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Abstract 

 
The specialised blood barriers of the nervous system are important for protecting the 

neural environment but can hinder therapeutic accessibility. Studies in the central 
nervous system (CNS) have shown the importance of the cellular components of the 

neuro-vascular unit for blood brain barrier (BBB) function. Whilst the endothelial cells 
(ECs) confer barrier function with specialised tight junctions and low levels of 

transcytosis, pericytes and astrocytes provide complete coverage of the endothelial cells 
and both deliver essential signals for the development and maintenance of the BBB. In 

contrast, the blood nerve barrier (BNB) of the peripheral nervous system (PNS) remains 
poorly defined. 

In this thesis, we define the cells that constitute the BNB of the PNS and find that the 

vascular unit of peripheral nerve has a distinct cellular composition to the vascular unit 
of the brain with only partial coverage of the endothelial cells. We show that the BNB, 

while less tight than the BBB, is maintained by low levels of transcytosis and the tight 
junctions of the ECs. Importantly, we found that while ECs of the PNS have higher 

transcytosis levels than those of the CNS, the barrier is reinforced by resident 
macrophages that specifically engulf leaked material. This identifies a distinct role for 

macrophages as an important component of the BNB acting to protect the PNS 
environment with implications for improving therapeutic delivery to this protected tissue. 

Using an inducible mouse model in which Schwann cells can trigger the opening of the 
BNB, we show that opening the barrier is associated with increased transcytosis and that 

the transcription factor c-jun plays a key role in this process. Together, the results 

presented in this thesis provide new insights into the structure, function and regulation 
of the BNB with important implications for our understanding of PNS biology in health 

and following injury. 
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Impact statement 

 
The vasculature of the nerve is an important yet understudied feature of nerve biology. 

Because it mediates the exchanges between the nerve tissue and the blood circulation, 
it has a crucial role in the support and maintenance of nervous function in the periphery 

(Stanton-Hicks, 2009). Consistent with its central role, the properties of these blood 
vessels are altered in pathological conditions such as in the case of diabetic 

neuropathies (Powell and Mizisin, 2009) or following nerve injury (Gao et al., 2013). 
Additionally, the properties of the nerve vasculature have major clinical relevance 

because they determine how drugs administered to patients access (or not) the nerve 
(Langert and Brey, 2018; Staff et al., 2017). The efficiency of a drug and/or the 

development of side-effects in the nerve therefore depends on the properties of the nerve 

vasculature (Langert and Brey, 2018). However, very little is known about the properties 
of these blood vessels. 

In this thesis, we studied the properties of the blood vessels in nerves in terms of their 
permeability (known as “blood nerve barrier” function), their structure, and how these are 

regulated in pathological situations such as in a model of nerve injury. We found that the 
blood vessels in the nerve have a distinct structure to those in the brain, and we defined 

the cellular make-up of the vascular unit in nerves. We also found that although they 
have similar permeability features, blood vessels in the nerve are more permissive to 

transport across the walls of the blood vessels than their counterparts in the brain. 
Importantly, we found that macrophages, a cell type specialised in engulfing material, 

was playing an important role in preventing blood-borne molecules from entering the 

nerves. Furthermore, we investigated how Schwann cells, the main glial cells in nerve 
trunks, modulate the physiology of the blood vessels in a nerve injury model. We found 

that the morphology of the blood vessels changes, and that the rate of transport across 
the walls of the blood vessels are increased in response to Schwann cells activation. We 

also investigated which pathway are involved in this process within Schwann cells.  
We are the first group to characterise in detail the structure and the function of the blood 

vessels forming the so-called blood nerve barrier. Our research is thus fundamental, 
deepening our knowledge and understanding of the nerve vasculature, yet our data has 

important clinical implications for the understanding and the treatment of peripheral 

neuropathies, and for the development of drug delivery strategies in the nerves. 
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Chapter One. Introduction 
 

1.1. Peripheral nerves 
 
1.1.1. The nervous system 

The nervous system of mammals consists of the central nervous system (CNS) and the 
peripheral nervous system (PNS) (Squire, