooperate to promote vessel stabilization by upregulating N-cadherin 
expression via direct interactions between their effectors, Smad4 and RBP/J, on its promoter 
(Daneman and Keller, 2015; Li et al., 2011).

In addition to its role in arteriogenesis and angiogenesis, Notch signalling is also involved 
in the interactions between EC and mural cells. Indeed, Notch3 mutations are responsible 
in humans for the cerebral autosomal-dominant arteriopathy with subcortical infarcts and 
leukoencephalopathy (CADASIL) syndrome, which is the most common form of hereditary 
stroke disorder (Joutel et al., 1996; Ruchoux et al., 1995). Analyses of Notch3 knockout mice 
have shown an abnormal maturation of arterial vSMC, with a reduced expression of several 
arterial vSMC markers such as PDGFRβ (Domenga et al., 2004; Jin et al., 2008; Krebs et al., 
2003). More recently, a study based on brain autopsies from CADASIL patients has reported 
the presence of pericyte degeneration, suggesting the involvement Notch3 signalling in their 
survival (Dziewulska and Lewandowska, 2012). The Notch ligand involved is Jagged-1 (Jag1), 
which is expressed both in EC and pericytes, in which it is part of an auto-regulatory loop (Liu 
et al., 2009). Jag1 has also been shown to be essential for vSMC in vivo (High et al., 2008).

Blood vessel maturation

Contrary to PDGFB/PDGFRβ, in the angiopoietin-1 (Ang1)/Tie2 signalling pathway 
the ligand, Ang1, is expressed by mural cells and its receptor, Tie2, is expressed on EC 
(Armulik et al., 2011; Davis et al., 1996; Dumont et al., 1993; Sundberg et al., 2002). Although 
initial analyses of knockout mice for both genes reported that they lacked mural cells, a more 
recent study has demonstrated that this phenotype is due to flow-dependent defects and could 
be replicated by the cardiac-specific deletion of Ang1 (Jeansson et al., 2011; Patan, 1998; 
Suri et al., 1996). Moreover, several studies have shown that Ang1/Tie2 is not required for 
pericyte recruitment (Jeansson et al., 2011; Jones et al., 2001; Tachibana et al., 2005). Instead, 
Ang1 over-expression studies have supported a role for Ang1 in blood vessel maturation and 
stability, as they resulted in an increased vascular branching and remodelling (Armulik et al., 
2011; Gaengel et al., 2009; Thurston et al., 1999; Uemura et al., 2002). Interestingly, Ang1 
expression in hematopoietic cells has also been reported to have a critical role in angiogenesis 
and vascular stabilization (Goossens et al., 2011; Takakura et al., 2000). 
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Sphingosine-1-phosphate (S1P) is a blood-borne bioactive lipid that binds to its EC 
G-protein-coupled receptor S1P1, which has been shown to be essential for proper vessel 
maturation (Allende and Proia, 2002). Indeed, upon binding S1P1 it activates, via Rac, VE-
cadherin assembly into adherens junctions (Lee et al., 1999). Moreover, it is also involved 
with TGFβ and Notch in the proper trafficking of N-cadherin to cell adhesions between EC 

and mural cells (Paik et al., 2004).

3.	Nerve role in vascular maturation
3.1.	Peripheral nerves are aligned with arteries

Although the similarities between the vascular and nervous arborizations have been 
known for centuries (Figure 34), the underlying mechanisms have only been recently 
discovered (James and Mukouyama, 2011; Vesalius, 1543). Early studies in embryonic chick 
limb skin reported that while major nerves and large vessels were indeed aligned, their spatial 
organization was independently controlled (Martin and Lewis, 1989). However, the question 
of smaller-diameter vessel branching could not be addressed at the time as it was difficult to 
detect. Over the last 15 years, three studies have demonstrated how peripheral nerves play 
an essential role in directing blood vessel patterning and promoting arterial differentiation 
(Mukouyama et al., 2005; 2002; Yamazaki et al., 2017). To analyze this complex and dynamic 
process, they focused on the mouse embryonic limb skin, which has a highly stereotypic and 
recognizable vascular branching pattern (Mukouyama et al., 2002). In the embryonic skin, the 

A B C Nerves / Vessels

Figure 34. Parallels in vessel and nerve patterning. (A-B) Drawing by the Belgian anatomist Andreas Vesalius (1543) 
highlighting the similarities in the arborization of the vascular and nervous networks. (C) Wholemount immunostaining 
of E15.5 embryonic skin immunostained against PECAM (blood vessels, red) and β-III-tubulin (nerves, green). Vessels 
and nerves track together towards their targets. Scale bar: 50 μm. Adapted from Carmeliet and Tessier-Lavigne (2005). 
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primary vascular plexus is established around E11.5, followed at E12.5 by the invasion of 
peripheral nerves, which show no alignment with blood vessels. However, following vascular 
remodeling blood vessels align at E14.5 with peripheral nerves. After aligning, some associated 
blood vessels start expressing arterial markers, such as ephrin-B2 and Nrp1, and by E15.5 most 
of them do (Mukouyama et al., 2002). Finally, vSMC cover associated blood vessels after they 
start expressing arterial markers. 

3.2.	Peripheral nerves direct blood vessel patterning

The first question that arose from these observations was whether peripheral nerves were 
responsible for the vascular alignment which occurs during remodeling. To answer it, the authors 
analyzed the embryonic limb skin of several knockout mouse lines. First, they used Sema3A-/- 
mutants in which the peripheral nerve pattern is disrupted (Taniguchi et al., 1997). In these 
mice, vascular remodeling did occur and blood vessels associated with the disorganized nerves, 
supporting that peripheral nerves directed vascular patterning. Then, they compared Ngn1-/-, 
Ngn2-/- double homozygous mutants, which lacked peripheral SN and their accompanying SC, 
and ErbB3-/- mutants which only lacked SC (Ma et al., 1999; Riethmacher et al., 1997). Strikingly 
at E15.5, while vascular remodeling was mildly affected in Ngn1-/-, Ngn2-/- mice, blood vessel 
association with peripheral nerves was greatly reduced in ErbB3-/- mutants limb skin, which 
suggested that SC were directly involved in vascular patterning (Mukouyama et al., 2002). 
More recently, another study has revealed that this mechanism is mediated via the activation of 
the CXC motif chemokine receptor Cxcr4, which is expressed by EC, by its peripheral nerve/
SC-derived soluble ligand Cxcl12 (SDF1), which was already known to influence angiogenesis 
(Li et al., 2013; Tachibana et al., 1998). The authors used Cxcl12-/- and Cxcr4-/- mutants which 
displayed similar phenotypes consisting in a disturbed nerve-vessel alignment and a lack of 
arteriogenesis (Nagasawa et al., 1996; Tachibana et al., 1998). However, using in vitro assays 
they decoupled this process and demonstrated that peripheral nerve- or SC-expressed Cxcl12 
recruits blood vessels via EC-expressed Cxcr4 (Figure 35), but is not directly involved in the 
arteriogenesis that follows (Li et al., 2013). While these two studies strongly suggest that SC 
are responsible via Cxcl12 secretion for the vascular patterning, a SC-specific Cxcl12 knockout 
would be necessary to confirm it. 

3.3.	Peripheral nerves promote arterial differentiation

The second question was whether peripheral nerves were responsible for the arterial 
differentiation which occurs within the aligned blood vessels. Interestingly, in Ngn1-/-, Ngn2-/- 
mutants the expression of arterial markers and vSMC coverage was greatly reduced in smaller-
diameter vessels (5 to 15 μm), contrary to larger-diameter vessels (30 to 100 μm) which appeared 
unaffected. Similarly, SC-depleted ErbB3-/- mutants also displayed a significant reduction in 
the expression of arterial markers and vSMC coverage. Moreover, the authors reported that 
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peripheral nerves and SC expressed VEGFA in vivo, and that in vitro VEGFA could induce 
arteriogenesis. Taken together, these results supported that both peripheral nerves and SC were 
involved in arteriogenesis, and suggested the involvement of VEGFA (Mukouyama et al., 
2002). In a second report, the authors studied the role of VEGFA in vivo, avoiding the early 
embryonic lethality of VEGFA mutants by generating conditional knockout mice in motor, 
sensory neurons and SC (Carmeliet et al., 1996; Ferrara et al., 1996; Mukouyama et al., 2005). 
Indeed, combined VEGFA knockout in these three cell types resulted in total loss of VEGFA 
expression in peripheral nerves, which disrupted arteriogenesis, but not blood vessel alignment. 
This result was corroborated by the conditional inactivation of VEGFR2 and Nrp1 in EC, which 
resulted in an even more severe arteriogenesis defect, without affecting blood vessel alignment. 
Taken together, these results show that after recruiting blood vessels through the Cxcl12-Cxcr4 
pathway, peripheral nerves and SC promote arteriogenesis by secreting VEGFA (Figure 35), 
which binds to VEGFR2 and its co-receptor Nrp1 on EC (Li et al., 2013; Mukouyama et al., 

E13.5 E14.5 E15.5

Skin innervation Nerve-vessel alignment Nerve-induced 
arteriogenesis

Vascular remodeling Nerve-artery alignment

Cxcr4+ EC

Axon/SC-derived Cxcl12

Axon/SC-derived VEGFA

Primary plexus

Peripheral
nerve

Remodelled 
blood vessel

Artery

Peripheral nerve

Schwann cell

Figure 35. Schematic representation of the nerve-mediated vascular branching and arterial differentiation in the 
developing skin. The primary capillary plexus is established at E11.5, and by E13.5 peripheral nerves have invaded the 
skin. Subsequently, oxygen-deprived nerves may induce Cxcl12 and VEGFA expression through the activation of HIF-1 
prior to vascular remodeling. Cxcl12-Cxcr4 signalling functions as a long-range chemotactic guidance cue to recruit ves-
sels to align with nerves (blue box). Nerve-derived VEGFA instructs arterial differentiation in the nerve-associated vessels 
(red box). Arterial differentiation presumably requires a local action of VEGFA to induce arterial marker expression. As a 
result, the congruence of arteries and nerve patterns is established in the skin. Adapted from Li et al. (2013). 
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2005). Finally, to explain how these two signals are coordinated, the authors have suggested that 
they could be secreted by oxygen-deprived nerves. Indeed, it has been shown that hypoxia, via 
the activation of the transcription factor hypoxia-inducible factor 1 (HIF-1), can induce Cxcl12 
and VEGFA expression (Ceradini et al., 2004; Forsythe et al., 1996). While this represents an 
interesting hypothesis, it has yet to be proven. Hence, how these two signals are coordinated 
remains for now an open question.
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III.	Presentation and aims of my thesis work
In the first report (Gresset et al., 2015), our group has shown that in addition to nerve 

root Schwann cells (SC) and dorsal root ganglia (DRG) sensory neurons, a subset of Prss56-
traced BC derivatives migrates along peripheral nerves to the skin and gives rise to SC, 
terminal glia and stem-like skin progenitor cells (SKP). My contribution in this study, in 
which I am the third author, was to develop and use an experimental in vivo DRG graft 
model to confirm the neurogenic potential of BC-derived SKP. Although the experiments 
took place in the summer of 2013, before I began my neurology residency, I chose to include 
this article here as it laid the foundations for my thesis work. Indeed, following this study my 
thesis work revolved around two main questions:

-	What is the contribution of Krox20-expressing BC cells to the developing trunk skin?

-	What is the regenerative potential of naïve and pre-differentiated SKP transplanted in the 
central nervous system?

To answer the first question, we performed fate-mapping of BC cells expressing 
Krox20, which revealed their implication in the development of the vascular network. These 
findings are at the origin of the manuscript currently in preparation, in which I am the co-
first author. In this study, we have characterized successive steps of the “glial to vascular 
switch” of Krox20-traced BC derivatives, and then studied its underlying mechanisms by 
performing global and single-cell transcriptomic analyses. This led us to discover that BC 
cells derivatives already activate mural cell differentiation program while they are still on 
nerves, and to highlight this glial population as a major source of mural cells.

To address the second question, I used several in vitro differentiation protocols and 
developed an experimental ischemic stroke model to perform in vivo grafts, that are detailed 
in the Appendix. Disappointingly, I have shown that SKP do not have the potential to generate 
functional neurons in vitro and in vivo when grafted in the injured brain parenchyma. 
However, I observed that explants or cell suspension of embryonic sensory cortex, when 
grafted after a stroke, integrate efficiently with the host, validating the feasibility of such an 
approach. Finally, during this study I initiated a collaboration that led to the development and 
use of a polysaccharide-based scaffold for culturing and manipulating embryonic neurons in 
vitro. A manuscript describing this study, in which I am first author, is being submitted for 
publication.
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Article one
Boundary caps give rise to neurogenic stem cells and terminal glia in the skin

The first in vivo fate-mapping of boundary cap (BC) cells was performed by our team using 
a mouse line carrying Cre under control of BC specific marker Krox20 (Maro et al., 2004). This 
study revealed that BC-derivatives constitute a major source of nerve root Schwann cells (SC) 
and a subpopulation of glial satellite cells (GSC) and sensory neurons in the dorsal root ganglia 
(DRG). However, in this case, contribution of Krox20-expressing BC cells to the development 
of distal part of peripheral nervous system was not explored. The identification of another BC-
marker, Prss56 allowed us to perform lineage-tracing experiments of BC cells using a Prss56Cre 

allele (Gresset et al., 2015). We have shown that Prss56-traced BC cells also give birth to nerve 
root SC and DRG sensory neurons and GSC. Surprisingly, we also discovered that a subset of 
Prss56-traced BC derivatives, from the ventral root, migrates rapidly along peripheral nerves 
to the skin, where it provides plethora of glial cell types (myelinating and non-myelinating 
SC, lanceolate and terminal glia) and stem-like skin progenitor cells (SKP). Indeed, we have 
shown that BC-derived SKP can be self-renewed in sphere culture, while preserving a broad 
differentiation potential in vitro where they provide SC, neurons, melanocytes and adipocytes. 
Moreover, once transplanted in the adult mouse DRG they give rise to mature sensory neurons. 
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SUMMARY

While neurogenic stem cells have been identified in rodent and human skin, their manipulation and further characterization are

hampered by a lack of specificmarkers. Here, we perform genetic tracing of the progeny of boundary cap (BC) cells, a neural-crest-derived

cell population localized at peripheral nerve entry/exit points. We show that BC derivatives migrate along peripheral nerves to reach the

skin,where they give rise to terminal glia associatedwith dermal nerve endings. Dermal BCderivatives also include cells that self-renew in

sphere culture and have broad in vitro differentiation potential. Upon transplantation into adult mouse dorsal root ganglia, skin BC

derivatives efficiently differentiate into various types of mature sensory neurons. Together, this work establishes the embryonic origin,

pathway of migration, and in vivo neurogenic potential of a major component of skin stem-like cells. It provides genetic tools to study

and manipulate this population of high interest for medical applications.

INTRODUCTION

The neural crest (NC) is an embryonic, multipotent cell

population that migrates extensively through the periph-

ery and gives rise to various cell lineages, including most

of the glial andneuronal components of the peripheral ner-

vous system (PNS). NC cell settlement is normally accom-

panied by restriction to particular cell fates (Le Douarin

and Dupin, 2003). However, recent studies have identified

stem cell-like populations within adult NC targets, which

show developmental potentials resembling those of NC

cells (Dupin and Sommer, 2012; Le Douarin and Dupin,

2003). Among these populations, adult multipotent skin

stem cells have attracted particular attention because they

are easy to access, which would facilitate their use in regen-

erative medicine.

Fate-mapping studies have revealed the existence of

different types of trunk skin stem cell populations that

possess neurogenic and gliogenic potential, with both NC

and non-NC origins. Stem cells confined to the dermal

papillae of hair follicles originate from the mesoderm,

whereas populations restricted to the glial and melanocyte

lineages are derived from the NC (Dupin and Sommer,

2012; Jinno et al., 2010; Wong et al., 2006). These different

cell populations can be cultured as floating spheres and

generate neurons and Schwann cells under differentiation

conditions (Biernaskie et al., 2006;Wong et al., 2006). How-

ever, a lack of specific markers has prevented their detailed

localization and further characterization and purification.

Another type of NC-derived stem cell-like population has

been identified in the embryo at the interface between the

CNS and PNS. These cells form the so-called boundary caps

(BCs), which are transiently observed at the nerve root

entry/exit points along the neural tube (Niederländer and

Lumsden, 1996). Fate analyses, taking advantage of BC-

specific expression of the Krox20 (also known as Egr2) tran-

scription factor gene and available knockins at this locus

(Vermeren et al., 2003; Voiculescu et al., 2000), have estab-

lished that BC cells give rise to the Schwann cell compo-

nent of the nerve roots and, in the dorsal root ganglia

(DRGs), to nociceptive neurons as well as glial satellite cells

(Maro et al., 2004). Furthermore, in culture, BC cells can

generate Schwann cells, myofibroblasts, astrocytes, and

neurons (Zujovic et al., 2011), and, when grafted into the

lesioned spinal cord, efficiently migrate toward the lesion

and differentiate into functional myelinating Schwann

cells (Zujovic et al., 2010). Together, these studies indicate

that BC cells have a broad differentiation potential and

suggest that they constitute multipotent stem cells in the

embryo.

These fate analyses relied on the restriction of Krox20

expression to BC cells during early PNS development.

However, from embryonic day 15.5 (E15.5), Krox20 also is

expressed in Schwann cells (Topilko et al., 1994), thereby

preventing later analysis of BC derivatives. To circumvent

this problem, we have generated a Cre recombinase

knockin in a novel BC-specific marker, Prss56, previously

known as L20 (Coulpier et al., 2009), andwe used it to trace
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BC cell derivatives in the embryo and the adult. Prss56 en-

codes a trypsin-like serine protease and its mutation in the

retina has been associated with microphtalmia in humans

and mice (Nair et al., 2011). In this study, we show that,

during embryogenesis, some of the BC derivatives rapidly

migrate along the peripheral nerves and settle in the skin,

where they provide terminal glia as well as multipotent

progenitors that have broad differentiation capacities in

culture and after transplantation into adult mice. This

work, therefore, reveals the embryonic origin, pathway of

migration, and in vivo neurogenic potential of a multipo-

tent stem cell-like population in the skin.

RESULTS

Dorsal BCCells AreHeterogeneous andGive Rise to the

Different Neuronal Subtypes in the DRGs

Analysis of Prss56 expression by in situ hybridization on

whole embryos indicated that it is restricted to BC cells be-

tween E10.5 and E13.5 (Coulpier et al., 2009; Figures S1A,

S1B, S3A, and S3B). Furthermore, apart from BC cells, no

expression was detected outside of the CNS until E17.5

(Coulpier et al., 2009). On this basis, we generated a Cre

knockin in Prss56 to perform BC derivative tracing studies

(Figure S1C). The pattern of expression of Prss56 was not

affected in heterozygous mutants, whereas Prss56 mRNA

was completely absent from homozygous mutants (Figures

S1B and S1D), indicating that the mutation represents a

null allele for Prss56. Homozygous mutant animals did

not show any obvious phenotype in the PNS.

In an initial series of experiments, we compared expres-

sion and tracing patterns obtained with the Prss56 and

Krox20 markers. To this end, we first performed in situ

hybridization for Prss56 mRNA on Krox20lacZ knockin em-

bryos, in which b-galactosidase activity faithfully recapitu-

lates Krox20 expression (Maro et al., 2004). We found that,

between E11.5 and E13.5, Krox20 and Prss56 showed over-

lapping patterns of expression at the levels of both dorsal

and ventral roots (Figure S2A). To compare the progeny

of Krox20- and Prss56-expressing BC cells, we combined

the Krox20Cre (Voiculescu et al., 2000) or Prss56Cre alleles

with the R26tdTom locus, in which Cre recombination leads

to permanent activation of the tandem dimer tomato

(tdTom) fluorescent reporter (Madisen et al., 2010; Fig-

ure S1E). We searched for labeled cells in the nerve roots

and DRGs between E11 and E13.5. Using the Krox20Cre

driver, we confirmed that the first traced cells appeared in

the ventral root before E11 (Figure 1A; Coulpier et al.,

2009), whereas labeled cells appeared in the dorsal root

around that stage and in the DRGs later on (Figures 1A–

1C; Maro et al., 2004). In contrast, in Prss56Cre/+,R26tdTom

embryos, the first labeled cells appeared in the dorsal root

and in the dorsal part of the DRGs around E11 (Figure 1D).
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Figure 1. Tracing of Krox20- and Prss56-
Expressing BC Cells along the Nerve Roots
and in the DRG
(A–F) Transverse sections of Krox20Cre/+,
R26tdTom (A–C) and Prss56Cre/+,R26tdTom

(D–F) embryos, between E11 and E13.5 as
indicated, were analyzed by immunocyto-
chemistry using antibodies against tdTOM
(red) and bIII-tubulin (green). Arrows and
arrowheads indicate ventral and dorsal BC
derivatives, respectively.
(G–I) Sections through the DRG from E18.5
Prss56Cre/+,R26tdTom embryos were analyzed
by immunocytochemistry using antibodies
against tdTOM (red) and neuronal markers
(TRKA, TRKB, and TRKC, green), as indi-
cated. Insets show higher magnifications of
the corresponding figures.
NT, neural tube; DRo, dorsal root; VRo,
ventral root; AC, accessory nerve; DRG,
dorsal root ganglion. Scale bars, 100 mm
(A–F) and 50 mm (G–I). See also Figure S2.
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Labeled cells along the ventral root only appeared at later

stages (Figures 1E and 1F). In the nerve roots, labeled cells

from both tracing systems gave rise to SOX10-positive

Schwann cell precursors (Figure S2B; Maro et al., 2004).

Similarly, in the DRGs, both types of traced cells gave rise

to putative neurons with extending axons (Figure S2C).

Neurogenesis in the DRGs involves two phases, withme-

chanoceptive and proprioceptive neurons emerging first,

followed by nociceptors (Marmigère and Ernfors, 2007).

We have shown previously that the only neurons gener-

ated by Krox20-expressing BC cells in the DRGs are

nociceptors (Maro et al., 2004). To identify the neuronal

derivatives of the Prss56-expressing BC cell population,

we analyzed DRG sections from E18.5 Prss56Cre/+,R26tdTom

embryos by co-immunostaining them with antibodies

against the tracer tdTOM and TRKA (nociceptive), TRKB

(mechanoceptive), or TRKC (proprioceptive) neurotrophic

receptors. We found that traced cells included all three

types of neurons (Figures 1G–1I). Quantification indicated

that they represented 9.8% ± 1.9%, 6.3% ± 2.8%, and

13.3% ± 4.6% of the TRKA-, TRKB-, and TRKC-positive

neuronal populations, respectively. The observation of

mechanoceptive and proprioceptive neurons among BC

derivatives traced with the Prss56 driver is consistent

with the presence of traced cells in the DRGs from E11 (Fig-

ure 1D), when these neuronal types are generated (Marmi-

gère and Ernfors, 2007). In double-traced Krox20Cre/+,

Prss56Cre/+,R26tdTom embryos, labeled cells represented

9.2% ± 1.1% of the TRKA-positive neurons. This propor-

tion is similar to those obtained with each tracing individ-

ually, suggesting thatKrox20- and Prss56-expressing BC cell

populations overlap.

Together, these data suggest the existence of heterogene-

ity within BC cells, with Krox20 and Prss56 being expressed

in distinct, although overlapping subpopulations. In

contrast to what was thought previously, dorsal BC cells

give rise to the different neuronal subtypes in the DRGs.

Ventral Root BC Derivatives Migrate along the

Peripheral Nerves to the Skin

We noticed that, from E11.5 in Prss56Cre/+,R26tdTom em-

bryos, some labeled cells were located in the proximal

part of the ventral ramus (VR) (Figure 2A), suggesting that

themigration of ventral BC derivativesmay extend beyond

the root. To investigate this possibility, we immunostained

transverse sections from Prss56Cre/+,R26tdTom embryos at

brachial, thoracic, and lumbar levels for tdTOM and bIII-

tubulin, a neuronal/axonal marker, at successive stages of

development (Figure 2). At E11.5, labeled cells were present

in the ventral root and in the proximal part of the VR of all

spinal nerves (Figure 2A). At E11.75, labeled cells had accu-

mulated in the distal part of the elongating VR and a few

traced cells were detected in the proximal segment of the

growing dorsal ramus (DR) (Figure 2B). At E12–E12.5,

sparse labeled cells were present along the extending spinal

nerves (Figures 2C and 2D). From E12.5–E13, labeled cells

were observed at the level of the skin (Figures 2D and 2E).

Subsequently, their number considerably increased in the

cutaneous nerves in both the dorsal (Figure 2F) and ventral

(Figure 2G) skin. From these stages, labeled cells were

concentrated at both extremities of the somatosensory

nerves (root and cutaneous segments) and had almost dis-

appeared from the central segments (Figures 2F and 2G).

The spatial-temporal distribution of the labeled cells

along spinal nerves suggests a wave of migration from the

BCs to the skin along the peripheral nerves, between

E11.5 and E13. To rule out the possibility that some cells

in the skin might activate Prss56 de novo, we performed

in situ hybridization and RT-PCR analyses on skin prepara-

tions at E13.5, when a large number of labeled cells had

accumulated in the skin. At this stage, Prss56 mRNA was

restricted to the BCs and was not detected in the skin by

either procedure (Figures S3A–S3C). These results further

support the idea that the labeled skin cells are derived

from the BCs by migration along the nerves.

Skin BC Derivatives Include Different Types of

Schwann-like Cells

To investigate thedistribution and identity ofBCderivatives

in the trunk skin after birth, we first performed a whole-

mount immunohistochemistry analysis of Prss56Cre/+,

R26tdTom newborn dorsal skin preparations, staining for

tdTOM and bIII-tubulin. This revealed a dense network of

traced cells exclusively associated with the nerves in the

hypodermis and dermis (Figure 3A). In the subcutaneous

nerves, someof the traced cells expressed themyelinmarker

MBP (Figure 3B), indicating that they were myelinating

Schwann cells.

Staining of transverse sections for bIII-tubulin and

PGP9.5, an axonal marker present in terminal endings,

confirmed the systematic association of the labeled cells

with dermal nerves (Figures 3C and 3D). In the dermis,

these traced cells were positive for the marker P75NGFR (Fig-

ure 3E), which is expressed in NC-derived, embryonic and

adult stem cells and in immature and adult, non-myelinat-

ing Schwann cells (Jessen et al., 2015). In addition, they ex-

pressed the Schwann cell marker S100 (Figure 3F), but not

the myelin marker MBP (Figure 3B), and were, therefore,

immature/non-myelinating Schwann cells. They could be

classified into three categories as follows: (1) those associ-

ated with dermal nerve fibers (Figures 3A and 3E, closed ar-

rows), (2) lanceolate endings around hair follicles (Figures

3C, 3D, and 3F, empty arrowheads), and (3) free nerve end-

ings of nociceptive fibers (Figures 3C, 3D, and 3G, closed

arrowheads). Lanceolate endings are circumferential struc-

tures that surround the hair follicle and are composed of
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mechanoreceptive nerve fibers and their associated termi-

nal Schwann cells (Li and Ginty, 2014). Traced cells at the

free nerve endings of nociceptive fibers showed an atypical

morphology, with the soma localized in the upper part of

the dermis, close to the epidermis, while a dense network

of cytoplasmic protrusions penetrated the dermis and

epidermis and followed the path of nerve terminals (Fig-

ure 3G). These cytoplasmic protrusions are often in close

contact with blood vessels in the dermis (Figure 3H). These

cells are likely to correspond to the teloglia, whichwas once

described by Cauna, but not further investigated (Cauna,

1973). Interestingly, while some traced cells associated

with the lanceolate endings expressed the progenitor/

stem cell marker nestin, this was not the case for any of

those associated with the free nerve endings (Figure 3I).

In the adult skin, the distribution and immunohistolog-

ical signature of traced cells along the neuronal cutaneous

network were comparable to that of newborns (Figures

S4A–S4C). We further characterized adult BC derivatives

in the hypodermis using electron microscopy. For this pur-

pose, we used Prss56Cre/+,R26lacZ animals, where Cre recom-

bination leads to permanent expression of b-galactosidase,

which can convert the Bluogal substrate into electron-

dense precipitates (Maro et al., 2004). Analysis of subcu-

taneous nerves confirmed that the majority of the labeled

cells were non-myelinating Schwann cells (Figure S4D),

but also identified a few myelinating Schwann cells

(Figure S4D), as observed in the newborn (Figure 3B), and

endoneurial fibroblasts, characterized by the absence of

basal lamina (Figures S4D and S4E).

Together, our data indicate that BC cell derivatives in

neonatal and adult skin consist mainly of Schwann cells,

most of them non-myelinating, and some endoneurial

fibroblasts. Among the Schwann cells, some are associated

with the dermal nerve fibers and others with nerve termi-

nals, either lanceolate or free endings.
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Figure 2. BC Derivatives Migrate along
the Peripheral Nerves to the Skin
Transverse sections through the trunk
of Prss56Cre/+,R26tdTom embryos, between
E11.5 and E13.5 as indicated, were analyzed
by immunocytochemistry using antibodies
against tdTOM (red) and bIII-tubulin
(green).
(A) At E11.5, tdTOM-positive cells are pre-
sent along the ventral nerve root (asterisk)
and the proximal part of the ventral ramus
(VR) (arrows).
(B and C) Between E11.75 and E12, traced
cells are detected along the VR (arrows)
and the extending dorsal ramus (DR)
(arrowheads).
(D) At E12.5, isolated traced cells are
present along the entire trajectory of the
nerve (arrowheads).
(E–G) From E13, tdTOM-positive cells
are observed at cutaneous nerves in the
dorsal (arrowheads) and ventral (arrows)
skin. Dotted lines mark the embryo.
NT, neural tube; DRG, dorsal root ganglia.
Scale bars, 100 mm. See also Figure S3.
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Dermal BC Derivatives Can Be Propagated in Sphere

Cultures and Are Multipotent

NC-derived progenitor/stem cells that express P75NGFR and

SOX10 have been described in the mouse and human skin

(Wong et al., 2006). These characteristics are similar to

those of skin BC derivatives (Figure 3E; Figure S3D) and

led us to investigate whether some BC derivatives show

stem cell-like properties. For this purpose, we performed

floating sphere cultures from the back skin of Prss56Cre/+,

R26tdTom newborn mice (Biernaskie et al., 2006; Wong

et al., 2006). Numerous floating spheres were observed after

7–10 days in culture and could be propagated for at least 11

passages (Figure 4A). We used our tracing system to

monitor BC derivatives over time in these cultures. While

tdTOM-positive cells only represented 0.1% of the cells

recovered after skin dissociation, their proportion

increased during successive passages to reach approxi-

mately 80% of the sphere population at passage 10 (P10)

(Figures 4A and 4B).

The rapid increase in the proportion of tdTOM-positive

cells during the early passages might reflect either a prolif-

erative advantage of traced cells or a de novo activation

of the Prss56 locus in previously unlabeled cells. Prss56

expression was not detected by RT-PCR in cells freshly iso-

lated from newborn skin or maintained in sphere culture

for two, four, eight and 11 passages (Figure S5A). To avoid

a possible dilution of the RT-PCR signal from rare stem cells

at early culture stages, we enriched the initial culture in

tdTOM-positive stem cells by immuno-panning, taking

advantage of the fact that they derive from P75NGFR-posi-

tive cells (see below). Once again, no Prss56 expression

was observed either immediately after immuno-panning

or after 36 hr culture in sphere conditions (Figure S5B).

Together, these data are not consistent with de novo activa-

tion of Prss56 in culture conditions and suggest a prolifera-

tive advantage for the traced cells. In agreement with this

interpretation, immunostaining analysis with the mitotic

marker phospho-histone H3 showed that more than 97%

of the floating tdTom-positive cells expressed this marker

after 36 hr in culture (Figure S5C), indicating that these

cells are highly proliferative.

We next characterized tdTOM-positive cells from

spheres. Staining of P2 spheres indicated that tdTOM-

positive cells express immature glial/neural stem cell

markers, including P75NGFR, vimentin, fibronectin, nestin,

and SOX2, but not the CNS progenitor marker OLIG2

(Figure 4C). Further characterization was performed by

RT-PCR on cells isolated from freshly dissociated skin
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Figure 3. Identities of BC Derivatives in the Neonatal Skin
(A) Whole-mount immunostaining of newborn skin from Prss56Cre/+,
R26tdTom animals for tdTOM and bIII-tubulin, viewed from the hy-
podermal side. Most traced cells are in contact with the subcu-
taneous or dermal nerves (arrows).
(B–I) Transverse sections of the skin from Prss56Cre/+,R26tdTom

newborn animals labeled with the indicated antibodies. In the
hypodermis, traced cells are associated with the cutaneous
nerves and some express the myelin marker MBP (B, red arrow).
In the dermis, tdTOM-positive cells are localized along bIII-
tubulin-positive axons (C) and PGP9.5-positive terminal nerve
fibers (D), and they express the NC stem cell/immature glial
marker P75NGFR (E) and the Schwann cell marker S100 (F), but
not the myelin marker MBP (B, white arrow and open and closed
arrowheads). These Schwann-like cells are associated with
dermal nerves (A and C–F, arrows), free nerve endings (C, D, and
F–I, closed arrowheads), or lanceolate endings of hair follicles
(C, D, F, and I, open arrowheads). The cells associated with free
nerve endings are highly ramified and are often in direct contact
with blood vessels (G and H, arrowheads). Some of the traced

cells at lanceolate endings express nestin (I and I0, empty
arrowheads).
Scale bars, 50 mm. See also Figure S4.

Stem Cell Reports j Vol. 5 j 1–13 j August 11, 2015 j ª2015 The Authors 5

Please cite this article in press as: Gresset et al., Boundary Caps Give Rise to Neurogenic Stem Cells and Terminal Glia in the Skin, Stem Cell
Reports (2015), http://dx.doi.org/10.1016/j.stemcr.2015.06.005



78

(P0) or maintained in sphere culture for two, five, and

ten passages. Dissociated cells from back skin expressed

p75NGFR and low levels of nestin (Figure 4D). Exposure to

sphere-forming culture conditions led to increases in the

levels of expression of several NC (Snail, Slug, and Twist)

and immature cell (nestin, p75NGFR, andmusashi-1) markers

(Figure 4E), presumably reflecting the increasing propor-

tion of tdTom-positive cells. The spheres also expressed

early markers of NC-derived lineages, including chondro-

cytes (Sox9), melanocytes (Mitf), and neurons (Ngn1 and

Ngn2) (Figure 4E).

We next analyzed the differentiation potential of

cultured tdTOM-positive cells. Cells from neonatal

Prss56Cre/+,R26tdTom skin were maintained in culture

for two or five passages, mechanically dissociated, and

cultured for 2 additional weeks in the presence of serum,

which promotes their spontaneous differentiation. They

were then analyzed according to their morphology and

by immunostaining with antibodies against tdTOM and

neuronal (bIII-tubulin), Schwann cell (S100), and myo-

fibroblast (SMA) markers. In both P2 and P5 cultures,

numerous neurons, myofibroblasts, as well as rare

Schwann cells and adipocytes were observed among the

traced population (Figures 5A–5E). We also investigated

the response of these dermal BC-derived cells to lineage-

specific factors added to the differentiation medium. The

addition of forskolin and heregulin greatly enhanced the

capacity of spheres to differentiate into Schwann cells (Fig-

ure 5F). The addition of stem cell factor (SCF) and endothe-

lin-3 promoted the generation of melanocytes (Figure 5G),

while ascorbic acid and bone morphogenetic protein

2 (BMP2) favored the generation of chondrocytes (Fig-

ure 5H). These results are consistent with the expression

of early markers of NC-derived lineages in spheres (Fig-

ure 4E).We also assessed the capacity of spheres to differen-

tiate into a lineage that is not derived from the NC. Inhibi-

tion of BMP and Shh signaling enabled the generation of

OLIG2-positive immature oligodendocytes, a CNS glial

cell type (Figure 5I). Finally, as the spheres obtained from

back skin were initially heterogeneous and contained BC

derivatives as well as other skin stem cell-like cells, it was

important to isolate the BC derivatives as early as possible

to investigate their stem cell properties. For this purpose,

newborn skin was dissociated and cultured in sphere con-

ditions for 10 days. tdTOM-positive cells were then purified

by fluorescence-activated cell sorting (FACS) and cultured
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Figure 4. In Vitro Characterization of
Skin BC Derivatives
(A) Evolution in the numbers of tdTOM-
positive and -negative cells at successive
passages (P) in sphere cultures from
Prss56Cre/+,R26tdTom newborn skin is shown.
(B) Examples of spheres generated from
newborn and adult skin at P2 and P5 show
the content in traced cells (red).
(C) Characterization of tdTOM-positive cells
(red) from P2 spheres with glial and stem/
progenitor markers (green). Arrows point
to traced cells positive for the indicated
marker.
(D and E) RT-PCR analysis of the expression
of NC and stem/progenitor-specific genes
in newborn skin cells immediately after
dissociation (D) or cultured in sphere-
forming medium at the indicated passage
(E). In (E), the control (ctrl) corresponds to
RNA extracted from the neural tube of E8.5
embryos.
Scale bars, 100 mm (B) and 50 mm (C). See
also Figure S5 and Table S1.
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in sphere conditions. tdTOM-positive cells formed spheres

that could be propagated for several passages (Figure S6A)

and spontaneously differentiated into NC-derived line-

ages, including neurons, Schwann cells, and myofibro-

blasts (Figures S6B–S6D). Together, these results indicate

that tdTOM-positive cells fromback skin can be propagated

in sphere culture, possess a broad differentiation potential

in culture, and are plastic in their fate.

Finally, we investigated whether these BC derivatives

with stem cell properties are maintained in the adult

skin. Traced cells in the adult skin were slightly more abun-

dant (0.6% of the total initial population) than in neonatal

skin. Sphere cultures performed with adult skin showed

similar proliferation and differentiation properties (Figures

4B and 5A). As skin BC derivatives comprise both glial

and fibroblast cells, we wondered whether the stem cells

belonged to one or the other population. By magnetic

immuno-panning against P75NGFR for immature glial cells

and Thy1 for fibroblasts (Manent et al., 2003), we isolated

each cell type, as well as the double-negative population,

fromnewborn skin and performed sphere cultures. Spheres

containing numerous traced cells were obtained from

both glial and fibroblastic populations, but not from the

double-negative fraction. In differentiation conditions,

the P75NGFR-positive population gave rise to a similar distri-

bution of cell types as without fractionation, whereas

neuronal and glial derivatives were absent from the Thy1-

positive population (Figure 5A). To further identify

the skin tissue layer housing the stem cells, we performed

sphere cultures from the hypodermis of neonatal

Prss56Cre/+,R26tdTom mice after magnetic fractionation

with P75NGFR antigens. This fraction failed to form spheres,

suggesting that the P75NGFR-positive stem cells were

restricted to the dermis, since the epidermis was devoid

of traced cells. Together, our results indicate that BC deriv-

atives in neonatal skin include a dermal, P75NGFR-positive

A

B C D

E F G

H I1 I2 I3

Figure 5. Pluripotency of Skin BC Deriva-
tives In Vitro
(A) Cell type distribution of tdTOM-positive
cells from newborn and adult skin cultured
in spontaneous differentiation conditions
after the indicated passage. Cultures were
performed from the total skin population or
P75NGFR- or Thy1-positive subpopulation
purified by immuno-panning. Cell types
were identified by cell morphology and
expression of specific markers (see B–E).
Approximate distributions are indicated as
follows: +, 0.1% to 1%; ++, 1% to 5%; +++,
5% to 15%; and ++++, 15% to 40%.
(B–I) Cell type identification of tdTOM-
positive cells from newborn skin cultured
in spontaneous (B–E) or induced (F–I) dif-
ferentiation conditions. Immunolabeling
identified the presence of neurons (B, bIII-
tubulin positive), Schwann cells (C and F,
S100 positive), and myofibroblasts (D,
smooth muscle actin [SMA] positive). Cells
with morphological features of adipocytes
(E), characterized by the presence lipid
droplets (inset), also were observed. The
proportion of Schwann cells was increased
upon the addition of forskolin and here-
gulins during differentiation (F). DOPA re-
action and Alcian blue staining revealed the
presence of tdTOM-positive melanocytes
(G) and chondroncytes (H) after induced
differentiation. Differentiation in the pres-
ence of noggin and purformamine led to the
formation of immature oligodendrocytes
(I1–I3, OLIG2 positive). Arrows point to
traced cells expressing the indicatedmarker.
Scale bars, 30 mm.
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stem cell-like population that shows a broad differentiation

potential and persists in the adult.

Skin BC Derivatives Grafted into the DRG Efficiently

Differentiate into Sensory Neurons

To investigate the in vivo differentiation potential of skin

BC derivatives, we first performed transplantations into

adult DRGs. Newborn skin was dissociated and cultured

in sphere conditions for 10 days. tdTOM-positive cells

were then purified by FACS and injected into the L4 or L5

DRG of nude mice (2 3 104 traced cells/DRG). Mice were

sacrificed 30 days after grafting and the injected DRGs

were analyzed for the presence of tdTOM-positive cells.

Of the 30 mice injected, 27 showed numerous tdTOM-

positive cells in the injected DRGs. Within the successfully

injected DRGs, most traced cells were positive for the

neuronalmarker bIII-tubulin (Figures 6A and 6B) and repre-

sented 12% ± 1.0% of all neurons in the DRG. Traced neu-

rons were further characterized with markers of different

categories of mature DRG neurons (Lallemend and Ernfors,

2012) and represented a large array of sensory neurons as

follows: peptidergic (CGRP-positive, Figure 6C) and non-

peptidergic (binding isolectin B4, Figure 6D) nociceptors;

unmyelinated mechanoceptors (tyrosine hydroxylase-pos-

itive, Figure 6E); TRKA-positive neurons (Figure 6F), which

include lightly myelinated nociceptors and a subpopula-

tion of peptidergic nociceptors; RET-positive neurons (Fig-

ure 6G), which include myelinated mechanoceptors and

a subpopulation of peptidergic and non-peptidergic noci-

ceptors; and TRKC-positive neurons (Figure 6H), which

include subpopulations of myelinated proprioceptors and

mechanoceptors. Furthermore, immunostaining for bIII-

tubulin in transverse sections through the dorsal root

attached to the injected DRG revealed numerous tdTOM-

positive axons (Figure 6K), indicating that at least some

of the traced neurons had generated long projections.

Together, these data indicate that the grafted cells effi-

ciently differentiate into mature sensory neurons.

Other types of traced cells were observed within the DRG

as follows: small, elongated P75NGFR-positive cells in close

contact with neuronal somata, which are glial satellite cells

(Figure 6I); cells positive for the proteoglycan NG2 (Fig-

ure 6J), which is produced by perineurial and endoneurial

fibroblasts in the rat adult sciatic nerve (Morgenstern

et al., 2003); and a layer of cells surrounding the DRG,

whose identity remains unknown (Figure 6A). Finally,

numerous tdTOM-positive cells were observed in the dorsal

root and spinal nerve attached to the injected DRG, indi-

cating that injected cells hadmigrated away from the injec-

tion site (Figure 6L). These cells formed a dense network
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Figure 6. Skin BC Derivatives Give Rise to
Various Types of Sensory Neurons upon
Transplantation into the DRG
FACS-purified tdTOM-positive cells from skin
cultures were injected into the DRGs of nude
mice, which were analyzed by immunohis-
tochemistry 30 days later.
(A–J) Transverse sections through the in-
jected DRGs analyzed with antibodies
against tdTOM and specific markers of
neuronal, glial, or fibroblastic cell types
according to the color code. Arrowheads
and arrows indicate neuronal and non-
neuronal traced cells, respectively.
(K–O) Transverse sections through the spi-
nal nerve attached to the injected DRG.
tdTOM-positive axons (empty arrowheads)
were observed (K). Numerous traced cells
encircled bIII-tubulin-positive axons (L).
They were negative for immature (M) and
myelinating (N) Schwann cell markers, but
expressed NG2 (O), a marker of endo/peri-
neurial fibroblasts.
Scale bars, 10 mm.
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around the Schwann cell-axon bundles, and they were

negative for immature (S100, Figure 6M) or myelinating

(MBP, Figure 6N) Schwann cell markers, but were positive

for NG2 (Figure 6O). Therefore, traced cells also differen-

tiate into endo/perineurial-like fibroblasts in the dorsal

root and the spinal nerve.

Together, our results indicate that, following injection

into adult DRG, skin BC derivatives efficiently colonize

the DRG and part of the spinal nerve and give rise to

different cell types, including a variety of sensory neurons

as well as glial cells and fibroblasts.

Skin BC Derivatives Grafted into Lesioned

Peripheral Nerves Give Rise to Endo/Perineurial

and Schwann Cells

To investigatewhether skin BCderivatives also could differ-

entiate in vivo into Schwann cells when provided with an

appropriate environment, we performed transplantations

into the cryo-lesioned sciatic nerves of nude mice (Stoll

andMüller, 1999). Sciatic nerve lesions are known to enable

recruitment of Schwann cells (Jessen et al., 2015). tdTOM-

positive cells were prepared as for DRG transplantations

and grafted into the lesion site. Six weeks later, numerous

traced cells were observed within the lesion site (Figure 6A)

as well as in the proximal part of the nerve, indicating that

traced cells had efficiently colonized the lesioned nerve.

Analyses of transverse and longitudinal nerve sections indi-

cated that grafted traced cellswerenot indirect contactwith

the regenerated axons and were negative for markers for

immature (S100, Figure 7A) and myelinating (MBP, Fig-

ure 7B) Schwann cells. Most traced cells appeared to wrap

single axon/Schwann cell units (Figures 7A and 7B, closed

arrows), in a manner similar to endoneurial fibroblasts

(Morgenstern et al., 2003). Some traced cells were also at

the level of the perineurium (Figure 7A, arrowheads), en-

sheathing fascicles composed of axons, their associated

Schwann cells, and the surrounding endoneurium. Consis-

tent with these observations, the traced cells were positive

for the NG2marker (Figure 7C). Thus, after transplantation

into the injured sciatic nerve, tdTOM-positive cells do not

engage into the glial pathway and differentiate preferen-

tially into endo/perineurial-like fibroblasts.

We finally asked whether exposing tdTOM-positive cells

to factors promoting a Schwann cell fate prior to transplan-

tation would modify this situation. Skin-derived spheres

were maintained for 2 weeks in the presence of forskolin

and heregulin, then dissociated and injected into the

injured sciatic nerve. Six weeks after transplantation,

although most traced cells were NG2-positive fibroblastic

cells (Figures 7D–7F), we observed some S100-positive

Schwann cells (Figure 7D, open arrows), which had re-

mained immature as they did not express the MBP myelin
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Figure 7. Skin BC Derivatives Give Rise to
Peripheral Fibroblasts and Schwann Cells
upon Injection into the Injured Sciatic
Nerve
Newborn skin BC derivatives were cultured
until P1, FACS purified (A–C; untreated)
or treated with heregulin/forskolin
(D–F; +Hrg+Frsk), and injected into injured
sciatic nerves. Transverse sections of
the grafted sciatic nerves were analyzed
6 weeks after grafting by immunohisto-
chemistry with antibodies against tdTOM
and the indicated neuronal, glial, and
fibroblastic markers. Arrowheads point to
perineurial cells, closed arrows to endo-
neurial cells, and open arrows to Schwann
cells. Nu, nuclear staining. Ungrafted nerve
bundles (asterisks) do not contain tdTOM-
positive cells. Scale bars, 50 mm.
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marker (Figure 7E). Together, our results indicate that, in

the lesioned sciatic nerve environment, grafted BC-derived

skin stem cells mainly engage into an endo/perineurial

fibroblastic fate, although in vitro treatment with Schwann

cell fate-promoting factors redirects some of them toward

the glial pathway.

DISCUSSION

This study builds on previous observations that the NC

contribution to PNS formation occurs in two waves

(Maro et al., 2004), with one population migrating directly

to their target locations, while the othermakes a stop at the

level of the BCs. In contrast towhatwas previously thought

(Maro et al., 2004), we establish that the two waves make

similar qualitative contributions in terms of neuronal sub-

types in the DRG. Along peripheral nerves of the trunk, the

BCs provide the entire proximal Schwann cell nerve root

component, as well as a large part of the glia covering the

distal parts of skin nerves, whereas the direct NC contribu-

tion appears largely restricted to the intermediate part of

the nerves. These distinct origins may underlie functional

differences between glial populations at different levels

along the nerves.

These data have to be considered in the context of recent

studies that have shown that embryonic peripheral nerves

contain progenitor cells with NC-like potential. Specif-

ically, the early glial components of peripheral nerves,

the Schwann cell precursors, possess extensive differentia-

tion capacities as, in addition to Schwann cells (Jessen

et al., 2015), they can give rise to melanocytes in the

skin (Adameyko et al., 2009), parasympathetic neurons

(Dyachuk et al., 2014; Espinosa-Medina et al., 2014), and

mesenchymal derivatives in the tooth (Kaukua et al.,

2014). However, BC cells appear distinct from these plurip-

otent glial populations by their location at the PNS/CNS

boundary, the expression of specific markers such as

Krox20 and Prss56 (Coulpier et al., 2009), and the identity

of their derivatives. Furthermore, some BC derivatives

maintain their pluripotency in adult tissues, while the

pluripotency of Schwann cell precursors is restricted to a

specific developmental period.

In the skin, we have shown that BC derivatives give rise

to at least three glial populations as follows: Schwann cells

(mainly non-myelinating) associated with subcutaneous

and dermal nerves, and two types of terminal Schwann

cells, associated with lanceolate endings or free nerve end-

ings. Lanceolate endings are specialized sensory organs

that detect hair movement (Abraira and Ginty, 2013).

They form a palisade structure surrounding the hair follicle

and are composed of terminal fibers carrying rapidly adapt-

ing low-threshold mechanoreceptors (Ab, Ad, and C)

(Abraira and Ginty, 2013). The terminal Schwann cells

are involved in themaintenance of the lanceolate complex

(Li and Ginty, 2014) and could play a role in calcium

signaling (Takahashi-Iwanaga et al., 2008).

Free nerve endings are non-specialized cutaneous sen-

sory receptors that are involved in the perception of touch,

pressure, and pain (Abraira and Ginty, 2013). In contrast to

their name, free nerve endings also are associated with ter-

minal Schwann cells. Terminal Schwann cells have been

studied only by electron microscopy and present a very

peculiar morphology, with numerous cytoplasmic protru-

sions covering the axons at the dermis/epidermis boundary

(Cauna, 1973). We provide here a genetic marker that en-

ables optical observations of these cells. Their morphology

resembles that of perisynaptic Schwann cells (PSCs), which

cap motor nerve terminals at the neuromuscular junction

(Balice-Gordon, 1996). PSCs are involved in sensing and

modulating synaptic transmission through the specific

expression of neurotransmitter receptors and ion channels

on their surface (Auld and Robitaille, 2003). Given their

similarity with PSCs in terms of terminal location and

morphology, we speculate that Schwann cells associated

with free nerve endings might play a direct role in depola-

rizing axon membranes. The Prss56Cre line allows easy

identification of these atypical Schwann cells and should

facilitate their detailed characterization.

In the dermis, the glial P75NGFR-positive BC derivatives

also include a neurogenic and gliogenic stem-like cell pop-

ulation. Multipotent stem-like cell populations have been

described previously in the adult trunk skin, associated

with the glial and melanocyte lineages and derived from

the NC (Wong et al., 2006) or associated with hair follicle

dermal cells and derived from the mesoderm (Biernaskie

et al., 2009; Jinno et al., 2010). Our results indicate that

the BC-derived population constitutes the major, but not

single, component of skin stem-like cells detected in these

culture conditions, as they represent approximately 80%of

the sphere population at late passage. Our work is consis-

tent with recent observations indicating that human adult

skin stem cells with neurogenic potential express P75NGFR

and can be ascribed to the Schwann cell lineage (Etxaniz

et al., 2014). Together, our results establish the precise

origin of the large majority of the stem-like cells in the

dermis and provide a unique and specific genetic tool for

their identification, further study, and manipulation.

Most importantly, grafting experiments establish that

this stem cell-like population can efficiently differentiate

into various types of mature sensory neurons in the adult

DRG. The differentiated neurons survive at least 2 months

and many extend long axons in the dorsal root and spinal

nerve, although it remains to be determined whether these

axons cross the PNS/CNS boundary and establish connec-

tions in the spinal cord. Such a neurogenic potential has
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never been reported for skin-derived stem cells and it raises

the possibility that these cells may manifest an even

broader plasticity (e.g., generation of central glia and neu-

rons), if offered the appropriate cellular environment.

The fact that these stem cells give rise to a very different dis-

tribution of cell types (only endo/perineurial fibroblasts

and Schwann cells) upon transplantation into a lesioned

sciatic nerve and that they can generate immature oligo-

dendrocytes in vitro is consistent with such a possibility.

However, in contrast to the glial character of most traced

cells in the dermis, only a small number of Schwann cells

are generated after their transplantation into the peripheral

nerve. This could reflect differences in the differentiation

potentials of BC and newborn skin-traced stem-like cells.

BC derivatives with self-renewal and neurogenic poten-

tial also have been identified in the mouse embryonic

DRGs (Hjerling-Leffler et al., 2005; Li et al., 2007).

In vitro, these stem-like cells re-express NC markers and

differentiate efficiently into peripheral sensory neurons

(Hjerling-Leffler et al., 2005). Recently, stem/progenitor

cells were identified in the adult DRG (Vidal et al., 2015).

However, their differentiation might be more restricted as,

after transplantation into the lesioned spinal cord, they

exclusively generated Schwann cells. It will be interesting

todeterminewhether this populationderives fromBCcells.

In conclusion, our work opens the way for the detailed

analysis of a major population of skin stem cells that are

derived from the BCs, have powerful neurogenic potential,

and, because of their accessibility, constitute valuable

candidates for regenerative medicine. The specific genetic

tools developed in the present study should be instru-

mental for further characterization and manipulation of

this promising cell population.

EXPERIMENTAL PROCEDURES

Mouse Lines, Genotyping, and Ethical Considerations
All mouse lines were maintained in a mixed C57BL6/DBA2

background. We used the following alleles or transgenes

that were genotyped as indicated in the original publications:

Krox20Cre (Voiculescu et al., 2000), Rosa26lacZ (Soriano, 1999),

Rosa26tdTom (Madisen et al., 2010), and Krox20lacZ (Schneider-

Maunoury et al., 1993). Prss56Cre was generated in this work

(see Figure S1). Genotyping was performed by PCR on tail DNA us-

ing primers described in Table S1. Day of the plug was considered

E0.5. Animalswere sacrificed by decapitation (newborn) or cervical

dislocation (adult) unless indicated otherwise. All animal manipu-

lationswere approvedby a FrenchEthical Committee (Project Ce5/

2012/115) and were performed according to French and European

Union regulations.

FACS
tdTOM-positive cells were isolated fromneonatal skin cell prepara-

tions and cultured as floating spheres. Primary spheres were me-

chanically dissociated and the resulting cell suspension (3 3 106

cells/ml) was purified on a FacsVantage (Becton Dickinson) equip-

ped with an argon laser tuned to 561 nm. Dead cells and doublets

were excluded by gating on a forward-scatter and side-scatter area

versus width. Log RFP fluorescence was acquired through a 530/30

band pass. Internal tdTOM-negative cells served as negative

controls for FACS gating. tdTOM-positive cells were sorted directly

into culture medium until use in transplantation assays. For

verification of the purity of the sorted cells, aliquots of the

tdTOM-positive and tdTOM-negative fractions were sorted via

FACS again with similar gating parameters and, in parallel, seeded

onto coverslips and analyzed by immunohistochemistry with

anti-tdTOM antibody.

Transplantations into the DRGs and Sciatic Nerve
Adult nude mice were anesthetized by intra-peritoneal injection

of ketamine (Imalgene 500; 0.5 ml/g) and xylazine (Rompun 2%,

0.2 ml/g) before surgery. In addition, local anesthesia (lidocaine)

was applied. The tdTOM-positive cells were prepared from

neonatal skin, cultured for 10 days in sphere conditions, purified

by FACS, and immediately injected. For transplantation into the

DRG, the lower lumbar vertebral columnwas exposed by amidline

incision of the skin and fascia, and the right L4 or L5 DRG was

exposed via a hemi-laminectomy. A suspension containing 2 3

104 tdTOM-positive cells (104 cells/ml) was injected into the

DRG. After 1 month, the animals were injected with a lethal

dose of ketamine and xylazine and perfused with saline, followed

by a fixative solution containing 4% paraformaldehyde (PFA) in

PBS. The DRG with the attached nerve roots and spinal nerves

was dissected, post-fixed in 4% PFA for 3 hr, and cryoprotected

overnight in PBS containing 15% sucrose. Serial 14-mm cryosec-

tions were prepared and stored at �80�C until analysis. For trans-

plantation into the sciatic nerve, the nerve was exposed and

crushed four times for 10 s with forceps chilled in liquid nitrogen.

A suspension containing 105 tdTOM-positive cells (5 3 104

cells/ml) was immediately injected into the lesion site as previously

described (Stoll and Müller, 1999). After 6 weeks, the animals were

sacrificed and the injected sciatic nerveswere dissected, fixed in 4%

PFA for 3 hr, and cryoprotected overnight. Serial 14-mm cryosec-

tions were prepared and stored at �80�C until analysis.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures, six figures, and one table and can be found with this
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SUPPLEMENTAL INFORMATION 

 

 
SUPPLEMENTAL FIGURE LEGENDS 

 

Figure S1, related to Experimental Procedures and Figure 1. Generation of a Cre knock-

in at the Prss56 locus and tracing of the derivatives of Prss56-expressing cells. (A) 

Specific expression of Prss56 in BC cells. Transverse vibratome sections at E12.5 covering 

the thoracic regions indicate that the presence of Prss56 mRNA in the dorsal and ventral BCs, 

and along the accessory nerve (AC) in a wild type embryo. The expression in the BCs is 

maintained in sections covering the thoracic region (arrows) and no additional site of 

expression is observed. (B) Transverse sections from E12.5 wild type, Prss56Cre/+, 

Prss56Cre/Cre, and Prss56Cre/+,R26tdTom mutant embryos at the upper thoracic level were 

subjected to in situ hybridization with a Prss56 probe or immunolabeling with tdTOM (red) 

and βIII-tubulin (green) antibodies. The expression pattern described in (A) is conserved in 

Prss56Cre/+embryos, whereas expression is completely lost in Prss56Cre/Cre embryos. tdTOM 

traced cells completely covers the nerve roots and are present within the DGR and along more 

distal regions of the nerve. (C) Schematic representation of the generation of the Prss56Cre 

knock-in allele by insertion of the Cre coding sequence at the Prss56 initiation codon. The 

arrows underneath the gene indicate the positions of the primers used for PCR analysis. (D) 

Examples of embryo genotyping for the Prss56 locus, performed by PCR analysis using the 

combination of primers A, B and C shown in panel (C). (E) Combining the Prss56Cre/+ allele 

with the Cre-activable tandem dimer Tomato reporter Rosa26tdTom leads to permanent 

activation of the reporter in Prss56-expressing cells and their progeny. NT, neural tube. AC, 

accessory nerve, DRo, dorsal root; VRo, ventral root, DRG, dorsal root ganglia. Scale bar: 

100 μm. See also Table S1. 
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Figure S2, related to Figure 1. BC cells give rise to dorsal and ventral root Schwann cells 

and sensory neurons in the DRG. (A) Transverse sections through the trunk of Krox20lacZ/+ 

and wild type embryos, between E11.5 and E13.5 as indicated.  Krox20lacZ/+ embryos were 

subjected to X-gal staining to reveal -galactosidase activity (first column), followed by in 

situ hybridization with a Prss56 probe (second column). Wild type embryos were analyzed by 

in situ hybridization with a Prss56 probe (third column). Note the intermediate color observed 

in the case of double labeling, indicating a large overlap between the domains of Krox20 and 

Prss56 expression in the BC populations of dorsal (arrowhead) and ventral (arrow) roots. (B) 

Transverse sections from E13.5 Prss56Cre/+,R26tdTom embryos show that most of the cells in 

the dorsal and ventral roots are positive for both the tracing marker tdTOM and the Schwann 

cell precursor marker SOX10. (C) In the DRG from E13.5 Krox20Cre/+,R26tdTom and 

Prss56Cre/+,R26tdTom embryos, most of the traced cells have a bipolar morphology. DRo, 

dorsal root; VRo, ventral root, DRG, dorsal root ganglia. Scale bars : 100 μm (A) and 50 μm 

(B-C). 

 

Figure S3, related to Figure 2. tdTOM-positive cells in the skin do not express Prss56 

and are SOX10-positive. (A-B) In situ hybridization with a Prss56 probe on a transverse 

section of a wild type E13.5 embryo. Prss56 expression is detected in the BCs (arrows), but 

not in the skin. (B) Higher magnification of the area outlined in (A). (C) Analysis of Prss56 

expression by RT-PCR in the skin of wild type E13.5 embryos. SK(1)-SK(5) correspond to skin 

preparations from different embryos. NT(1) and NT(2) are positive controls corresponding to 

the neural tube with attached BC cells from two of these embryos. A Prss56-specific band is 

observed with the NT samples (arrow), but not with the skin samples. (D) Transverse sections 

from E13.5 Prss56Cre/+,R26tdTom embryos analyzed by immunochemistry using antibodies 

against tdTOM (red) and peripheral glia (SOX10, green) markers. tdTOM-positive cells in the 
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skin express SOX10 (arrows). NT, neural tube; Nu, Hoechst 33342 labeling of nuclei. Scale 

bars: 100 μm in (A-B) and 50 μm in (C). 

 

Figure S4, related to Figure 3. Identities of BC-derivatives in the adult skin. (A-C) 

Transverse sections of the skin from Prss56Cre/+,R26tdTom adult animals labeled with the 

indicated antibodies. In the dermis, BC derivatives (red) are localized along PGP9.5-positive 

terminal nerve fibers (A), express the Schwann cell markers S100 (B-C), and are associated 

with dermal nerves (A-C, arrows), free nerve endings (B,C, closed arrowheads) or lanceolate 

endings of hair follicles (A-C, open arrowheads). (D) Electron microscopy analysis of a 

transverse section through a subcutaneous nerve from adult Prss56Cre/+,R26lacZ animals. -

galactosidase-positive cells include myelinating (red arrow) and non-myelinating Schwann 

cells (black arrows), as well as endoneurial fibroblasts (star). (E) Higher magnification of the 

area outlined in (D). Scale bars: 50 μm in A-I and 5 μm in J. 

 

Figure S5, related to Figure 4. Cultured skin cells do not express Prss56 and are highly 

proliferative. (A) RT-PCR analysis of Prss56 expression in newborn skin cells maintained in 

sphere culture conditions for 2, 4, 8 and 11 passages. (B) RT-PCR analysis of Prss56 

expression in total, P75NGFR-positive, Thy1-positive and P75NGFR-, Thy1-double negative skin 

cell fractions obtained by immuno-panning, freshly isolated (0 h) or maintained in culture for 

36 h. Prss56 expression is not observed in any of the skin-derived cell preparations, whereas 

it is easily detectable in control samples (Control) from an E13.5 neural tube with attached BC 

cells. (C) tdTOM-positive cells maintained in culture for 36 h express the mitotic marker pH3. 
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Figure S6, related to Figure 5. Purified skin tdTom-positive cells proliferate in culture 

and are multipotent. Newborn skin cells were maintained in sphere culture conditions until 

P1, FACS-sorted, and tdTOM-positive cells were returned to sphere culture conditions for 

several passages. (A) Examples of spheres, exclusively constituted of tdTOM-positive cells, 

indicating the proliferative capacity of BC derivatives. (B-D) Cell type identification of 

tdTOM-positive cells from newborn skin cultured in differentiation conditions after two 

passages, using the indicated antibodies. Immunolabeling identifies neurons (B, positive for 

βIII-tubulin), Schwann cells (C, positive for S100) and myofibroblasts (D, positive for SMA). 

Scale bars: 100 μm in (A) and 30 μm in (B-D). 

 
SUPPLEMENTAL TABLE 
 

mRNA or Gene Primer sequence 
Annealing 
temp (°C) 

Expected 
product 
size (bp) 

wild type Prss56  

 

Prss56Cre 

A: 5’-CAGGTGAGGTGCGGACCATT-3’ 

C: 5’-AAACCACTGCCCACCGACAT-3’ 

A: 5’-CAGGTGAGGTGCGGACCATT-3’ 

B: 5’-ACGGAAATCCATCGCTCGACCAGTT-3’ 

65 

588 

 

851 

β-actin 
5’-TGTTACCAACTGGGACGACA-3’ 

5’-GGGGTGTTGAAGGTCTCAAA-3’ 
60 165 

Prss56 
5’-GGTCTTCAGTGGCCTAGTGG-3’ 

5’-AGCCTCTGTCCTTGATCAGC-3’ 
58 151 

p75NGFR 
5’-CAGAGCGAGACCTCATAGCC -3’ 

5’-TGCAGCTGTTCCATCTCTTG -3’ 
60 180 

Snail 
5’ -AAACCCACTCGGATGTGAAG- 3’ 

5’ –GAAGGAGTCCTGGCAGTGAG-3’ 
60       184 

Slug 
5’-GCACTGTGATGCCCAGTCTA- 3’ 

5’ -TTGCCACAGATCTTGCAGAC- 3’ 
60        130 
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Nestin 
5’-CTCGAGCAGGAAGTGGTAGG- 3’ 

5’-GCCTCTTTTGGTTCCTTTCC-3’ 
55        140 

Mush 
5’ -AGGAAAGCAAAGGGCTTCTC-3’ 

5’- GCCAGGTCTCACCTCATGTT-3’ 
60        166 

Twist 
5’ -CTTTCCGCCCACCCACTTCCTCTT-3’ 

5’-GTCCACGGGCCTGTCTCGCTTTCT-3’ 
57        334 

Sox9 
5’  -AGCTCACCAGACCCTGAGAA - 3’ 

5’- TCCCAGCAATCGTTACCTTC - 3’ 
59,6 200 

Mitf 
5’ -TGTACCTTCAGCGTGCAGTA-3’ 

5’ -ACCAGGAAATTGCCGCATTT- 3’ 
59       352 

Sox2 
5’ –CCCAACTATTCTCCGCCAGA- 3’ 

5’ –TCTAGTCGGCATCACGGTTT- 3’ 
59 380 

Ngn1 
5’ –ACGCCCTGTTTCATCCCATA- 3’ 

5’ –GTCTTCAGGGGCTCATCTGT- 3’ 
59 313 

Ngn2 
5’ TCCACTTCACAGAGCAGAGG- 3’ 

5’ –CACAGGGACCAGTTGCATTC- 3’ 
59 303 

 

Table S1, related to Experimental Procedures and Figure 4. Primer sequences and PCR 

conditions for RT-PCR and genotyping analyses 
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES 
 
 
In situ hybridization and immunofluorescence 

In situ hybridization on embryos was performed as previously described (Coulpier et al., 

2009). For -galactosidase and Prss56 co-labeling, Krox20lacZ/+ whole embryos were 

processed for -galactosidase staining as described (Maro et al., 2004). Samples were then 

post-fixed overnight in 4% PFA before being serially sectioned (150 m) and processed for in 

situ hybridization. Immunohistochemical analysis of embryos was performed on 100 m 

transverse vibratome sections that were stored at -20°C in PBS including 30% glycerol and 

30% ethylene glycol. Cryosection and immunolabeling were performed as described (Maro et 

al., 2004). Sections were mounted in Aqua poly/Mount (PolySciences) and optical sections of 

were obtained on a confocal microscope (SP5, Leica). The ImageJ software was used to 

generate Z-stacks and quantify tdTOM-positive cells. At least five areas per structure per 

animal were photographed and the number of tdTOM-positive cells relative to the total 

number of cells expressing a given marker was determined. The results are given as median ± 

standard error of the mean (s.e.m). The antibodies are described below. Nuclei were 

counterstained with Hoechst (33342, Sigma). 

 

Antibodies 

For immunofluorescence, the following primary antibodies were used: rabbit anti-tdTOM 

(1:400, Clontech #632496), mouse biotinylated anti-βIII-tubulin (1:800, R&D #BAM1195), 

rabbit anti-PGP9.5 (1:400; Abcam #AB137800), goat anti-SOX10 (1:100, Santa Cruz #sc-

17342), mouse anti-nestin (1:100; Millipore #MAB353), rabbit anti-S100 (1:300, Dako 

#Z0311), rabbit anti-fibronectin (1:100, Millipore #AB2033), chicken anti-vimentin (1:100; 

Millipore #AB5733), rabbit anti-P75NGFR (1:300; Abcam #AB8874), mouse anti-SMA (1:400, 

Sigma #A2547), rabbit anti-phospho-Histone H3 (1:100, Millipore #06-570), rabbit anti-
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GFAP (1:300, Dako #ZO334), rabbit anti-TRKA (1:500, Millipore #06-574), goat anti-TRKB 

(1:500, R&D #AF1494), goat anti-TRKC (1:500, R&D #AF1404), goat anti-RET (1:20, R&D 

#AF482), mouse anti-CGRP (1:500, Millipore #MAB317), mouse anti-TH (1:1000, Millipore 

#MAB318), rat anti-MBP (1:100, Millipore #MAB386), IB4-A488 (1:200, Invitrogen 

#l21411) from Griffonia simplicifolia, rat anti-PECAM (1:100; BD Pharmigen #553370), 

rabbit anti-NG2 (1:200; Millipore #AB5320), and goat anti-SOX2 (1:200, R&D #AF2018). 

Fluorophore-conjugated secondary antibodies were from Jackson Immuno Research. 

 

Cell culture and immuno-panning 

Sphere cultures were performed from neonatal and adult (6-8-week old) Prss56Cre/+,R26tdTom 

mice as previously described (Biernaskie et al., 2007). Briefly, the back skin was carefully 

dissected free of other tissue and then digested with collagenase/dispase type I (Sigma/Roche) 

for 2 h at 37°C. Skin samples were then mechanically dissociated and the cell suspension was 

filtered. Dissociated cells were resuspended at 4x104 cells/ml in DMEM-F12, 3:1 medium 

containing B-27 without vitamin A supplement (Invitrogen), 20 ng/ml EGF and 40 ng/ml 

bFGF (both from Sigma), referred to as proliferation medium. Cultures were fed every 4 days, 

by addition of 1/10 of fresh medium containing growth factors and supplements, and spheres 

were passaged every 7-10 days. For spontaneous differentiation, spheres were plated in 

differentiation medium (DMEM-F12, 3:1, containing 10% FBS) onto 4-well Nunc culture 

slides coated with poly-D-lysine/laminin, maintained two weeks, and the differentiation 

medium was changed every 2 days. For induced Schwann cell differentiation, spheres were 

plated in differentiation medium for three days. The medium was then changed to DMEM-

F12, 3:1, 1% FBS, 1% N2 supplement (Invitrogen), 50 ng/ml heregulin (Sigma) and 4 M 

forskolin (Sigma). For induced differentiation into chondrocytes and melanocytes, spheres 

were processed as previously described (Wong et al., 2006). Briefly, for chondrocytes 
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differentiation, spheres were plated in differentiation medium supplemented with 50 μg/ml 

ascorbic acid (Sigma). FGF2 (Sigma) was added for 9 days and then replaced with 10 ng/ml 

BMP2 (Sigma) for 3 days. For melanocytes differentiation, spheres were plated in 

differentiation medium containing 50 ng/ml SCF (Sigma) and 100 nM endothelin-3 (Sigma) 

for 9 days. Chondrocytes and melanocytes were revealed as previously described (Wong et 

al., 2006). For oligodendrocyte differentiation, spheres were maintained in proliferation 

medium for 24 h. The medium was then changed to a differentiation medium (DMEM/F12, 

1:1, 1% N2, 2 μg/ml heparin (Sigma), 2% B-27) supplemented with 50 ng/ml Noggin, 10 μM 

SB431542, and 10 ng/ml FGF2 (all from Sigma). The cells were maintained in this medium 

for 3 days, and then the medium was changed to a differentiation medium supplemented with 

5 mM Purmorphamine, and 100 nM retinoic acid (all from Sigma), where the cells were 

cultured for an additional day before immunohistochemical analysis. For immuno-panning, 

cell suspensions from neonatal back skin were prepared as described above. Dissociated cells 

were first purified by magnetic cell sorting using an antibody against P75NGFR (1:200, Abcam) 

as previously described (Manent et al., 2003). The negative fraction was collected and 

purified in the same way with an antibody against Thy1 (1:200, BD Pharmigen). After 

purification, the P75NGFR- and Thy1-positive fractions were counted and resuspended in 

proliferation medium. Purified Schwann cells were obtained from 2-week old 

Krox20Cre/+,R26tdTom mice. The sciatic nerves were collected, maintained in Wallerian 

degeneration conditions for 10 days in Schwann cell medium (DMEM, 10% FBS 

supplemented with 2 m forskolin and 10 ng/ml heregulin), then dissociated for 3 h in 

digestion solution (collagenase type I, 130 U/ml; dispase type I, 2.5 mg/ml) on a rocking table 

at 37°C. The cells were then plated onto poly-L-lysin/laminin coated dishes and cultured in 

Schwann cell medium until purification by magnetic immuno-panning based on their specific 

expression of the P75NGFR antigen as above. 
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Electron microscopy  

Subcutaneous nerves from adult (8-weeks) back skin were dissected and fixed for 2 h in 1% 

glutaraldehyde, 0.4% PFA in PBS, then washed in PBS and subjected to -galactosidase 

staining as previously described (Maro et al., 2004). Nerves were osmificated for 1 h in 1% 

OsO4 (Polysciences), rinsed in PBS, dehydrated in graded acetone, and embedded in Epon. 

Semi-thin sections (1 m) were stained with toluidine blue. Ultra-thin sections (50 nm) were 

stained with uranyl acetate and lead citrate. The sections were observed with a Phillips 

electron microscope. 

 

Semi-quantitative RT-PCR 

Total RNA (100 ng) was isolated from embryonic skin, reverse transcribed using the 

pSuperscript III Rnase H reverse transcriptase (Invitrogen) and a mix of oligo-dT and random 

primers (Invitrogen), according to the manufacturer’s instructions. PCR was performed as 

follows: 2 min at 94°C; 30 cycles of 2 min at 94°C, 1 min at the primer-specific annealing 

temperature, 30 s at 72°C. The primer sequences are shown in Supporting Information Table 

1. For each RNA sample, two independent PCR amplifications were performed. 
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Article two
Derivatives of neural tube-associated boundary caps migrate along peripheral 

nerves to give rise to a major part of skin vasculature mural cells

More recently, we have explored the possibility that Krox20-expressing BC also 
migrate along peripheral nerves and participate to the skin development. Surprisingly, we 
discovered that a subpopulation of Krox20-traced BC-derivatives, detach from nerves and 
attach to the vascular plexus where they differentiate into pericytes and vascular smooth 
muscle cells (VSMC). In the trunk, this glial-to-vascular switch (GVS) occurs both near the 
ventral roots and in the skin. These observations are at the origin of my second article. In this 
study, we have shown that this GVS takes place between E12.5 and E13.5 in the skin, and is 
accompanied by extinction of glial markers and activation of a full set of mural cell markers 
such as PDGFRb and SMA. Moreover, single-cell transcriptomic analysis of BC derivatives 
isolated from E12.5 skin revealed that while most cells remain attached to nerves, more 
than half of them already display a molecular signature of mural cell precursors. This study 
identified Krox20-expressing BC cells as major source of mural cells for the developing 
peripheral vasculature.



106



107

 

 
 

Derivatives of neural tube-associated boundary caps migrate along 
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One Sentence Summary: 

Nerve-associated boundary cap derivatives give rise to pericytes and smooth muscle cells of 

the peripheral vasculature 

 20 
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Abstract: Beside its essential functions in protecting and myelinating nerves, peripheral glia 

plays a key role in blood vessel development, providing diffusible factors that govern 

alignment with nerves and maturation. Here, we show that a specific peripheral glial 

population, derived from boundary cap (BC) cells, constitutes a major source of mural cells 

for the developing vasculature. Using Cre-based reporter tracing analyses, we show that BC 5 

cells generate derivatives that migrate along peripheral nerves before detaching and 

incorporating into the vascular plexus, and differentiating into pericytes and vascular smooth 

muscle cells. Switching from glial to mural molecular identities occurs while the cells are still 

associated with the nerves. This study highlights the plasticity of BC cells and identifies a 

novel origin for skin mural cells. 10 
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Main Text: 

Peripheral blood vessels and nerves orchestrate body development and homeostasis by 

providing oxygen, nutriments and eliminating toxic compounds, while ensuring 

communication with the environment. Over the last decade, several developmental studies 

have revealed that nerve-associated Schwann cells precursors (SCPs) migrate along nerves to 5 

reach their targets, then detach from nerves and give rise to various cells types, including skin 

melanocytes, adrenal medulla chromaffin cells, tooth mesenchymal stem cells, and enteric 

and parasympathetic neurons (1-6). Peripheral nerves and SCPs have also been shown to play 

a key role in angiogenesis by secreting diffusible factors driving the alignment of blood 

vessels with nerves and promoting arteriogenesis (7-9). A possible cell contribution of SPCs 10 

to the endothelial or mural components of the developing vascular plexus has however not 

been investigated so far. Mural cells (MCs) include pericytes and vascular smooth muscle 

cells that cover capillaries and larger vessels, respectively, and play key roles in blood vessel 

remodelling and stabilization (10). MC origin differs depending on their location, as brain, 

facial and thymic MCs derive from the neural crest, whereas gut, lung and liver MCs are 15 

mesoderm-derived (11-14). In the skin, although it has recently been shown that a MC subset 

originates from myeloid progenitors, the other source(s) of MCs remain(s) unknown (15).  

Boundary cap (BC) cells form transient aggregates during embryogenesis at the dorsal 

entry and ventral exit points of all cranial and spinal nerves. Most BC cells, if not all, express 

the genes Krox20 (also known as Egr2) and/or Prss56 (16, 17), which have been used to 20 

characterise them. Reporter tracing experiments using a Prss56Cre allele have recently 

revealed that Prss56-positive BC cell derivatives migrate between embryonic day (E) 11.5 

and E13.5 along nerve roots into dorsal root ganglia (DRGs), where they give rise to Schwann 

cells (SCs) and a subpopulation of sensory neurons, and along spinal nerves to reach the skin, 

where they differentiate into SC, terminal glia and melanocytes (18, 19). Additional tracing 25 
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experiments using a Krox20Cre allele have revealed the existence of similar derivatives in 

nerve roots and DRGs (20). However, in this case, peripheral migration was not analysed. 

Here, we investigate the contribution of Krox20-positive BC cells to the developing trunk 

skin. 

For this purpose, we crossed animals carrying Krox20Cre and Rosa26RTomato alleles to 5 

perform tracing of Krox20-positive cells on the basis of Tomato-labelling in resulting 

Krox20Cre/+, Rosa26RTomato/+ embryos. As previously reported, we found multiple Tomato-

positive (traced) cells in the dorsal and ventral roots at E11.5 (Fig. 1A), as well as the DRGs 

at E12.5 (Fig. 1B). Labelled cells were also first detected in the proximal spinal nerve 

segment at E11.5 (Fig. 1A,D) and then at the levels of intermediate nerve segments at E12.5 10 

(Fig. 1B,E) and of skin nerve terminals at E13.5 (Fig 1C,F). This time-course evolution of 

traced cell distribution along the proximo-distal parts of the nerves strongly supports their 

progressive migration along nerves. Surprisingly, we also noticed the presence of numerous 

labelled cells that were not in contact with nerves, initially near the ventral roots (Fig. 1A,B, 

arrows) and later in the skin (Fig. 1A,F, arrows). To ensure that all labelled cells were indeed 15 

traced from Krox-20-positive BC cells and not the result of de novo Krox20 expression in 

other cells populations, we performed in situ hybridization with a Krox20 probe on E12.5 

embryos (Fig. S1A) and RT-PCR with Krox20 primers on dissociated E12.5 skin (Fig. S1B). 

None of these experiments revealed expression of Krox20. In conclusion, this analysis 

indicates that derivatives of Krox20-positive BC cells migrate along the nerves up into the 20 

skin and suggests that part of them detach from the nerves during their journey.  

To further investigate the presence of derivatives of Krox20-positive BC cells in the 

skin, we performed wholemount immunohistochemistry analyses on E12.5 to E15.5 

embryonic skin, stained for nerves (βIII-tubulin), blood vessels (PECAM) and traced cells 

(tdTom) in particular to determine whether traced cells were in contact with nerves or blood 25 
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Figure 1. BC cell derivatives migrate along the nerves and incorporate into the vascular plexus. (A-F) 
Trunk transverse sections from Krox20Cre/+,Rosa26RTomato embryos at the indicated stages, immunolabelled 
against Tomato (magenta) and Tuj1 (orange). Cells detached from the nerves (arrows) appear first near the 
ventral roots (A,B) and later the skin (C). (I-L) Whole-mount dorsal skin immunostained against Tomato 
(magenta), Tuj1 (orange) and PECAM (blue). (M, N) Higher magnifications showing cells in contact with 
both nerve and vessel. (O) Quantification of the number of labelled cells associated with nerve or vessel per 
field. Scale bars: (A-E,I-L) 100 μm; (D-F,M,N) 20 μm. *** = P < 0.001
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Figure 1. BC cell derivatives migrate along the nerves and incorporate into the vascular plexus. (A-F) 
Trunk transverse sections from Krox20Cre/+,Rosa26RTomato embryos at the indicated stages, immunolabelled 
against Tomato (magenta) and Tuj1 (orange). Cells detached from the nerves (arrows) appear first near the 
ventral roots (A,B) and later the skin (C). (I-L) Whole-mount dorsal skin immunostained against Tomato 
(magenta), Tuj1 (orange) and PECAM (blue). (M, N) Higher magnifications showing cells in contact with 
both nerve and vessel. (O) Quantification of the number of labelled cells associated with nerve or vessel per 
field. Scale bars: (A-E,I-L) 100 μm; (D-F,M,N) 20 μm. *** = P < 0.001
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vessels (Fig. 1I-O). While at E12.5 approximately 90% of the traced cells were in contact 

with nerves, this proportion decreased progressively with time to reach values in the order of 

10% at E15.5 (Fig. 1I-L,O). In contrast, an increasing proportion of traced cells were found in 

contact with blood vessels, up to 90% at E15.5 (Fig. 1I-L,O). Traced cells attached to 

capillaries and larger vessels did not express the endothelial marker PECAM, suggesting that 5 

they might have an MC identity (Fig. 1L,N).  This behaviour of Krxo20-positive BC cell 

derivatives differs dramatically from that of derivatives from Prss56-positive BC cells, which 

were not found associated with the vascular plexus (Fig. S1C-E, 18). Finally, at high 

magnification, a few traced cells straddling both nerves and vessels were observed (Fig. 

1M,N). Together these data suggest that most derivatives from Krox20-positive BC cells 10 

having reached the skin after traveling along the nerve detach from them and are recruited 

within the vascular plexus. 

To further characterize the identity of Krox20-positive BC cell derivatives settled in 

the skin, we used a combination of SCP and MC markers. We found that at E12.5 nerve-

associated traced cells were positive for SCP markers, such as the transcription factor Sox10 15 

and BFABP (Fig. 2A-C). Interestingly, at E13.5 the intensity of Sox10 immunolabelling was 

lower in cells with lose contact with the nerves and this marker was undetectable in cells 

associated with the vascular plexus (Fig. 2D-F). At E14.5 traced cells associated with the 

vascular plexus showed characteristic morphologies, covering small capillaries or wrapping 

around larger vessels, which were compatible with pericyte or vascular smooth muscle 20 

(VSM) cell identities. Consistently, these cells expressed several MC markers, such as NG2, 

PDGFRb and SMA (Fig. 2G-I). Whole-mount analysis of newborn dorsal skin demonstrated 

the persistence of BC cell-derived MC on capillaries and larger diameter arteries and veins 

(Fig. S2A-D). Together these results indicate that Krox20-positive BC cells give rise to a 

major part of skin MCs and this component is maintained until birth at least. These MCs are 25 
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Figure 2. BC cell derivatives switch from SC precursor to MC identity. Whole-mount dorsal skin at 
the indicated stages, immunostained against Tomato (magenta), Tuj1 (orange), Sox10 or BLBP (white), 
PECAM (blue) and NG2, PDGFRb or SMA (yellow). Nerve-associated BC cell derivatives express the SC 
precursor markers Sox10 (A,B) and BLBP (C). Sox10 is progressively downregulated during detachment 
(D-F). In the vascular plexus, Tomato-positive cells express MC markers NG2 (G), PDGFRb (H) and SMA 
(I). Scale bars: (A,G-I) 20 μm; (D-F) 10 μm.
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likely to be generated by detachment of cells associated with the nerves, which shut off the 

expression of initial glial markers and activate the expression of MC-specific ones, suggesting 

that they undergo a glial to vascular identity switch.  

Relative quantification of traced cells in contact with nerves or blood vessels suggest 

that the glial to vascular switch occurs in the skin between E12.5 and E13.5 (Fig. 1O). To 5 

further characterize the extent of the switch, we performed a global, RNA-seq transcriptomic 

analysis, comparing traced cells purified by FACS from E12.5 and E13.5 dorsal skin. 

Significant up- or down-regulation was defined by variations of at least four-fold, with an 

adjusted P-value < 0.05. In these conditions, 269 genes were found up-regulated at E13.5 as 

compared to E12.5 and 280 were down-regulated. We crossed these data with the LungGENS 10 

dataset that repertories genes expressed in pericytes, vascular smooth muscle and matrix 

fibroblasts in the developing lung (21). Among the 269 up-regulated genes, 47 belonged to 

this category (Fig. 3). In contrast, only 5 down-regulated genes were found in the LungGENS 

database. We found no significantly downregulated SCP-related genes at E13.5, but a likely 

explanation is that half of the traced cells are still on nerves at this stage and only genes 15 

showing of at least four-fold variation were retained. Altogether, these data support the idea 

that, between E12.5 and E13.5, a number of traced cells undergo a major change in their 

pattern of gene expression, acquiring an MC identity.  

 Transcriptome analysis performed on bulk RNA preparations do not allow to assess 

the properties of individual cells. To perform a detailed analysis of the transcriptomic 20 

signature of single cells, we performed single-cell RNA sequencing (scRNA-seq) of traced 

cells purified by FACS from dissociated E12.5 skin. The choice of this stage was based on the 

conclusion of the bulk analysis suggesting that at E13.5 a large part of the traced cells have 

already undergone a glial to vascular switch. Analysing them at E12.5 might allow us to 

follow this process as it occurs. After filtering out low quality and Tomato-negative cells, we 25 
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A. Pericyte

MGI log2 FC adj. P-value

Itga7 5.806 6.215E-06
Gm14005 4.899 5.391E-13
Abcc9 4.429 2.434E-37
Aspn 3.991 5.220E-04
Rgs5 3.924 4.861E-06
Itga1 3.880 6.582E-39
Gucy1a3 3.734 1.009E-17
Cspg4 3.236 1.424E-18
Kcnj8 2.855 4.477E-03
Notch3 2.652 2.588E-08
Rasl12 2.641 1.133E-11
Gucy1b3 2.570 4.523E-07
Crip1 2.493 4.809E-03
Kcnk3 2.382 5.310E-05
Col4a1 2.287 6.151E-09
Myh9 2.249 2.434E-07
Epas1 2.190 4.891E-06
Lrrc32 2.025 1.176E-05
Pdgfrb 2.023 9.991E-10

B. Smooth muscle / myofibroblast  

MGI log2 FC adj. P-value

Rgs5 3.924 4.861E-06
Gucy1a3 3.734 1.009E-17
Myh11 3.643 6.924E-09
Eln 3.461 1.220E-03
Myocd 3.440 1.277E-19
Abi3bp 3.236 1.436E-13
Triap1 3.026 4.547E-03
Col6a3 2.683 2.126E-02
Acta2 2.487 1.981E-13
Lmna 2.314 2.571E-05
Col6a2 2.146 2.843E-11
Col6a1 2.027 6.092E-07

C. Matrix fibroblast

MGI log2 FC adj. P-value

Itga1 3.880 6.582E-39
Xdh 3.813 3.369E-09
Eln 3.461 1.220E-03
Spry4 3.170 1.527E-08
Abca9 3.138 7.919E-07
Col6a3 2.683 2.126E-02
Rasl12 2.641 1.133E-11
Col14a1 2.592 1.685E-13
Slc7a10 2.369 2.385E-02
Htra3 2.326 1.195E-02
Lmna 2.314 2.571E-05
Col1a1 2.200 3.819E-09
Col6a2 2.146 2.843E-11
Tns1 2.143 1.802E-06
Col6a1 2.027 6.092E-07
Creb3l1 2.002 2.483E-08

D Abcc9 / tdTom / PECAM

Figure 3. Transcriptomic analysis of BC cell derivatives expression between E12.5 and E13.5. (A-C) 
Genes from the LungGENS dataset up-regulated in E13.5 versus E12.5 traced cells. The genes are classed 
according to their defined clusters of pericytes (A), smooth muscle cells (B) and fibroblasts (C). Genes 
highlighted in green have been validated by immunostainings. (D) At E14.5, many traced cells (tdTom) 
express Abcc9. Scale: 50 μm. 
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analysed 2355 single-cell transcriptomes with an average depth of 100,000 reads per cell (Fig. 

S3A). Cells had a median expressed-gene number of 4,696. Clustering analysis revealed two 

large clusters that, on the basis of preliminary analysis of specific markers, may correspond to 

SC and MC progenitors (see below), as well as three clusters that each represented 

approximately 1% of cells and presumably corresponding to myoblasts, endothelial and 5 

immune cells, and sensory neurons (Fig. S3B). It was very likely that these populations 

constituted contaminants for the following reasons: (i) in immunolabelling experiments, we 

never observed traced cells susceptible to correspond to immune, endothelial or skeletal 

muscle cells; (ii) contamination by a few sensory neurons is expected considering the way the 

dissection is performed (see Materials and Methods). These populations, which might distort 10 

the analysis, were therefore eliminated and the clustering analysis was repeated on the 

remaining 2223 cells. The data are presented in Fig. 4, as a uniform manifold approximation 

and projection (UMAP) plot (Fig. 4).  

Three clusters can be identified. The first one contains 883 cells (40% of the total) that 

express Sox10, Erbb3, Ngfr and Plp1, in particular (Fig. 4B). These are typical markers of SC 15 

progenitors, suggesting that this cell population possesses this cellular identity. Analysis of 

additional genes allows to split this cluster in three sub-clusters (Fig. 4A). The largest cluster 

contains 1212 cells (54% of the total number). These cells express high level of fibroblast 

markers such as PDGFRa and Dlk1 and low levels of mural cell markers such as PGFRb and 

Cd248 (Fig. 4C). Many of these cells also express markers like Col1a1 or Decorin (Fig. 20 

S3B,C), which have recently been associated with perivascular fibroblast-like cells (22). 

Together these data suggest that the large cluster correspond to mural cell precursors. This 

conclusion is further enforced by low-level expression in some of the cells of mature pericyte 

or VSM markers, like Tbx18 and SMA, respectively (Fig. 4D,E). This large cluster can be 

split into five sub-clusters considering the expression of other genes (Fig. 4A). Finally a small 25 
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Figure 4. Identification of distinct cell populations within BC cell derivatives in E12.5 skin by cluster 
analysis of single cell transcriptomic data. Traced cells from E12.5 dorsal skin display molecular signa-
tures corresponding to either SC precursors (A,B), MC precursors (A,C) or mature MCs. Cells are color-co-
ded according to gene expression levels (gray = low, red = high).
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Figure 4. Identification of distinct cell populations within BC cell derivatives in E12.5 skin by cluster 
analysis of single cell transcriptomic data. Traced cells from E12.5 dorsal skin display molecular signa-
tures corresponding to either SC precursors (A,B), MC precursors (A,C) or mature MCs. Cells are color-co-
ded according to gene expression levels (gray = low, red = high).
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cluster of 128 cells (6% of the total number) express markers of mature MC such as SMA, 

Abcc9 or Myh11 (Fig. 4D,E).  

In conclusion, in accordance with our previous data indicating that Krox20-positive 

BC cell derivatives constitute a major source of MCs in the developing peripheral vasculature, 

this single-cell transcriptomic analysis reveals that, as early as E12.5, more than half of the 5 

derivatives having migrated into the skin are engaged into a MC pathway and that most of 

them correspond to MC precursors. A small proportion of these cells, corresponding to the 

third cluster, may have already reached a mature MC identity. The other traced BC cell 

derivatives show a molecular identity of SC precursors. The presence of bridges between the 

SC and MC precursor populations on the one side and between the MC precursor populations 10 

and the mature MCs on the other side (Fig. 4A, arrows) support the existence of a filiation 

between these populations. However, the very limited numbers of cells present in these 

bridges suggest that the transitions must occur very rapidly. Finally, it is striking to find such 

a proportion of traced cells engaged into the MC pathway in the skin at E12.5, whereas most 

of the cells are still associated with nerves (Fig. 1I). This indicates that the identity switch that 15 

most of these cells will undergo is initiated well before the cells detach from the nerve.   
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Materials and Methods 

Mouse Lines, Genotyping, and Ethical Considerations 

Mice used in this study were housed in a temperature- and humidity-controlled vivarium 

on a 12 h dark-light cycle with free access to food and water. All mouse lines were maintained 

in a mixed C57BL6/DBA2 background. We used the following alleles or transgenes that were 

genotyped as indicated in the original publications: Krox20Cre (23), Prss56Cre (18), 

Rosa26RTomato (24). Day of plug was considered E0.5. Animals were sacrificed by decapitation 

(newborn). All animal manipulations were performed according to French and European Union 

regulations. 

In situ hybridization and immunofluorescence  

In situ hybridization on embryo sections was performed as previously described (17). 

Briefly, samples were fixated overnight in 4% paraformaldehyde (PFA, Electron Microscopy 

Science) in 0.1M phosphate buffer (PBS) before being serially sectioned (150 μm) and 

processed for in situ hybridization. Embryonic immunohistochemical analysis was performed 

either on 50 μm transverse cryosections or embryonic skin wholemounts, both performed as 

previously described (18, 20). Sections and embryonic skin wholemounts were stored at -20°C 

in 0.1M phosphate buffer (PBS) with 30% glycerol and 30% ethylene glycol. Briefly for 

wholemount immunolabelling, dorsal skins of E12.5 to E15.5 embryos were dissected after 

overnight fixation in 4% PFA. Samples were blocked overnight in 4% bovine serum albumin 

(BSA; Sigma Aldrich) in PBS containing 0.3% Triton-X-100 (PBST; Sigma Aldrich), then 

incubated for 3 days with the primary antibody/BSA/PBST solution at 4°C. After rinsing, 

secondary antibodies were applied overnight at room temperature. Samples were then washed 

and flat-mounted in Fluoromount-G (Southern Biotech). Antibodies are described below. 

Nuclei were counterstained with Hoechst (Life Technologies). Wholemount immunostaining 

and clarification of newborn skin was performed using the iDISCO+ method (25). Z-stacks 

were acquired using Leica TCS SP5 and TCS SP8 laser-scanning confocal microscopes and 

assembled in ImageJ. 

Antibodies 

For immunofluorescence, the following primary antibodies were used: rabbit anti-Tomato 

(1:500, Rockland #600-401-379), goat anti-Tomato (1:500, Sicgen, #AB0040-200), mouse 

biotinylated anti-βIII-tubulin (1:800, R&D Systems, #BAM1195), rabbit anti-βIII-tubulin 

(1:1000, BioLegend, #802001), rat anti-PECAM (1:100, BD Pharmigen, #553370), goat anti-

PECAM (1:1000, R&D Systems, #AF3628), goat anti-Sox10 (1:200, SantaCruz 

Biotechnology, #sc-17342), rabbit anti-BLBP (1/250, abcam, #ab32423), rabbit anti-NG2 
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(1:200, Merck, #AB5320), mouse anti-SMA-Cy3 (1:400, Merck, #C6198), goat anti- PDGFRß 

(1:500, R&D Systems, # AF1042), rabbit anti-Abcc9 (1/100, ThermoFisher Scientific, # PA5-

52413), goat anti-DLk1 (1:500, R&D Systems, #AF1144) and rabbit anti-Desmin (abcam, 

#ab15200). Fluorophore-conjugated secondary antibodies were from Jackson Immuno 

Research.  

Cell quantification 

Quantifications of labelled cells were performed on wholemount preparations of 

embryonic skin from three of E12.5, E13.5, E14.5 and E15.5 Krox20Cre/+, Rosa26RTomato/+ 

embryos, labelled for Tomato, βIII-tubulin and PECAM. For each embryo, 5 z-stacks of 

different and non-overlapping fields of view were selected randomly and acquired using a Leica 

TCS SP5 laser scanning confocal microscope. The scanned surface area per field corresponds 

to 0.38 µm2. All tomato-positive cells were counted, and those in contact with nerves, in each 

stack on the ImageJ software. Cells not in contact with nerves were considered to be on the 

vascular plexus. Results are given as an average ± one standard deviation. Statistical analyses 

of the “on nerve” / “on vessels” ratio between each time points were carried out using a chi-

square test. P values considered significant are indicated by asterisks as follows: *, P < 0.05; 

**, P < 0.01; ***, P < 0.001. Statistical analyses were generated using the R software version 

3.5.2 (R Core Team, 2018). Data are represented as mean values ± standard deviation. 

Semi-quantitative RT-PCR  

Total RNA (100 ng) was isolated from embryonic skin, reverse transcribed using the 

pSuperscript III RNAse H reverse transcriptase (Invitrogen) and a mix of oligo-dT and random 

primers (Invitrogen), according to the manufacturer’s instructions. PCR was performed as 

follows: 2 min at 94°C; 35 cycles of 2 min at 94°C, 1 min at 58°C, 30 s at 72°C. Krox20 primer 

sequences were the following: (5’-3’) GCAGAAGGAACGGAAGAGC; (3’-5’) 

ACTGGTGTGTCAGCCAGAGC.  

Skin dissection and fluorescence-activated cell sorting (FACS) 

Embryos were selected by their Tomato expression under fluorescent stereomicroscope 

(Leica, Nussloch, Germany) and head and viscera were removed. The back skin was dissected 

from Krox20Cre/+, R26RTomato/+ embryos at E12.5 or E13.5, and then digested with 

collagenase/dispase type I (Merck/Roche) for 15 min at 37°C. Digestion was stopped by adding 

0.1 ml of Fetal Calf Serum (FCS). Skin samples were then mechanically dissociated and the 

cell suspension was filtered. Dissociated cells were then resuspended in PBS, 1% BSA. 

Tomato-positive cells were isolated from embryonic skin cell preparations by (FACS). Dead 

cells and doublets were excluded by gating on a forward-scatter and side-scatter area versus 
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width. Log RFP fluorescence was acquired through a 530/30 nm band pass. Internal Tomato-

negative cells served as negative controls for FACS gating. Tomato-positive cells were sorted 

directly into lysis buffer for RT-PCR and bulk RNA sequencing experiments, or PBS, 0.04% 

BSA for single cell RNA sequencing experiments. To verify the purity of sorted cells, aliquots 

of the positive and negative fractions were sorted via FACS again with similar gating 

parameters, seeded onto coverslips and analyzed by immunohistochemistry with an anti-

Tomato antibody. 

Library preparation, RNA sequencing and data analysis 

cDNA libraries, RNA sequencing library preparation and Illumina sequencing were 

performed at the Ecole Normale Supérieure genomic core facility (Paris, France). 5 ng of total 

RNA was amplified and converted to cDNA using SMART-Seq v4 Ultra Low Input RNA kit 

(Clontech). An average of 200 pg of amplified cDNA was used for library preparation using 

Nextera XT DNA kit (Illumina). Libraries were multiplexed by 12 on 1 high output flow cells. 

75 bp sequencing reads were performed on a NextSeq 500 device (Illumina). The analyses were 

performed using the Eoulsan pipeline (26), including read filtering, mapping, alignment 

filtering, read quantification, normalization and differential analysis. Prior to mapping, poly-N 

read tails were trimmed, reads ≤40 bases and with mean quality ≤30 were discarded. Reads 

were then aligned against the Mus Musculus genome from Ensembl version 91 using STAR 

(version 2.5.2) (27). Alignments from reads matching more than once on the reference genome 

were removed using Java version of SamTools (28). To compute gene expression, Mus 

Musculus GFF3 genome annotation version 91 from Ensembl database was used. All 

overlapping regions between alignments and referenced exons were counted using HTSeq-

count 0.5.3 (26). The sample counts were normalized, then statistically analyzed using DESeq2 

(version 1.8.1). P-value <0.05 and Log2 FD > 2 were used as cutoffs criteria to select 

differentially expressed genes (DEGs).  

Single cell RNA sequencing and data analysis 

Tomato-positive cells were isolated by FACS from embryonic skin at E12.5. Around 

10,000 cells were loaded into one channel of the Chromium system using the V3 single cell 

reagent kit (10X Genomics). Following capture and lysis, cDNA was synthesized, then 

amplified by PCR for 12 cycles as per the manufacturer’s protocol (10X Genomics). The 

amplified cDNA was used to generate Illumina sequencing libraries that were each sequenced 

on one flow cell Nextseq500 Illumina. Cell Ranger 3.0.2 (10X Genomics) was used to process 

raw sequencing data. This pipeline converted Illumina basecall files to Fastq format, aligned 

sequencing reads to a custom mm10 transcriptome with added sequences for the Tomato and 
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Cre transgenes using the STAR aligner (9) and quantified the expression of transcripts in each 

cell using Chromium barcodes. We carried out analyses of processed scRNA-seq data in R 

version 3.5.2 (R Core Team, 2017) using the Seurat suite version 3.0 (29, 30). Genes expressed 

in fewer than 3 cells were excluded from the analysis. Cells were excluded if they met one of 

the following parameters: expression of fewer than 3,000 genes; no Tomato expression; more 

than 10% of mitochondrial genes among expressed genes. Next, the data were log-normalized 

with a scale factor of 104. The graph-based method from Seurat was used to cluster cells. The 

PCA was selected as dimensional reduction technique to use in construction of Shared Nearest-

Neighbor (SNN) graph, and we selected the first 15 PCs. A t-SNE clustering was performed on 

the scaled matrix with a 0.8 resolution to obtain a two-dimensional representation of the cell 

states with a resolution. Contaminating clusters were identified and removed from the dataset 

before repeating the analysis pipeline on the raw data. Only 81 cells expressed Krox20, at low 

levels and mostly in the SCP cluster. After log-normalization latent variables, defined as the 

number of UMI and the difference between the G2M and S phase scores, were regressed out 

using a negative binomial model. After selecting the first 12 PCs, clustering was performed 

with a 0.6 resolution. Uniform manifold approximation and projection (UMAP) was used to 

obtain a two-dimensional projection.  
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Figure S1. Tomato-positive cells are specific to Krox20Cre, Rosa26RTomato tracing and are not due to a 
de novo Krox20 activation. (A) In situ hybridization of a E12.5 mouse embryo with a Krox20 probe. BCC 
at the dorsal entry and ventral exit points express Krox20. There is no visible Krox20 expression near the 
ventral roots or in the skin, where Tomato-positive cells are observed. (B) Krox20 RT-PCR on dissociated 
E12.5 dorsal skin (SK), compared with neural tube (NT) and boundary caps (BC) as positive controls. (C-E) 
Dorsal skin wholemount immunostaining of a E14.5 Prss56Cre/+, Rosa26RTomato embryo. All tomato-positive 
cells are attached to βIII-tubulin (Tuj1)-positive nerves and not to blood vessels (PECAM). Scale bar: (A) 
200 μm; (C-E) 50 μm.
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Figure S1. Tomato-positive cells are specific to Krox20Cre, Rosa26RTomato tracing and are not due to a 
de novo Krox20 activation. (A) In situ hybridization of a E12.5 mouse embryo with a Krox20 probe. BCC 
at the dorsal entry and ventral exit points express Krox20. There is no visible Krox20 expression near the 
ventral roots or in the skin, where Tomato-positive cells are observed. (B) Krox20 RT-PCR on dissociated 
E12.5 dorsal skin (SK), compared with neural tube (NT) and boundary caps (BC) as positive controls. (C-E) 
Dorsal skin wholemount immunostaining of a E14.5 Prss56Cre/+, Rosa26RTomato embryo. All tomato-positive 
cells are attached to βIII-tubulin (Tuj1)-positive nerves and not to blood vessels (PECAM). Scale bar: (A) 
200 μm; (C-E) 50 μm.
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Figure S2. BC cell derivatives include pericytes, arterial and venous vascular smooth muscle cells in 
the newborn skin. Krox20Cre/+, Rosa26RTomato newborn dorsal skin wholemount immunostainings. In the 
newborn skin, most Tomato-positive cells are detached from Tuj1-positive nerves (A). Venules differ from 
arterioles by their larger diameter and more irregular shape (B,C). Labelled cells express vascular smooth 
muscle markers smooth muscle actin (SMA, B), and when they are located on arterioles they are NG2-po-
sitive while on venules they are NG2-negative (C). Labelled cells also include capillary pericytes which are 
NG2 positive (C) and Desmin-positive (D). Scale bar: 50 μm.
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Figure S3. Single cell RNA sequencing of Tomato-positive cells from E12.5 Krox20Cre, Rosa26RTomato 

dorsal skin. (A,B) t-SNE projection of all cells clusters. Schwann cell precursor (SCP, magenta) and mu-
ral cell precursor (MCP, blue) clusters have each been grouped according to their expression of Sox10 
and PDGFRb, respectively. Three contaminating clusters were detected: Myod1-positive myoblasts (red), 
Neurod1-positive sensory neurons (orange) and Pecam1 and C1qb-positive endothelial and immune cells 
(green). Each represented about 1% of total cells. (C,D) In addition to MC markers, MCP express markers 
of perivascular fibroblast-like cells. Cells are color-coded according to gene expression level (gray = low, 
red = high).
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During my PhD, I have worked on two projects focusing on the functional analysis of 
BC cells and their derivatives (Figure 36). In the first study, we have shown that in addition 
to nerve root Schwann cells and DRG neurons, a subset of Prss56-traced derivatives from 
the ventral roots migrates rapidly along peripheral nerves to reach the skin. In the adult skin, 
Prss56-traced BC derivatives correspond to a subpopulation of myelinating and Remak SC, 
sub-epidermal and lanceolate glia wrapping free nerve endings and hair follicles innervation, 
respectively. Moreover, they also give rise to SKP, a population of stem-like cells which can 
self-renew and have a broad differentiation potential in vitro, and in vivo after transplantation 
in the adult mouse DRG. In the second study, in addition to their previously reported nerve root 
and DRG derivatives, we have discovered that a ventral subset of Krox20-traced BC derivatives 
also migrates along spinal nerves, then detach and participate to the development of peripheral 
vasculature. Detachment from nerves takes place in two waves, between E10.5 and E11.5 under 
the neural tube, and between E12.5 and E13.5 in the skin. In newborn skin, a majority of 
Krox20-traced BC derivatives correspond to both capillary pericytes and arterial and venous 

Figure 36. Schematic representation of Krox20- and Prss56-traced boundary cap cell derivatives in the trunk. 
Clusters of boundary cap (BC) cells reside transiently at the dorsal/ventral root entry/exit points and give rise to derivatives 
that populate nerve roots, dorsal root ganglia (DRG) and the skin. Krox20- and Prss56-expressing BC cells (orange) give 
rise to Schwann cell precursors (SCP) in the nerve roots, and a subset of sensory neurons and glial satellite cells in the 
DRG. Small fractions of ventral BC cell derivatives migrate along the nerves to the skin. Prss56-traced BC derivatives 
(green) remain in contact with axons and differentiate into mature glial cells (except for a small fraction that detaches and 
switch to melanocyte fate). Most, if not all, Krox20-traced BC derivatives (red) delaminate from nerves and integrate the 
vascular plexus as mural cells.
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Spinal nerve

Dorsal skin
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vSMC. Through wholemount immunostainings and bulk RNA-seq comparison of E12.5 versus 
E13.5 skin, we have found that detachment from nerves is accompanied by extinction of glial 
markers and expression of numerous mural cell markers. Strikingly, single-cell RNA-seq 
analysis of Krox20-traced cells from E12.5 skin, the period during which a majority of them 
remain attached to nerves, identified a mural transcriptomic signature suggesting that their 
specification takes place well before their detachment. After exposing the major aspects of my 
studies, I will discuss their implications regarding the origin and the heterogeneity of BC cells.  

1.	Contribution of boundary cap cells during development
1.1.	Glial derivatives

1.1.1.	Schwann cell heterogeneity

Our observations support the double embryonic origin of SC. Those of nerve roots and 
nerve endings in the skin derive from BC cells whereas the nerves in between are covered 
by NC- derived SC. Hence, the distribution of SC along peripheral nerves appears to be 
heterogeneous at least regarding their origin. Whether this heterogeneity is correlated with 
specific properties and/or functions remains undetermined so far. Interestingly, in patients 
with neurofibromatosis type 1 (NF1), benign nerve sheath tumors due to mutations of the Nf1 
gene in SC called neurofibromas (NF) are developing mainly at the level of nerve terminals 
and nerve roots, supporting the hypothesis of a SC functional heterogeneity and highlighting 
in the skin the role of BC-derived SC in this disease. 

1.1.2.	Subepidermal glia

Subepidermal glia is a poorly characterized cell population located on FNE in the mouse 
and human skin, and whose function remains largely unknown. We have shown that these cells 
originate from Prss56-expressing BC cells through the migration of their derivatives along 
nerves to the skin. Our recent observations suggest that most, if not all, of the subepidermal 
glia in the back skin derive from Prss56-expressing BC cells, since this population was not 
traced with the Krox20Cre reporter line. Strikingly, subepidermal glia was not traced when the 
Wnt1Cre (NC-specific Cre driver) and DhhCre (SCP Cre driver) mice were used (Figure 37), 
suggesting their distinct origin (Radomska et al., 2019). The fact that among all the existing 
Nf1 mouse models, Prss56Cre, Nflfl/fl mice are the only ones to develop diffuse cutaneous NF 
(cNF) points to subepidermal glia as the cell of origin of these tumors. Interestingly, topical 
treatment of Nf1 KO mutant mice with inhibitor of RAS pathway (target of NF1) leads to the 
efficient elimination of cNF and subepidermal glial cells while myelinating SC cells remain 
insensitive to this treatment. This finding further supports the implication of subepidermal glia 
in the development of cNF. Moreover, their unique properties to ensheath nociceptive nerve 
endings in the skin raise the possibility of their implication in the nociception mechanisms. 
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However, such studies require the availability of specific markers to isolate and further 
characterize subepidermal glial cells. These studies are ongoing in our lab by performing 
single-cell RNA-seq of Prss56-traced cells isolated from postnatal skin. Such markers will 
allow us to isolate subepidermal glial cells from mouse and human skin and to initiate their 
functional characterization.

1.2.	Perivascular derivatives

1.2.1.	Redundancy of mural cell recruitment during development

In this study, we have discovered that nerve-attached Krox20-traced BC cell derivatives 
constitute a major source of mural cells to the developing peripheral vasculature. Recent 
elegant studies point to myeloid progenitors (MP) as the cells at the origin of about half of 
mural cells in the skin. Here, we provide strong evidences that Krox20-traced BC derivatives 
are at the origin of the others (Yamazaki et al., 2017). Whether there are other, minor sources 

Figure 37. Prss56-, Krox20- and Dhh-traced derivatives in the adult skin. Dorsal view of the subepidermal region 
from Prss56Cre,Rosa26tdTomato (A) and DhhCre,Rosa26tdTomato (B) adult skin. Numerous tomato-positive (red) Schwann cells 
associated with the subepidermal neuronal plexus (Tuj1, green) are present in the Prss56Cre,Rosa26tdTomato dermis (A), 
while none are present at this level with the DhhCre driver (B). Arrowheads point to cell bodies of subepidermal SC, empty 
arrowhead indicates traced Merkel cells. (C) Table summarizing the different derivatives present in the adult skin traced 
with the three Cre drivers. Scale bars: 50 μm.

Cell type Prss56Cre Krox20Cre DhhCre

mSC + + +
Remak SC + - +
lanceolate glia + - +
arrector pili glia + - +
subepidermal glia + - -
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of skin mural cells remains possible, as no double labelling study of BC cells and MP has been 
performed so far. In the myeloid progenitor study, it had been shown that their depletion did 
not significantly alter vascular development as their loss appeared to be compensated by other 
mural cells, probably BC-derived (Yamazaki et al., 2017). We also assessed whether BC-
derived skin mural cells were necessary for vascular development and performed a genetic 
ablation of Krox20-expressing BC cells by targeted expression of diphtheria toxin. (Figure 38). 
Similarly to what was reported for MP, we did not detect any significant vascular phenotype 
at E15.5 and concluded that MP-derived mural cells compensate the loss of BC-derived 
mural cells. However, the fact that the BC-ablated embryos die around E15.5 without Krox20 
being expressed in other tissues beside rhombomeres 3 and 5, suggests the important role of 
Krox20-expressing BC derivatives during embryonic development (Vermeren et al., 2003). 
Altogether, these results suggest that mural cell recruitment during vascular development is a 
dynamic process in which at least two cell populations can participate and compensate each 
other in pathological situations.

1.2.2.	Mural cells heterogeneity

Recent studies indicate that mural cells, in addition to include pericytes and vSMC, 
consist of a continuum between these two cell types rather than belonging to two distinct 
populations. Moreover, their molecular characterization was hampered by the lack of specific 
markers of mural cell subtypes (Armulik et al., 2011; Holm et al., 2018). Strikingly, the scRNA-
seq analysis of Krox20-traced BC derivatives in E12.5 dorsal skin, revealed that despite their 

E15.5 Krox20Cre/DT, Rosa26tdTomatoE15.5 Krox20Cre/+, Rosa26tdTomato

tdTom / NG2 / PECAM

Figure 38. Genetic ablation of Krox20-traced boundary cap cells. Wholemount immunostainings of E15.5 dorsal skin 
of either control Krox20Cre,Rosa26tdTomato or mutant Krox20Cre/DT,Rosa26tdTomato embryos labelled for tomato (magenta), PE-
CAM (blue) and mural cell marker Ng2 (orange). In the absence of Krox20-traced BC cells there is no obvious vascular 
defect as Ng2-positive mural cells are attached to the vascular plexus. Scale bars: 50 μm.
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attachment to nerves, the majority of traced cells possessed the transcriptomic signature of 
mural cell progenitors. Interestingly, they formed several sub-clusters, underlining their early 
heterogeneity. Defining a precise identity to each of these clusters appeared difficult for two 
reasons. First, it was not possible from a single time point to differentiate transient progenitors 
from terminal cell types. Second, although recently published large scale scRNA-seq analysis 
of adult brain vasculature offer insight into mural cell diversity, comparison remains limited 
due to the differences specific to organs and developmental stages (Vanlandewijck et al., 
2018). For instance, we have identified clusters of cells expressing PDGFRα+ and Col1a1+ 
that also express several markers attributed to PVF in the CNS. This last population has been 
implicated in fibrosis and more recently, in the inflammatory response (Soderblom et al., 2013; 
Duan et al., 2018). However, preliminary reconstruction of lineage differentiation trajectories 
using STREAM (http://stream.pinellolab.org; Chen et al., 2018) suggests that in our case that 
Col1a1+ cells are rather transient progenitors (Figure 39). Hence, with further time points and 
more advanced bioinformatic analysis, scRNA-seq of Krox20-traced mural cells could allow 
us to better characterize mural cell diversity in the skin, which in turn would make possible 
functional studies in normal and pathological situations such as wound repair.

Figure 39. Trajectories reconstruction of Krox20-traced BC cell derivatives in E12.5 dorsal skin. Using the STREAM 
pipeline to reconstruct trajectories and organize them along a pseudotime we can observe that SCP (A,B) give rise to an 
intermediate and transient population of Col1a1-positive cells (C) that will either give rise to PDGFRα- (D), PDGFRβ- 
(E) or Tbx18-positive (F) mural cell subtypes.
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C D

E F
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1.3.	On the glial to vascular switch

Between E12.5 and E13.5, Krox20-traced BC derivatives detach from nerves and 
undergo a profound change in identity. One of the aims of the bulk RNA-seq comparison 
between E12.5 and E13.5 Krox20-traced BC derivatives in the skin was to find among the 
genes dysregulated at E12.5 those involved in the glial to vascular switch. Surprisingly, one 
of the most upregulated gene at E12.5 in this comparison was the Robo3 receptor (log2 fold 
change 9.6, adjusted P-value < 0.001). Robo3 is a membrane bound receptor with multiple 
splice variants which has been described in the CNS to play a complex role in commissural 
axon guidance, and more specifically midline crossing (Friocourt and Chédotal, 2017). This 
complex process requires first to attract axons to the NT midline at the floor plate, before 
repelling them once they have crossed it to avoid their return. Robo3 is thought to promote 
attraction to the midline in two ways: by inhibiting the repulsion induced by Slit/Robo1-2 
signaling; and by attracting directly through its interaction with the DCC receptor to Netrin-1. 
More recently, it has also been reported that Robo3 could exert a repulsive action upon binding 
its ligand, Nell2 (Jaworski et al., 2015). Interestingly, in our bulk RNA-seq comparison, Nell2 
was also upregulated (log2 fold change 2.2, adjusted P-value < 0.001). Hence, Robo3 seemed 
to be an interesting candidate. We performed Robo3 immunolabelling on wholemount skin 
from E12.5 Krox20Cre, Rosa26tdTom embryos, and identified that numerous nerve-attached 
Krox20-traced derivatives express Robo3 (Figure 40). Moreover, Robo3 RT-PCR on labelled 
cells purified by fluorescence activated cell sorting (FACS) confirmed its expression in the 
skin. Surprisingly, scRNA-seq analysis of traced cells from E12.5 skin failed to detect Robo3 
expression, but detected Nell2 expression in SCP. A possible explanation could be that Robo3 
level of expression is too low to be detected, as the 10X Chromium technology is known to 
read at most 40% of mRNAs. Although, the implication of Robo3 in the glial to vascular 
switch remains speculative, we are currently generating Krox20Cre, Robo3fl/fl, Rosa26tdTomato 
embryos to investigate this exciting possibility.

A B

E12.5 dorsal skin

E12.5

Tuj1 / tdTom / Robo3

β-actin

NT NF PF1 PF2 PBS
Robo3

Tuj1 / Robo3

Figure 40. Krox20-traced BC derivatives express Robo3 before detaching. (A) Dorsal skin wholemount immunos-
taining of E12.5 Krox20Cre, Rosa26tdTomato embryos labelled for Tomato (magenta), Tuj1 (orange) and Robo3 (gray). Both 
Robo3-positive and negative (arrowheads) cells are visible on nerves. (B) Robo3 RT-PCR on purified Tomato+ cells from 
E12.5 dorsal skin (PF1-2) and the negative fraction (NF), compared with the neural tube (NT) as a positive control.
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2.	Origins of boundary cap cells
2.1.	About Schwann cell precursors

Three multipotent stem-like cell types have been identified during the PNS development: 
NC cells, BC cells and more recently SCP. Hence, before discussing the diversity and 
heterogeneity of BC cells and their derivatives, I would like to briefly recapitulate our current 
knowledge regarding the plasticity of SCP. Over the last decade, our appreciation of SCP 
has profoundly changed from considering them as unipotent glial population committed to 
the SC lineage to a new multipotent stem cell niche (Figure 41). Indeed, several studies have 
revealed that nerve-associated SCP migrate along nerves, then detach and provide plethora of 
ectodermal and mesodermal derivatives including endoneurial fibroblasts, skin melanocytes, 
adrenal medulla chromaffin cells, tooth mesenchymal stem cells, enteric and parasympathetic 
neurons (Furlan and Adameyko, 2018). This broad range of cell types, all of them also in part 
NC-derived, have led to consider them as a “NC in disguise” that uses nerves as pathways 
to migrate further and fuel the rapidly growing embryos with a second source of multipotent 
cells (Figure 41). Indeed, it remains difficult to properly define the transition between the two 
cell types given that late emigrating NC cells and early SCP share several markers, and that we 
still do not know the mechanisms involved in the transition (Woodhoo and Sommer, 2008). In 
addition to their redundancy, their evolutionary relationship is also intriguing. This question 

Figure 41. Schwann cell precursors, a « neural crest in disguise ». Neural crest cells (NCC) and nerve-attached 
Schwann cell precursors (SCP) constitute two sources of multipotent progenitors that migrate through the embryo to pro-
vide neural and non-neural cell types. SCP may represent an alternative dissemination strategy as the embryo grows, using 
peripheral nerves as pathway to migrate. MSC: mesenchymal stem cells. From Furlan and Adameyko (2018).
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has been addressed recently in the sea lamprey (Petromyzon marinus), a jawless vertebrate 
(cyclostome) representing the most primitive currently living vertebrate with a well-defined 
NC (Green et al., 2017). In the sea lamprey, SCP migrate along nerves and give rise to enteric 
neurons, similarly to what has been described in mice (Green et al., 2017; Uesaka et al., 2015). 
However, in stark contrast with jawed vertebrates, the NC does not provide enteric neurons 
in the sea lamprey. These results suggest that in this case, the NC gained during evolution the 
ability to generate a new cell type previously provided by SCP. Thus, whether SCP evolved 
from the NC or the opposite remains an open and fascinating question. As for BC cells, they 
have been described in the chick and mouse embryo, but do not exist in the zebrafish (Danio 
rerio), suggesting that they are a more recent evolutionary acquisition. 

2.2.	Boundary cap cells and the neural crest

Boundary cap cells are characterized by their expression of Krox20 and/or Prss56 at 
the DREZ and MEP of all cranial and spinal nerves at E10.5 in mice (Coulpier et al., 2009). 
Krox20- and Prss56-traced dorsal BC cells give rise to dorsal root SC, GSC and either only 
TrkA+ nociceptors (Krox20) or all types of SN (Prss56). All these derivatives are also traced 
with HtPACre and Wnt1Cre NC lineage tracing mouse lines (Figure 42). Hence, dorsal BC cells 
are NC-derived and their fate appears to be restricted to the PNS. However, the situation 
is more complex for ventral BC cells which display a wider differentiation spectrum. Both 
Krox20- and Prss56-traced ventral BC cells give rise to ventral root SC that are also traced 
with HtPA and Wnt1, suggesting at least in part their NC origin. However, our studies identified 
two additional migratory streams of ventral BC cells. The first population corresponds to 
Prss56-traced derivatives that migrate to the skin and provide various types of glial cells and 
melanocytes, which can all be considered as typical NC derivatives. Here, the subepidermal 
glia might constitute an exception since this discrete population was never identified when 
lineage tracing was performed with NC or SCP-Cre driver lines. The second population 
consists of Krox20-traced derivatives that migrate along nerves, then detach and differentiate 
into mural progenitors in the skin. Several arguments suggest that their embryonic origin might 
be different: (i) while NC fate-mapping with HtPA and Wnt1 traces pericytes in the head, this 
was never described in the trunk vasculature (Figure 42), (ii) dye labelling and quail/chick 
graft of the NC never generate labelled pericytes in the trunk skin. Thus, we attempted to 
identify their embryonic origin. Following the description in the zebrafish of a CNS-derived 
Olig2+ MEP glia migrating along spinal nerves we performed fate mapping with two CNS-
Cre drivers: Olig2Cre and Brn4Cre. None of them allowed us to label mural cells in the trunk 
(Figure 42). Similar results were obtained when the fate mapping was performed with the 
mesodermal Cre driver Myf5Cre (Figure 42). While it cannot be excluded that both NC lineage 
tracing mouse lines used in this study might be incomplete and that these derivatives are in 
fact NC-derived, given our current knowledge, it appears that ventral BC cells have a more 
complex origin which remains to be elucidated.
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2.3.	Boundary cap cells and Schwann cell precursors

Since BC cells and SCP are two multipotent cell populations that arise after the NC 
during PNS development, it has been questioned whether BC cells could be a SCP subtype 
(Furlan and Adameyko, 2018). Indeed, their fate was believed to be restricted to PNS cell 
types unlike SCP. However, the reality is more complex as we have shown that Prss56-traced 
BC cells also give rise to skin melanocytes (Radomska et al., 2019). Moreover, we have 
found in this study that Prss56- and Krox20-traced BC cells are respectively at the origin of 
subepidermal glia and mural cells in the peripheral vasculature. As mentioned before, these 
two populations arise from ventral BC cells, and might not be from a NC-origin. Hence, an 
alternative scenario could be that NC-derived BC cells give rise to a subset of typical SCP 
while ventral BC cells give rise to a subset of multipotent SCP-like cells (Figure 43). Finally, 
the fact that BC cells do not give rise in vivo to other cell types provided by SCP such as 
autonomic neurons or chromaffin cells does not necessarily exclude the possibility that BC 
cells have a broader differentiation potential that is never expressed due to their targets and 

HtPACre, Rosa26mT/mG Wnt1Cre, Rosa26tdTomato

Myf5Cre, Rosa26mT/mG Olig2Cre, Rosa26tdTomato
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E12.5 E12.5
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Figure 42. On the origin of boundary cap cells. Transverse sections from E12.5 embryos labelled against GFP (A,C) 
or Tomato (B,D) in magenta and Tuj1 (orange). (A,B) Dorsal and ventral boundary caps (BC) are traced with the HtPACre 

and Wnt1Cre neural crest driver lines. (C) Ventral BC are not traced with the Myf5Cre mesodermal reporter line, with a clear 
lack of tracing (arrows). (D) Ventral BC are also not traced with the Olig2Cre reporter line.
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the timing of their migration. An interesting approach to test this hypothesis would be to 
transplant BC cells in those structures to assess their potential.

3.	Boundary cap cells heterogeneity

Our results have shown that while Krox20- and Prss56-expressing BC cells share 
common derivatives, they display several differences. Indeed, among dorsal BC cells, Prss56-
traced derivatives give birth to all subtypes of SN, while Krox20-traced cells only provide 
nociceptors. But the most striking difference is between ventral BC cells, as the Prss56-traced 
and Krox20-traced BC derivatives give rise respectively to glial cells, including subepidermal 
glia, or mural cells. Altogether, this heterogeneity between, as well as within, ventral and 
dorsal BC cells raises the question whether pre-migratory BC cells are a unique population of 
multipotent stem cells whose initial potential is similar, or a group of cells already committed 
to specific lineages. Ideally, scRNA-seq analysis of E10.5 Krox20- and Prss56-expressing 
BC cells would enable us to address this fascinating question. However, this is not trivial 
since there are very few traced cells at this stage and a performing a proper dissection is 
challenging. Hence, we attempted to address this question by performing scRNA-seq on 
E11.5 Krox20Cre, Rosa26tdTomato meninges that contains BC cells as well as their nerve root 
and DRG derivatives (Figure 44). This preliminary experiment presented several limitations: 
we only had a small number of cells (704) and it was performed with the previous version 
of the 10X chromium technology which captured up to 20% of mRNAs. In spite of these 
limitations, we were still able to make several interesting observations, presented as overlays 
on a uniform manifold approximation and projection (UMAP) plot. First, we identified BC 

Neural Crest Dorsal boundary caps
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Figure 43. Boundary cap cells, the neural crest and Schwann cell precursors. While dorsal boundary caps (BC) are 
neural crest (NC)-derived, ventral BC may be in part non NC-derived (dashed yellow). Dorsal and ventral boundary cap 
cells (BC) give rise to subsets of Schwann cell precursors (SCP). The ventral BC subsets that give rise to subepidermal 
glia and mural cells have a SCP-like identity (dashed gray) during their migration.
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cells expressing Krox20 and/or Prss56 in the main (dark purple) cluster. From this cluster we 
observed two differentiation trajectories. On the left there is a neurogenic stream with a cluster 
of proliferating neural progenitors (green), followed by Ngn1-positive neural progenitors 
(light blue) and finally TrkA-positive nociceptors (dark blue). The disconnect between the 
proliferating neural progenitors and the other clusters is likely due to the lack of cell cycle 
correction, which was not possible in this dataset because of the limited reading depth. On the 
right, there is a gliogenic pathway with a cluster of SCP (light purple) that express Sox10 and 
Dhh. Surprisingly, we also identified a cluster of mural cells (yellow) expressing PDGFRβ and 
Abcc9, that might originate from cells detached from the ventral roots. These results suggest 
an early commitment of BC cells to a neurogenic or gliogenic fate, and the comparison of both 
traced populations could help us decipher how these decisions are made.
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Figure 44. Single-cell transcriptomic analysis of purified traced cells from E11.5 Krox20Cre, Rosa26tdTomato meninges. 
Cluster analysis reveals that boundary cap cells (B; purple) choose between a neurogenic (D; light and deep blue) or a 
gliogenic (C; light purple) trajectory. (E) There also is a mural cell cluster that may correspond to cells detaching from the 
ventral roots.
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General conclusions
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The development of the peripheral nervous system in mice involves the successive 
engagement of three populations of multipotent stem-like cells: neural crest (NC) cells, 
boundary cap (BC) cells and Schwann cell precursors (SCP). BC cells are defined by their 
location at the dorsal root entry and motor root exit points, and their expression of Krox20 
and/or Prss56. They provide a major SC component to the nerve roots and a subset of sensory 
neurons and glial satellite cells to the dorsal root ganglia. In addition, ventral BC cells act as 
gatekeepers by preventing the emigration of motor neuron cell bodies to the periphery. In this 
study, we have discovered that Prss56-traced BC cells crawl along peripheral nerves to the 
skin where they provide Schwann cells, lanceolate and subepidermal glia and melanocytes. 
This nerve root-skin duality of BC-derivatives has led our lab to develop a Prss56-based 
mouse model of type 1 Neurofibromatosis, that faithfully recapitulates the different aspects of 
this severe disease, including plexiform and cutaneous neurofibromas. Our group is currently 
investigating the implication of subepidermal glia, which we suspect to be the population at 
the origin of cutaneous neurofibromas. Very unexpectedly, we discovered that Krox20-traced 
BC derivatives behave differently. They migrate along the same pathways and during the 
same period, then detach from nerves and differentiate into mural progenitors which in turn 
mature into pericytes and vascular smooth muscle cells. These results highlight the molecular 
and functional heterogeneity within the population of BC cells, as skin glial cells only derive 
from Prss56-expressing BC cells while mural cells only from Krox20-expressing BC cells. 
Exploring the molecular cues driving such heterogeneity in this transient cell population at the 
single-cell level will be the next and exciting step of our research.
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Unpublished results
Skin progenitor cells do not have the potential to generate 

functional cortical-like neurons

Following the discovery of the broad neuronal potential of BC-derived SKP grafted into 
the adult DRG, we decided to explore their regenerative capacity in the CNS in a model of 
ischemic stroke. Indeed, we believed that such an easily accessible cell type that could be 
used for autografts represented a promising approach. Moreover, this project was of particular 
interest for me as a neurology resident planning to specialize in stroke care. Disappointingly, 
I came to the conclusion that SKP do not have the potential to generate functional neurons in 
vitro after testing several differentiation protocols and in vivo when grafted in the injured brain 
parenchyma. I will detail these results, which will not be published, in the form of an article.
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Abstract

Ischemic stroke (IS) afflicts 13 million people each year and is the second leading cause 

of disability worldwide. There is an unmet need for new therapies beyond rehabilitation, and 

neuro-restorative strategies. The use of naïve or modified stem cells to reduce the scale of lesion 

or to promote regeneration appears to be a promising solution. We have recently discovered 

that the neural crest-derived boundary cap cells, which play an important role in the peripheral 

nervous system development, give rise in the skin to stem-like progenitor cells (SKP) with 

neurogenic potential. The purpose of this study was to: (i) explore the in vitro potential of SKP 

to generate mature and functional neurons and (ii) investigate the regeneration potential of 

these easily accessible cell population in the IS model in mice. For this, we have tested several 

protocols to differentiate SKP into cortical-like neurons in culture. In parallel, we have set up 

a robust right middle cerebral artery coagulation IS model, one week after which we grafted 

a cellular suspension of naïve SKP, SKP differentiated in vitro or embryonic cortical neurons. 

We have shown that while SKP express immature neuronal marker βIII-tubulin, they do not 

have the potential to generate functional cortical-like neurons in vitro defined either by the 

expression of molecular markers or electrophysiological properties. Moreover, when grafted in 

the brain one week after a stroke, they exhibit poor survival, do not integrate with the host brain 

and do not express neuronal markers in stark contrast to embryonic neurons.
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1.	Introduction

Ischemic stroke (IS) afflicts 13 million people each year and is the second leading cause 

of disability worldwide [1]. Reperfusion therapy is the current paradigm for IS acute phase 

treatment, and consists in preventing necrotic extension by removing the arterial clot, either 

with intravenous thrombolysis and/or mechanical thrombectomy (Figure 1). However, this 

treatment is only available for about 15% of IS patients, and despite recent advances more than 

a third of IS patients undergoing reperfusion therapy remain severely disabled [2]. Besides 

secondary prevention, their only available treatment is rehabilitation, possibly in association 

with serotonin reuptake inhibitors for motor deficits [3]. 

Figure 1. Current ischemic stroke (IS) treatments. (A-B) During an ischemic stroke, blood perfusion is no 
longer compatible with neuronal functioning and survival. Two areas can be distinguished: the already infarcted 
necrotic core (red) and the still salvable penumbra (orange). Without treatment, the penumbra will progressively 
become necrotic. Reperfusion strategy consists in removing the obstacle in emergency to save as much as possible 
of the penumbra, therefore limiting the extension of the constituted infarct. However most patients will always 
have a remaining infarct. (C) Current acute phase stroke treatment strategies consist in reperfusion and tissue 
protection, for instance by controlling parameters such as arterial blood pressure, blood glucose levels or body 
temperature. Later, secondary prevention protects from another stroke while rehabilitation can improve functional 
recovery. Neuroregenerative therapies would be a welcome addition to the therapeutic arsenal to improve func-
tional recovery after a stroke. Adapted from Sinden et al. (2012).
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New therapies to improve patient recovery are needed, and recently developed cell-based 

neuro-restorative strategies appear to be promising. A wide variety of cell types have been tested 

so far, either in pre-clinical rodent models of stroke or directly in clinical trials in patients [4,5]. 

The goal was to provide either paracrine trophic support with an indirect beneficial effect on the 

injured brain, or to directly reconstruct the missing cerebral parenchyma by providing neurons 

or neural stem cells (NSC) with neurogenic potential. In the paracrine trophic support paradigm, 

either adipose tissue or bone marrow-derived mesenchymal stem cells (MSC) and mononuclear 

cells (from the peripheral blood or bone marrow) have been administered in humans either 

intravenously or intracranially (in the parenchyma). These cells are only transiently present 

in the brain where they secrete various molecules which have been shown to reduce the 

inflammatory response, stimulate glial remodelling, angiogenesis and neural plasticity. There 

have been fewer direct neural repair paradigm studies in man, mainly consisting in intracranial 

injections of an immortalized NSC [6]. Pre-clinical studies with these cells have shown that 

while they can generate neurons and promote angiogenesis they have a poor survival rate [7,8]. 

In rodent models, various types of NSCs and embryonic cortical neurons have been used, 

included embryonic stem cells (ESC) or induced pluripotent stem cells (iPSC) [9]. Recently, 

it has been shown that embryonic neurons grafted in adult mouse brains integrated with the 

host and form stereotypic functional projections [10-13]. It has also been demonstrated that 

embedding the grafted cells within a biomaterial could improve their survival, promote their 

differentiation, lower the inflammation and promote reconstruction of destroyed parenchyma 

even in large strokes [14-16]. In contrast to MSCs which have immunomodulative and pro-

angiogenic properties and are only present transiently, these allografts could require long-term 

immunosuppressive therapy. So far, the only way to perform autografts in IS patients would 

consist in injecting iPSC derived-NSCs. However, these genetically modified cells present a 

higher risk of developing tumours, as it has been shown in a mice model [9].

Therefore, there is a need to identify an easily accessible source of non-genetically 

modified stem cells with neurogenic potential for autografts in IS. Several groups have reported 

the existence a population of stem-like skin progenitor cells (SKP) with self-renewal and 

neurogenic properties [17-21]. More recently, we have shown that the neural crest-derived 
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boundary cap (BC) cells, transiently present at the interface between peripheral and central 

nervous system (CNS) migrate along nerves to the skin where they give rise to various types of 

Schwann cells and SKP [22]. The aim of this study was to investigate the regeneration potential 

of this easily accessible cell population in the IS paradigm in mice. For this, we have tested 

several in vitro differentiation protocols to differentiate SKP into cortical neurons. In parallel, 

we have set up a right middle cerebral artery coagulation IS model, one week after which we 

transplanted a cellular suspension of naïve or differentiated in vitro SKP or embryonic cortical 

neurons. We have shown that while SKP adopt multipolar morphology and express immature 

neuronal marker βIII-tubulin, they do not have the potential to generate functional cortical-like 

neurons in vitro defined either by the expression of molecular markers or electrophysiological 

properties. Moreover, when grafted in the brain one week after a stroke, oppositely to embryonic 

neurons they do not express neuronal markers, do not integrate with the host brain and do not 

survive after a month.
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2.	Materials and Methods 

2.1.	Ethical approval and animal management

All mouse lines were maintained in a mixed C57BL6/DBA2 background. We used 

the following alleles or transgenes as indicated in the original publications: PGKCre [23], 

Rosa26tdTom [24]. Day of the plug was considered E0.5. Nude mice from Janvier Labs were used 

for transplantation experiments. All animal manipulations were approved by a French Ethical 

Committee (Project Ce5/2016/3996) and were performed according to French and European 

Union regulations. 

2.2.	Skin progenitor cell isolation and culture

Sphere cultures were performed from neonatal PGKCre/+, R26tdTom mice as previously 

described [25]. Briefly, the back skin was carefully dissected free of other tissue and then 

digested with collagenase/dispase type I (Sigma/Roche) for 2 h at 37°C. Skin samples were 

then mechanically dissociated and the cell suspension was filtered. Dissociated cells were 

resuspended at 4.104 or 4.105 cells/ml, with or without orbital shaking, in DMEM-F12, 3:1 

medium containing B-27 without vitamin A supplement (Invitrogen), 20 ng/ml EGF and 40 

ng/ml bFGF (both from Sigma), referred to as proliferation medium. Cultures were fed every 

4 days, by addition of 1/10 of fresh medium containing growth factors and supplements, and 

spheres were passaged every 7 days. 

2.3.	Neuronal differentiation protocols

Two protocols were tested for the induced differentiation into neurons: Noggin patterning 

and a combined small-molecule inhibition (CSMI, Figure 3). In the first, one week after the 

second passage spheres were not dissociated but resuspended in DMEM-F12, 3:1 medium 

containing B-27 without vitamin A supplement (Invitrogen) and 500 ng/ml Noggin (Sigma). 

Four days later 1/10 of fresh medium was added to feed the cultures. After one week of Noggin 

treatment, spheres were dissociated and cells either grafted or plated either on Matrigel- or 

laminin-poly-L-ornithine coated coverslips (1.5.105 cells per well in a Nunc 4-well plate). Cells 

were then cultured for up to two weeks in DMEM-F12 + GlutaMax medium supplemented 
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with N2/B27 (all from Life Technologies), 20 ng/ml BDNF, 20 ng/ml GDNF, 250 μg/ml cAMP, 

200 μM Ascorbic acid and 1 μg/ml Laminin (all from Sigma) and Penicillin-Streptomycin 

(Life Technologies). Medium was replaced twice a week. In the second protocol, adapted 

from a published protocol [26], spheres were dissociated at the second passage and plated on 

Matrigel- or laminin-poly-L-ornithine coated coverslips (1.5.105 cells per well in a Nunc 4-well 

plate). Differentiation was started in knockout DMEM supplemented with 15% knockout 

serum replacement, 1 mM L-glutamine, 100 μM MEM nonessential amino acids and 0.1 mM 

β-mercaptoethanol. The following inhibitors were used: LDN193189 (250 nM; Stemgent), 

SB431542 (10 μM; Tocris) and XAV939 (5 μM; Tocris) from Day 0 to 3; PD0325901 (8 μM; 

Tocris), SU5402 (10 μM; Biovision) and DAPT (10 μM; Tocris) from day 1 to 6 (Figure 3). 

Neurobasal medium supplemented with B27 (NB/B27) and N2 supplements was added in 

increasing 50% increment every day from day 3, until reaching 100% on day 4. When used 

for grafts, cells were dissociated at day 4 with TrypLE (Life Technologies) for 10 minutes and 

resuspended at 5.104 cells per μl. Otherwise, cells were cultured for up to 10 days in NB/B27 

supplemented with 200 mM L-glutamine, 20 ng/ml BDNF, 250 μg/ml cAMP, 200 μM Ascorbic 

acid and 1 μg/ml Laminin. Electrophysiological analysis was performed between day 12 and 14 

in BrainPhys (StemCell) medium. Cells were fixed after 7 and 14 days of differentiation with 

4% PFA for 15 minutes, then washed twice in PBS and stored at 4°C before analysis.

2.4.	Electrophysiological analysis

Whole-cell currents were acquired with a Multiclamp 700B amplifier (Molecular 

Devices) controlled by the Clampex 10 software (Molecular Devices). Currents were filtered 

at 4 kHz and sampled at 10 kHz using a 1420 Digidata (Molecular Devices). Pipettes had a 

3-5 MOhms resistance and were filled with an internal solution (in mM): 155 K-gluconate, 4 

KCl, 0.1 EGTA, 5 Mg-ATP, 0.2 pyridoxal 5’-phosphate and 10 HEPES at pH 7.4. Cells were 

continuously bathed at ~32°C in a solution containing (in mM): 140 NaCl, 2.4 KCl; 2 CaCl2, 1 

MgCl2 and 10 HEPES at pH 7.4.
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2.5.	Culture of mouse embryonic neurons

Neocortex was carefully dissected from E15.5/E17.5 PGKCre, Rosa26tdTomato embryos and 

digested in EBSS with 20 U.ml−1 Papain, 0.005% DNase (Papain dissociation kit, Worthington) 

for 25 minutes at 37 °C. Samples were then mechanically dissociated in EBSS with 0.005% 

DNase and cells were resuspended at 5.104 cells per µl in Neurobasal medium (Life Technologies), 

supplemented with 1X SM1 supplement (Stem Cell), 200 mM GlutaMax (Life Technologies) 

and 2 mg/ml L-glutamic acid (Sigma). Cells were either used for transplantations, or seeded 

on poly-L-ornithine coated coverslips (75 μg/ml; Sigma) at 105 cells/ml. Culture medium was 

replaced after five days by BrainPhys supplemented with 1X SM1 supplement (both from Stem 

Cell). Cells were fixed after 7 and 14 days of culture with 4% PFA for 15 minutes, then washed 

twice in PBS and stored at 4°C before analysis.

2.6.	Ischemic stroke induction and cellular graft

Ischemic stroke was induced by middle cerebral artery (MCA) electrocoagulation as 

previously described [27]. Briefly, animals were deeply anesthetized with isoflurane 5% and 

maintained with 2.5% isoflurane in a 70%/30% mixture of NO2/O2. Mice were placed in a 

stereotaxic device, the skin between the right eye and the right ear was incised, and the temporal 

muscle was retracted. A small craniotomy was performed, the dura was excised, and the middle 

cerebral artery (MCA) was exposed. The MCA was electro-coagulated before its bifurcation 

with bipolar forceps, under irrigation, then the craniotomy, muscle and skin were closed. One 

week later, mice were transplanted in the adjacent cortex with a suspension of 105 cells in 2 

μl of either naïve SKP dissociated at passage 2, pre-differentiated SKP or embryonic neurons. 

Two weeks later, mice were injected with a lethal dose of ketamine and xylazine and perfused 

with saline, followed by a fixative solution containing 4% paraformaldehyde (PFA) in PBS. 

The brains were carefully dissected and post-fixed in 4% PFA overnight, and cryoprotected 

overnight in PBS containing 15% sucrose. Serial 50 μm cryosections were prepared and stored 

at -20°C until analysis.
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2.7.	Immunohistochemistry and imaging

The following immunostaining protocol was used for cryosections. Sections were 

incubated for 2h at room temperature with 10 % donkey serum, 0.25 % Triton X-100 in PBS. 

Primary antibodies were incubated in the same solution overnight at 4 °C and secondary 

antibodies were incubated for 2 h at room temperature in 1 % donkey serum, 0.25 % Triton 

X-100 in PBS solution. Sections were counterstained with Hoechst (H3570, Life Technologies) 

for nuclei detection. Primary antibodies were used at the following dilutions: rabbit anti-RFP 

(Rockland, 1:1000), -Tbr1 (Abcam, 1:500) and -Tuj1 (BioLegend, 1:1000); goat anti-mCherry 

(Sicgen, 1:500); and mouse anti-NeuN (Millipore, 1:500). Secondary antibodies were from 

Jackson Immuno Research. Scaffolds were mounted in 1X PBS under a coverslip for analysis, 

and optical sections were obtained on a confocal microscope (SP5, Leica). The ImageJ software 

was used to generate Z-stacks and assemble pictures.
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3.	Results 

3.1.	Higher cell plating density and orbital shaking increase SKP amplification 

In order to have enough cells to perform the grafting experiments, I modified the protocol 

used in our lab to produce and amplify SKP [28] based on what had been published to optimize 

neurosphere cultures from induced pluripotent stem cells [29]. Increasing the cell plating density 

(from 4.104 to 4.105 cells/ml) combined with the addition of 40 rpm orbital shaking (Figure 2) 

resulted in 3.9 times more cells at passage two (P2) when compared with the original protocol. 

Hence, this modified protocol was used afterwards to produce SKP, which were collected at P2.

3.2.	SKP do not generate cortical-like neurons in vitro

We tested two in vitro cortical neuronal differentiation protocols on P2 SKP: Noggin 

patterning on floating spheres and combined small-molecule inhibition (CSMI) on plated cells 

(Figure 3). Both protocols promote neurogenesis through SMAD inhibition, but the second 

also includes Wnt inhibition to promote CNS fate and Notch and FGF inhibition to accelerate 

differentiation. As both protocols yielded similar results in vitro, I will only show results for 

Figure 2. Numbers of SKP at successive passages (P) in floating sphere cultures from newborn skin. Cells 
were cultured in floating spheres and passaged every week. Increasing the plating concentration to 4.105 cells/ml 
led to a twofold increase in tdTom-positive cells at passage 2. When combined with slow orbital shaking (40 rpm), 
it led to a threefold increase at passage 2. This condition was further used to prepare the cells.
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CSMI. CSMI inhibition achieved an efficient generation rate of 66% βIII-tubulin (Tuj1, an 

early pan neuronal marker)-positive cells after 8 days (Figure 3). 

However, further analysis confirmed that they did not express neuron-specific transcription 

factors such as Tbr1 (Figure 4), Ctip2, Reelin or Satb2 (data not shown) contrary to cortical 

neurons culture. Finally, in collaboration with Stéphane Supplisson (IBENS, Paris), we set up 

patch clamp experiments to examine whether these cells expressed active conductances and 

could generate all-or-none action potentials. Most attempts to form a gigaseal between the 

pipette and the cell membrane failed as these cells displayed an unusually important membrane 

stiffness. Nevertheless, whole-cell recordings obtained in few trials revealed that: (i) these 

cells differed from usual neuronal values with a high membrane resistance  (3-4 GOhms) and 

a low membrane capacitance (~10 pF); (ii) in current-clamp mode, applying brief (3-5 ms) 

depolarizing current steps did not evoke all-or-none action potentials ; (iii) in voltage-clamp 
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Figure 3. Skin progenitor cells (SKP) express immature neuronal marker Tuj1 in vitro. (A) After two pas-
sages to amplify them, spheres are dissociated, plated on a matrigel coated surface and then cultured for 2 weeks 
with a specific CNS differentiation medium (detailed in methods). (B-D) Confocal imaging after 4 and 8 days of 
differentiation revealed that the proportion of cells expressing immature neuron marker  Tuj1 increased dramati-
cally from 12% to 66%.
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mode, in response to depolarizing voltage steps of 200 ms conductance was linear and activated 

at voltages superior to -40mV (Figure 4). In the absence of sodium channels and action potential, 

we concluded that these cells were not functional neurons, and we did not further characterize 

the active conductance, presumably carried by non-specific voltage-gated potassium channels.

3.3.	SKP do not generate neurons in vivo

To test their potential to generate neurons in vivo, we grafted naïve or pre-differentiated 

SKP one week after a MCA electrocoagulation IS, in the dorsally adjacent cortex. Experiments 

with naïve SKP had shown that they did not differentiate into neurons when grafted (data 

not shown), which led us to graft pre-differentiated SKP. As a positive control, we grafted 

dissociated tdTomato-positive neurons isolated from somatosensory embryonic cortex at E16.5 

(Figure 5). After 11 days, we observed tdTomato-positive cells in the lower cortical layer, 

and multiple tdTomato-positive projections in the corpus callosum, the ipsi and contra-lateral 

cortexes and the striatum. We then grafted pre-differentiated SKP treated with Noggin or CSMI, 

which we analyzed after 10 days and one month (Figure 5). In both types of graft, after 10 days 

we also observed few tdTomato-positive fluorescent cells in the lower cortical layer. However, 

there wasn’t any visible projections outside of the graft. Moreover, grafted cells did not express 

Figure 4. Skin progenitor cells (SKP) do not generate mature neurons in vitro. (A) After 7 days, embryonic 
neurons express specific transcription factors such as Tbr1. (B) After 8 days of differentiation in vitro SKP do not 
express Tbr1 and display significantly less branching than neurons. (C) Current traces recorded under the whole-
cell configuration in voltage-clamp mode. Cells were hold at -65 mV and the membrane potential was stepped for 
200 ms at potential ranging from -90 mV to +50mV by 10 mV increment. Outward currents with large amplitude 
were recorded at potentials superior to -40 mV, presumably due to non specific voltage-gated K+ channels.
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post-mitotic neuronal marker NeuN, and after one month there was no remaining grafted cell 

in most mice.

Figure 5. Skin progenitor cells do not differentiate into neurons in vivo. (A-B) A Stroke regeneration protocol. 
A superficial cortical stroke is induced by electrocoagulation and section of the right MCA. Graft is performed 
one week adter by injecting a suspension of either embryonic neurons (E16.5) or pre-dififerentiated SKP. (C) Em-
bryonic neurons integrate well with the host brain after 11 days, with numerous projections throughout the brain. 
(D) After 13 days, grafted SKP did not express neuronal markers and there were no visible projections within the 
host brain.
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4.	From SKP to biomaterials

In this study, we have found that SKP do not have the potential to generate functional 

neurons both in vitro, with two differentiation protocols, and in vivo when transplanted in the 

brain one week after an IS. These disappoiting results led us to halt this project. However, this 

also led us to explore the use of biomaterials as a way to encapsulate and graft cell in the IS 

paradigm, as various biomaterials have been described to enhance cell survival and promote 

tissue regeneration after a lesion. We set up a surgical procedure in which one week after the 

stroke the necrotic tissue was removed by suction. Then, we developed a three-step approach 

to assess the usefulness of biomaterial to culture and manipulate embryonic neurons (Figure 

6). First, we transplanted 2-3 mm3 explant of embryonic cortex (E14.5) in the stroke cavity, 

as it had been shown that such explants efficiently integrates and form projections in the adult 

mouse brain in the case of a simple cortex suction [11]. Indeed, when grafted in the stroke 

cavity the explant efficiently integrates with the host brain, forming long distance projections 

in the corpus callosum and the striatum after 10 days. The second step consisted to graft the 

embryonic neurons cell suspension, that I described previously. The third step was to graft 

embryonic neurons encapsulated within a biomaterial.

We tested embryonic neurons encapsulation in three types of biomaterials: a commercial 

hyaluronic acid hydrogel (HyStem), a chitosan-based hydrogel and pullulan/dextran-based 

scaffolds. HyStem lacked functionalization with adhesion molecules and cross-linker cleavability 

by the cells, two key properties to promote cell attachment and differentiation. Therefore, we 

initiated a collaboration with Laurent Corté (ESPCI, Paris) to set up a customized, temperature-

controlled gelification hydrogel based on chitosan polysaccharides. Unfortunately, this hydrogel 

appeared highly unreliable in practice with a variability between each batch, and was toxic for 

our cells. Finally, we established another collaboration with Didier Letourneur (LVTS, Bichat 

Hospital), to develop a neuron-compatible biomaterial based on pullulan/dextran that could be 

transplanted following an IS. The manuscript presented following this section will detail the 

development and use of this polysaccharide-based scaffold for the culture and manipulation of 

neurons. 
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Finally, we grafted pullulan/dextran scaffolds seeded with embryonic neurons one week 

after an IS following an experimental procedure described above (Figure 6). Twelve days after 

the graft, the biomaterial did not integrate well with the host brain, with a glial scar around it. 

Embryonic neurons seeded within it seemed to mostly die and the only cells remaining were 

GFAP-positive (astrocytes), surrounded by host Iba1-positive microglia. These results led us to 

focus only on the in vitro study presented in the attached manuscript.
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Figure 6. A three step approach to assess the usefulness of a biomaterial. A superficial cortical stroke is in-
duced by electrocoagulation and section of the right MCA. Graft is performed after one week, after removing 
necrotic parenchyme for the cortex and biomaterial grafts. (A-B, D-E) Eleven days after graft, both embryonic 
cortex (E14.5) or injected embryonic neurons (E16.5) integrate well with the host brain. (B, D). Twelve days after 
graft, the PUDNC scaffold (*) does not integrate well with the host brain with a GFAP positive glial scarr around it. 
Embryonic neurons seeded within seem to mostly die and the only cells remaining are GFAP positive (astrocytes), 
surrounded by host Iba1 positive microglia.
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Article three
Development and use of a 3D macroporous polysaccharide-

based scaffold for neuronal culture

This study is the result of my work on the potential of skin progenitor cells to repair the 
brain parenchyma after a stroke. Indeed, during this project I started a collaboration with the 
group of Didier Letourneur (LVTS, Bichat Hospital, Paris) to set up a biomaterial compatible 
with neuronal culture to graft cells of interest. Initially, culture of embryonic neurons within non-
functionalized scaffolds yielded a poor survival, neuronal attachment and neurite outgrowth. 
Based on these observations, we optimized the mechanical properties of the scaffold and 
functionalized it with freeze-dried laminin to enhance neuronal attachment to the scaffold and 
neurite outgrowth. We are currently submitting the article describing this in vitro study. As I 
mentioned in the previous section, grafts of embryonic neurons within this scaffold after stroke 
were unsuccessful both in terms of neuronal survival and biomaterial integration, which led us 
to focus on the in vitro work.
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Abstract

Central nervous system (CNS) lesions are a leading cause of death and disability worldwide. 

Given the often-associated tissue loss, biomaterials represent an interesting approach for CNS 

repair. Herein, we describe the development and use of pullulan/dextran polysaccharide-

based scaffolds for neuronal culture. First, we modified scaffold properties by changing the 

concentration (1%, 1.5% and 3% (w/w)) of the cross-linking agent, sodium trimetaphosphate 

(STMP). The lower STMP concentration (1%) allowed us to generate scaffolds with higher 

porosity (59.9±4.6%), faster degradation rate (5.11±0.14 mg/min) and lower elastic modulus 

(384±26 Pa) compared to the 3% STMP scaffolds (47±2.1%, 1.39±0.03 mg/min, 916±44 Pa, 

respectively). In 3D culture, we observed that embryonic neurons within the scaffolds remained 

in aggregates and did not attach nor spread or differentiate. To enhance neuronal adhesion and 

neurite outgrowth, we then functionalized the 1% STMP scaffolds with laminin. Laminin in 

solution (100 μg/ml) was added with or without a subsequent freeze-drying step. The addition 

of freeze-drying created a laminin mesh network within the scaffold that significantly enhanced 

embryonic neurons adhesion, neurite outgrowth and survival when cultured within the scaffold 

for several days. Hence, these scaffolds represent a potentially interesting neuron-compatible 

and biodegradable biomaterial to be explored in CNS transplantation experiments. 

Statement of significance

Central nervous system (CNS) injuries are often followed by a loss of tissue, which prevents 

proper functional recovery. Tissue engineering approaches could help in developing scaffolds 

to reconstruct the lost tissue and improve recovery. Many materials have been developed, but 

few are composed on natural biodegradable polymers already used in humans. In this study, we 

have developed a scaffold based on a combination of two polysaccharides, pullulan/dextran, 

to allow neuronal 3D culture. We have characterized them in terms of stiffness, porosity and 

embryonic neurons adhesion, neurite growth and survival. In the future, such a biomaterial 

could be transplanted in the CNS to promote its regeneration.
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1.	Introduction

Central nervous system (CNS) lesions such as stroke and traumatic brain injury (TBI) 

are leading causes of death and disability worldwide, afflicting millions of people each year 

[1,2]. Despite recent advances in acute phase treatments and management, there is an unmet 

need for new therapies beyond rehabilitation. In the CNS, tissue damage triggers diverse 

multi-cellular responses, associated with an acute inflammatory response glial scar, that evolve 

over time and lead to neuronal death and the formation of a cavity devoid of any extracellular 

matrix (ECM), which is associated with functional disability [3-5]. Filling this cavity with a 

biomaterial to modulate inflammation and promote vascularization may have a beneficial effect 

on the repair process. Neuro-restorative strategies are needed, and biomaterials represent an 

interesting approach to help rebuild the lost parenchyma and restore neurological function as 

a mechanical scaffold for cellular invasion [6]. Indeed, reconstructing the lost neuronal tissue 

allows, at least partially, to recreate lost neuronal connections, which in turn might improves the 

functional outcome [7]. Key requirements for any biomaterial are its biocompatibility, its non-

immunogenicity, its biodegrability and its functionalization potential. Different types of liquid 

hydrogels based on hyaluronic acid [8], methylcellulose [9], polyacrylamide [10] or urinary 

bladder matrix [11] have been explored in CNS transplantation experimental paradigms in vivo. 

Their major advantage is their liquid form that allows to inject them in the CNS, where they 

solidify in situ. Another approach has focused on developing already preformed scaffolds that 

could be transplanted, such as dextran [12], gelatin [13], polyglycolic acid [14] or alginate and 

carboxymethyl-cellulose [15]. Compared to liquid hydrogels, they offer a better control of the 

gelification process and therefore of their mechanical properties, which is important for the 

biological responses, especially when scaling up for larger animals. Contrary to other applications, 

such as bone repair, biomaterials used in the CNS requires further functionalization to improve 

its biocompatibility and repairing potential [16]. Different types of functionalization have been 

explored, either by adding ECM molecules such as laminin or poly-L-lysin [12,15], the IKVAV 

[9] or RGD [8] adhesion peptides,  the N-Cadherin [13] or integrins [17] attachment molecules. 

Their addition enhances cell adhesion, neurite outgrowth and improves revascularization both 

in vitro and in vivo transplantation assays.
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In this work, we have developed a hydrogel based on two naturally-derived polymers: 

pullulan, a linear polysaccharide produced from starch fermentation by the fungus Aureobasidium 

pullulan, which consists of glucose units linked through α1,6- and α1,4-glucosidic bonds, and 

dextran, a polysaccharide synthesized from sucrose by bacteria, which is composed of glucose 

units joined mostly by α1,6-glycosidic bonds, with α1,2-, α1,3-, or α1,4- side chains [18-20]. 

Both are hydrophilic, neutral and nonimmunogenic polymers biochemically similar to the 

ECM, that can be degraded by enzymes present in most mammalian tissues [21]. Both can also 

be functionalized to adapt their physical and biological properties depending on specific needs 

[22]. Moreover, both are already used in humans, for instance as a plasma expander (dextran) 

or as capsules in pharmaceutical products (pullulan) [23]. To prepare porous polysaccharide-

based hydrogels, we have developed a freeze-drying cross-linking process based on sodium 

trimetaphosphate (STMP), a non-toxic cyclic triphosphate already used to cross-link food grade 

starches [19,24]. We have already validated these polysaccharide-based scaffolds in several 

applications such as vascular grafts [21], endothelial cell [25] or vascular smooth muscle cell 

culture [20], mesenchymal stem cell delivery into myocardial infarction [26], and bone defect 

repair [16], but its use to repair the nervous system has never been explored.

The aim of this study was to explore the potential of new macroporous polysaccharide-

based scaffolds for the culture and manipulation of embryonic neurons. For this, we have 

prepared and tested several formulations with different STMP concentrations (1%, 1.5% and 

3%), with or without laminin functionalization. After assessing their mechanical properties 

and in vitro biodegradability, we have studied their capacity to promote the surviving and 

maturation of embryonic neurons. We have shown that softer scaffolds with 1% STMP (w/w), 

when functionalized with laminin, better support neuronal attachment, neurite outgrowth and 

survival, making them an interesting material as implantable scaffold for the CNS.
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2.	Materials and Methods 

2.1.	Porous scaffold synthesis

Polysaccharide-based scaffolds were prepared using a mixture of pullulan/dextran in 

water [20,27] (pullulan, MW 200,000, Hayashibara; dextran, MW 500,000, Pharmacosmos). 

40% sodium carbonate (w/w) was added to the mixture as a porogen agent. Polysaccharides 

chemical cross-linking was carried out using three concentrations of 1%, 1.5% and 3% sodium 

trimetaphosphate (STMP) in 1M sodium hydroxide, referenced as Matrix 1%, 1.5% and 

3%, respectively. Scaffolds were incubated at 50°C for 15 minutes, then cut into the desired 

shape (5 mm diameter, 350 µm thickness) before being immersed in 20% acetic acid for gas 

foaming and extensively washed in water. Finally, scaffolds were freeze-dried and stored at 

room temperature. One percent fluorescein isothiocyanate (FITC)-dextran was added to the 

solution as a fluorescent tracer for confocal microscopy. For functionalization studies, some of 

the freeze-dried Matrix 1% formulations were simply impregnated with laminin (Matrix 1% 

L) in solution at 100µg/ml, (Sigma-Aldrich), or with laminin plus another freeze-drying step 

(Matrix 1% L-FD).

2.2.	Scaffolds characterization 

2.2.1.	Morphology and porosity

Structure of the dried polysaccharide-based scaffolds was analyzed by scanning electron 

microscopy (SEM) using a JOEL CarryScope after sputtering with gold. Samples were observed 

in secondary electron mode at an accelerating voltage of 20 kV. Scaffolds prepared with 1% 

FITC-dextran were analyzed by confocal microscopy (Carl Zeiss® LSM 780, 10X objective, 

2x2 tile scan and Z-stack 70 µm image acquisitions) after hydration in PBS. Porosity was 

computed with the ImageJ® software.

2.2.2.	Phosphorus content

Phosphorus content of polysaccharide-based scaffolds was quantified according to a 

colorimetric method [28]. About 2 mg of each scaffold were degraded in 1 mL of 10% nitric acid 

at 105 °C for 3 hours. Subsequently, 0.4 mL of 14.7 M nitric acid, 2 mL of 10 mM ammonium 
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metavanadate and 2 mL of 40 μM ammonium pentaphosphoric acid molybdate were added 

to scaffold lysates. The phosphorus content was finally determined according to a calibration 

curve based on phosphoric acid.

2.2.3.	Swelling behavior

Hydrogels swelling behavior was assessed in water and in phosphate buffered saline 

(PBS). The freeze-dried scaffolds were weighted before and after hydration for at least 24 h. 

Samples soaked in water or PBS were weighted after removal of excess solvent. To determine 

the swelling ratio the following equation was used: Sw = (Ws – Wi) / Wi [29]. Where Sw is the 

swelling ratio, Ws and Wi are sample weights in swollen and dry states respectively.

2.2.4.	 In vitro degradation

Four samples of each formulation were investigated for in vitro enzymatic degradation. 

After complete hydration in PBS, samples were incubated in a pullulanase and dextranase 

mixture (10% and 5% v/v respectively) at 37°C. The immersed samples were weighted every 5 

minutes until no relevant mass loss was observed. At each time point, the percentage of residual 

mass (Wt) was calculated according to the following equation: Wt = (Wa / Wb) x 100; Wb is the 

mass of the scaffolds before degradation and Wa is the residual mass at each time. Degradation 

rate was calculated using the slope of the degradation curves.

2.2.5.	Rheological study

Hydrogel disks of 4 cm diameter and about 1 mm height where prepared and hydrated in 

PBS for mechanical testing. Shear oscillatory measurements were performed on a Discovery HR2 

(TA Instrument) equipped with a stainless steel 40 mm diameter crosshatched geometry. Both 

base and geometry surfaces were rough in order to avoid sample slipping during acquisitions. 

Axial force was defined at 0.2N for all measurements. First, the linear viscoelasticity domain 

was determined along a deformation from 0.01 to 10% of (data not shown). Then storage (G’) 

and viscous (G’’) moduli were recorded according a frequency range of 0.05–5 Hz at a fixed 

deformation of 0.1%. The average value of the storage and loss moduli were measured at least 

three times and are given here at 1Hz frequency.
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2.3.	Culture of mouse embryonic neurons

2.3.1.	Ethical approval and animal management 

All mouse lines were maintained in a mixed C57BL6/DBA2 background. We used the 

following alleles or transgenes as indicated in the original publications: PGKCre [30], Rosa26tdTom 

[31]. Day of the plug was considered E0.5. All animal manipulations were approved by a French 

Ethical Committee (Project Ce5/ 2016/3996) and were performed according to French and 

European Union regulations. 

2.3.2.	Isolation and culture of mouse embryo cortical neurons 

Neocortex was carefully dissected from E15.5/E17.5 PGKCre, Rosa26tdTomato embryos and 

digested in EBSS with 20 U.ml−1 papain, 0.005% DNase (Papain dissociation kit, Worthington) 

for 25 minutes at 37 °C. Samples were then mechanically dissociated in EBSS with 0.005% 

DNase and cells were resuspended at 5.104 cells per µl in Neurobasal medium (Life 

Technologies), supplemented with 1X SM1 supplement (Stem Cell), 200 mM L-Glutamine 

and 1X penicillin-streptomycin (both from Life Technologies). Finally, cells were seeded on 

macroporous scaffolds at 3.105 cells per disk. Culture medium was replaced after five days by 

BrainPhys supplemented with 1X SM1 supplement (both from Stem Cell).

2.3.3.	Immunohistochemistry and imaging

Scaffolds were fixed in 4 % paraformaldehyde (PFA) in phosphate buffered saline solution 

(PBS) at room temperature (RT) for 15 minutes and then washed and stored in PBS at 4°C. 

The following immunostaining protocol was used. Scaffolds were incubated for 1 h at room 

temperature with 10 % donkey serum, 0.25 % Triton X-100 in PBS. Primary antibodies were 

incubated in the same solution overnight at 4 °C and secondary antibodies were incubated for 

2 h at room temperature in 1 % donkey serum, 0.25 % Triton X-100 in PBS solution. Scaffolds 

were counterstained with Hoechst (H3570, Life technologies) for nuclei detection. Primary 

antibodies were used at the following dilutions: rabbit anti-DCX (Abcam, 1:200), -Ki67 

(Abcam, 1:200) and -Tbr1 (Abcam, 1:500), -Tuj1 (BioLegend, 1:1,000); goat anti-mCherry 

(Sicgen, 1:500); and mouse anti-NeuN (Millipore, 1:500). Secondary antibodies were from 
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Jackson Immuno Research. Scaffolds were mounted in 1X PBS under a coverslip for analysis, 

and optical sections were obtained on a confocal microscope (SP5, Leica). The ImageJ software 

was used to generate Z-stacks and assemble pictures.

2.3.4.	Cell quantification

Four to height scaffolds (4 mm diameter) of each formulation were used to count cells 

after one, four and seven days of culture. Scaffolds were digested in a pullulanase and dextranase 

mixture (10% and 5% v/v respectively) at 37°C for 25 minutes, and then mechanically 

dissociated. Cell count was performed using a Countess II automated cell counter (Invitrogen).

2.4.	Statistical analysis

All results are presented as mean ± standard deviation (SD). All experiments were 

performed at least in triplicate. GraphPad Prism® 5.0 software was used to perform statistical 

analysis using one-way ANOVA test with Tukey post-test for phosphorus content and degradation 

rate, 2-way ANOVA test with Bonferroni post-test for swelling ratio, degradation kinetics and 

MannWitney post-test for rheology measurement. Statistical significance is denoted as * p < 

0.05; ** p < 0.01; *** p < 0.001.
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3.	Results 

3.1.	Hydrogel morphology and porosity are correlated to the STMP concentration

3D porous polysaccharide-based scaffolds were prepared by a chemical cross-linking 

process with STMP, and sodium carbonate as a porogen agent and then freeze-dried. Three 

formulations were prepared with 1%, 1.5% and 3% (w/w) STMP concentrations, and referenced 

as 1%, 1.5% and 3% matrices, respectively. Analysis by scanning electron microscopy 

(SEM) of scaffold surfaces and sections confirmed the presence of pores with a smooth and 

homogeneous wall surface in the three formulations (Fig. 1A-F). Gross scaffold morphology 

varied depending on STMP concentration, with the surface of 3% matrices that appeared denser 

and smoother. Porosity analysis based on the pore area and the total scaffold area ratio was 

obtained from confocal acquisitions using FITC-Dextran in the formulations. While there was 

no significant difference in porosity between 1% and 1.5% matrices (59.9 ± 4.6% and 58.8 ± 

4% respectively), 3% matrices (47 ± 2.1%) displayed the lowest porosity. Since cross-linking is 

obtained through phosphate bridge formation between polysaccharide chains, the cross-linking 

ratio can be assessed by the phosphate content. Scaffold phosphorus content quantified by a 

colorimetric assay was positively correlated with the introduced STMP concentrations (Table 

1). Indeed, Matrix 3% had significantly more phosphorus content (236 ± 7 μmol/g of dried 

scaffold) than Matrix 1.5% (108 ± 5 μmol/g) and Matrix 1% (84 ± 1 μmol/g). 

 
 

Tables 

Formulations G’ (Pa) G” (Pa) 

Matrix 1% 

Matrix 1.5% 

Matrix 3% 

384 ± 26 

639 ± 10 

916 ± 44  

27 ± 9  

36 ± 1 

44 ± 1 

 

Table 1. Rheological characterization. Elastic (G’) and viscosity (G”) moduli of hydrated 

pullulan/dextran scaffolds prepared with 1%, 1.5% and 3% (w/w) of STMP, the cross-linking 

agent. Three samples were analyzed for each formulation. *** p < 0.001, ** p < 0.005. 

 

 

Formulations Phosphorus content (μmol/g) Degradation rates (mg/min) 

Matrix 1% 

Matrix 1.5% 

Matrix 3% 

84 ± 1 

108 ± 5 

236 ± 7 

5.11 ± 0.14 

3.83 ± 0.12 

1.39 ± 0.03  

 

Table 2. Physicochemical characterization of 1%, 1.5% and 3% matrices. Phosphorus 

content of pullulan/dextran scaffolds prepared with 1%, 1.5% and 3% (w/w) of STMP is 

presented as mean values ± standard deviation (SD) from dried state. Four samples were 

analyzed for each formulation. Degradation rates were calculated using the slope from the 

degradation curves of scaffolds prepared with 1%, 1.5% and 3% (w/w) of STMP, the cross-

linking agent. Once incubated in the pullulanase/dextranase solution, samples were weighted 

every 5 minutes to measure the residual mass. Four samples were analyzed for each experiment. 

*** p < 0.001.  
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Table 2. Physicochemical characterization of 1%, 1.5% and 3% matrices. Phosphorus content of pullulan/
dextran scaffolds prepared with 1%, 1.5% and 3% (w/w) of STMP is presented as mean values ± standard devia-
tion (SD) from dried state. Four samples were analyzed for each formulation. Degradation rates were calculated 
using the slope from the degradation curves of scaffolds prepared with 1%, 1.5% and 3% (w/w) of STMP, the 
cross-linking agent. Once incubated in the pullulanase/dextranase solution, samples were weighted every 5 min-
utes to measure the residual mass. Four samples were analyzed for each experiment. *** p < 0.001. 
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3.2.	Swelling behavior and rheological analysis

Next, to assess the physical hydrogel properties, their swelling ratio was measured before 

and after complete hydration in PBS and in water (Fig. 1G). A significant difference was noted 

between the swelling in PBS and in water for the three formulations, the swelling being higher 
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Figure 1. Scaffolds morphology and structure. (A-F) Scanning electron micrographs of pullulan/dextran scaf-
folds prepared with 1%, 1.5% and 3% (w/w) of STMP, the cross-linking agent. Top view of either scaffolds surface 
(A, C and E) or section (B, D and F). Scale bars: 500 μm. (G) Swelling behavior of pullulan/dextran scaffolds 
prepared with 1%, 1.5% and 3% (w/w) of STMP. Samples were hydrated in PBS or water until maximum hydra-
tion was reached. Results are presented as mean values ± SD from dried state. Four samples were analyzed for 
each formulation. (H) In vitro enzymatic degradation kinetics of scaffolds prepared with 1%, 1.5% and 3% (w/w) 
of STMP, the cross-linking agent. Once incubated in the pullulanase/dextranase solution, samples were weighted 
every 5 minutes to measure the residual mass. Four samples were analyzed for each time point. *** p < 0.001, ** 
p < 0.005.
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in water. In PBS the swelling ratio was significantly higher for 1% and 1.5% matrices than for 

3% matrices (47 ± 6, 25 ± 1 and 12 ± 0.4 respectively). A similar significant difference was 

observed in water for 1%, 1.5% and 3% matrices (123 ± 16, 77 ± 2 and 56 ± 2 respectively). 

Therefore, the swelling ratio of these scaffolds is inversely correlated to the concentration of 

the crosslinking agent. 

Mechanical properties of 1%, 1.5% and 3% matrices were also investigated by rheological 

measurements (Table 2). Storage G’ and loss G’’ moduli average of all conditions are given at 

a 1Hz frequency. For each formulation, G’ 

was more than one order of magnitude higher 

than G’’. Both moduli G’ and G’’ increased 

with the increase of STMP concentration. 

The elastic modulus measured in Matrix 3% 

was 1.4 times higher than in Matrix 1.5% 

(916 ± 44 Pa and 639 ± 10 respectively) and 

2.4 times higher than Matrix 1% (384 ± 26 

Pa). Hence, hydrogel stiffness was positively 

correlated to the crosslinking ratio.

3.3.	Degradation kinetics

To measure the degradation kinetics, polysaccharide-based scaffolds were degraded 

in vitro using a mixture of pullulanase and dextranase, which digest pullulan and dextran 

respectively. Measurements were made with the three formulations (matrices 1%, 1.5% and 

3%) every ten minutes and degradation was determined by wet weight loss (Figure 1H). STMP 

concentration was positively correlated to the degradation time. Indeed, the Matrix 3% was 

degraded in 70 min while complete degradation of the lower cross-linked scaffolds, Matrix 

1.5% and 1%, was reached after only 25 and 20 min, respectively. Degradation rates expressed 

in mg/min (Table 1) calculated from the degradation curves, were thus higher in Matrix 1% and 

1.5% compared to Matrix 3% (5.11 ± 0.14 and 3.83 ± 0.12 versus 1.39 ± 0.03 respectively). 

 
 

Tables 

Formulations G’ (Pa) G” (Pa) 

Matrix 1% 

Matrix 1.5% 

Matrix 3% 

384 ± 26 

639 ± 10 

916 ± 44  

27 ± 9  

36 ± 1 

44 ± 1 

 

Table 1. Rheological characterization. Elastic (G’) and viscosity (G”) moduli of hydrated 

pullulan/dextran scaffolds prepared with 1%, 1.5% and 3% (w/w) of STMP, the cross-linking 

agent. Three samples were analyzed for each formulation. *** p < 0.001, ** p < 0.005. 

 

 

Formulations Phosphorus content (μmol/g) Degradation rates (mg/min) 

Matrix 1% 

Matrix 1.5% 

Matrix 3% 

84 ± 1 

108 ± 5 

236 ± 7 

5.11 ± 0.14 

3.83 ± 0.12 

1.39 ± 0.03  

 

Table 2. Physicochemical characterization of 1%, 1.5% and 3% matrices. Phosphorus 

content of pullulan/dextran scaffolds prepared with 1%, 1.5% and 3% (w/w) of STMP is 

presented as mean values ± standard deviation (SD) from dried state. Four samples were 

analyzed for each formulation. Degradation rates were calculated using the slope from the 

degradation curves of scaffolds prepared with 1%, 1.5% and 3% (w/w) of STMP, the cross-

linking agent. Once incubated in the pullulanase/dextranase solution, samples were weighted 

every 5 minutes to measure the residual mass. Four samples were analyzed for each experiment. 

*** p < 0.001.  
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Table 2. Rheological characterization. Elastic (G’) and vis-
cosity (G”) moduli of hydrated pullulan/dextran scaffolds pre-
pared with 1%, 1.5% and 3% (w/w) of STMP, the cross-linking 
agent. Three samples were analyzed for each formulation. *** p 
< 0.001, ** p < 0.005.
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3.4.	Embryonic neurons form cellular aggregates within the macroporous scaffolds

To assess the polysaccharide-based scaffolds biocompatibility with neuronal culture, we 

seeded embryonic neurons on matrices 1%, 1.5% and 3% and cultured them for up to four days. 

After two days of culture, embryonic neurons formed similar aggregates within the pores of each 

type of scaffold, despite of scaffold morphological differences (Fig. 2). Higher magnification 

analysis confirmed that while cells regrouped in aggregates, they did not attach directly to the 

scaffold whatever the STMP content, and there was no significant neurite extension. 

3.5.	Functionalized scaffolds preparation and characterization

In order to improve neuronal adhesion, Matrix 1% scaffolds that exhibited the optimal 

stiffness range for neuronal culture [32-34] and higher degradability, were then simply hydrated 

with a laminin solution (100 μg/ml) during cell seeding (Matrix 1% L), or hydrated with laminin 

and Freeze-Dried before cell seeding (Matrix 1% L-FD). SEM analysis (Fig. 3) confirmed that 
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Figure 2. Embryonic neurons seeded in polysaccharide-based scaffolds form aggregates. Mouse embryonic 
neurons (red) were seeded and cultured for two days on FITC-traced scaffolds (green) prepared with 1% (A, B), 
1.5% (C, D) and 3% (E, F) (w/w) of STMP. Maximum Z-stack projections (A, C and E) give an estimation of cell 
density and morphology. Simple Z-sections (B, D and F) include FITC scaffold tracing for morphology. Scale bars: 
(A-F), 200 μm; inserts, 30 μm.
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Matrix 1% L-FD scaffolds displayed a similar morphology to the Matrix 1% formulation, but 

also revealed a mesh network of laminin around and within the scaffold. Compared to Matrix 

1%, Matrix 1% L-FD scaffolds did not differ in terms of phosphorus content (84 ± 1 vs 86 ± 2 

µmol/g) or swelling ratio (47.1 ± 6 vs 46.6 ± 6 in PBS and 123 ± 16 vs 118 ± 12 in water).

3.6.	Laminin functionalization promotes cellular attachment within the scaffold

To assess the impact of laminin functionalization of Matrix 1%, embryonic neurons were 

seeded on Matrix 1% without laminin, Matrix 1% with laminin only added (100 μg/ml) in the 

cell suspension during cell seeding (Matrix 1% L), and Matrix 1% L-FD (Fig. 4). After two 

days of culture, embryonic neurons seeded on Matrix 1% L-FD scaffolds formed large cell 

structures, extended neurites on and within the scaffold and expressed immature neuron marker 

βIII-tubulin (Tuj1, Fig. 4F). Seeded embryonic neurons also extended neurites in the Matrix 1% 

L condition, although less markedly. 

Fig. 3

Scale bar : 500 μm (insert 50 μm)

A

Matrix 1% - freeze-dried laminin

B Figure 3. Freeze-dried laminin creates a mesh net-
work within the scaffold. Scanning electron micro-
graphs of a pullulan/dextran scaffold prepared with 1% 
(w/w) of STMP, hydrated with a laminin solution (100 
μg/ml) and lyophilized again. Top view either of the scaf-
fold surface (A) or section (B). Arrowheads point to the 
laminin filaments (in white). Scale bars: (A, B), 500 μm; 
insert, 50 μm.
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To further characterize the effect of laminin functionalization on cell adhesion, we 

measured the mean cell number within the three types of scaffolds after one, four and seven 

days of culture. While the mean cell number per scaffold was similar at day 1 around 104 cells 

per scaffold in Matrix 1% (10693), Matrix 1% L (10782) and Matrix L-FD (8645), after one 

week it decreased in the Matrix 1% (4114) and Matrix 1% L (4400), whereas in Matrix 1% 

L-FD it remained stable (8600). 

 We further characterized the embryonic neurons in 3D cell culture with Matrix 1% L-FD. 

At day two, embryonic neurons display an immature profile, with some cells proliferating (Ki67, 

Fig 5A). We also observed that most cells within the Matrix 1% L-FD expressed the neural 

progenitor marker doublecortin (DCX, Fig. 5B). After four days of culture, we also detected 

post-mitotic neuronal markers such as NeuN and transcription factor Tbr1 (Fig 5 C, D).

A

Matrix 1% - without laminin Matrix 1% - added laminin Matrix 1% - freeze-dried laminin

C E

tdTom

B D F

Tuj1 / tdTom / PUD

Fig. 4

Scale bar : 200 μm and 20 μm

Figure 4. Freeze-dried laminin improves cell adhesion to the scaffold. Mouse embryonic neurons (red) were 
seeded and cultured for two days on FITC-traced scaffolds (green) prepared with 1% (w/w) of STMP, either with-
out laminin (A, B), with added laminin (100 μg/ml) during cell seeding (C, D) or with freeze-dried laminin before 
cell seeding (E, F). Maximum Z-stack projections (A, C and E) give an estimation of cell density and morphology. 
Higher magnification pictures (B, D and F) include immature neuron marker βIII-tubulin (Tuj1, cyan) and FITC 
scaffold tracing (green). Scale bars: (A-F), 200 μm; inserts, 30 μm.
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Fig. 5

Scale bar : 20 μm

A

Matrix 1% - freeze-dried laminin - Day 2

Ki67 / tdTom / PUD

Matrix 1% - freeze-dried laminin - Day 4

B C D

DCX NeuN Tbr1

Figure 5. Cultured embryonic neurons characterization. (A-B) After two days of culture in scaffolds prepared 
with 1% (w/w) of STMP with freeze-dried laminin, some Ki67-positive traced cells are proliferating (A), and most 
cells express doublecortin (DCX), a neural progenitor marker (B). (C-D) After four days of culture, cells start 
expressing post-mitotic neuronal markers such as NeuN (C) and Tbr1 (D). Scale bars: 20 μm.



189

4.	Discussion 

In this study, we described the development of a new polysaccharide-based biomaterial 

optimized for neuronal culture. First, we optimized the STMP concentration which allowed to 

generate soft scaffolds with a high porosity. The resulting hydrogels were able to swell in water 

and physiological solutions. From all three formulations, we were able to generate 3D porous 

scaffolds that allow cell infiltration within few minutes. Interestingly, Matrix 1% scaffolds 

had an elastic modulus of 384±26 Pa, which is within the reported optimal stiffness range for 

neuronal culture, between 100 and 500 Pa [32-34]. The obtained matrices at 1% STMP also 

exhibited the faster degradation rates that could be more suitable for in vivo applications.

The fact that embryonic neurons neither significantly attached nor extended neurites in 

non-functionalized scaffolds was not surprising as the need for additional adhesion molecules 

has been largely reported [6]. We thus decided to add laminin in our scaffolds for two main 

reasons: (i) it is one of the main ECM components in the brain; (ii) it is known to promote 

neuronal adhesion in 2D and 3D cultures [6,35-37]. We have also tested several approaches to 

add laminin to the scaffold. When we added the laminin in the pullulan/dextran mixture before 

the cross-linking, laminin was denatured. When laminin was simply added during cell seeding 

(Matrix 1% L), it yielded poor cell adhesion and neurite outgrowth. In contrast, laminin was 

added and then freeze-dried, it created a mesh network of laminin within and on the scaffold. 

This technique has several advantages as it does not require additional cross-linking steps, it 

is a non-toxic process and it allows to store scaffolds at room temperature for several months. 

The remarkable enhanced cell adhesion and neurite outgrowth seen with the addition of freeze-

dried laminin confirmed that this formulation optimized for 3D neuronal culture. Interestingly, 

this formulation could be used in clinical applications as we have the capacity to synthesize 

these scaffolds in compliance with the good manufacturing practice (GMP) guidelines, and 

with already available clinical grade laminin. 

This new biomaterial could be used in two ways for CNS repair. First, it could be seeded 

with cells, such as embryonic neurons, before being transplanted in the lesion site. However, such 

an approach has other limitations. Indeed, it has been shown that for proper neuronal integration, 
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grafted neurons need to be very precisely differentiated into the neurons they are replacing 

[38,39]. Moreover, depending on the scaffold thickness, the initial lack of vascularization could 

lead to the death of most transplanted cells. However, one way to overcome this limitation 

could be for instance to add another polysaccharide in the formulation, fucoidan, which we have 

reported to have the ability to sequester and release vascular endothelial growth factor (VEGF) 

and to promote neovascularization in vivo [40]. Second, it could be used as an acellular scaffold 

to regrow the lost tissue. Our polysaccharide-based scaffold presents several advantages for 

this type of applications: it can be prepared at the desired shape prior to the grafting; it is easy 

to handle and can be stored for long periods at room temperature in its dried state; its initial 

swelling once in contact with fluids can help maintain it in the grafting site; and the presence of 

freeze-dried laminin will be crucial for neurite growth during regeneration. Indeed, it has been 

shown that enhancing neuronal networks is correlated  with a better functional recovery in mice 

after stroke [7]. Here, enhancing in situ neovascularization and promoting neuronal survival 

could be of interest.

5.	Conclusion

The objective of this study was to develop a macroporous polysaccharide-based scaffold 

compatible with neuronal 3D culture. By reducing cross-linker concentration, we have set up a 

pullulan/dextran biomaterial with a high porosity ratio and low stiffness. We have functionalized 

this scaffold with freeze-dried laminin and shown that embryonic neurons seeded within this 

scaffold displayed a better survival as well as an enhanced attachment and neurite outgrowth. 

Our capacity to produce these scaffolds with clinical grade components in compliance with the 

GMP guidelines offers a promising lead for further 3D in vitro and in vivo studies after CNS 

injury. 
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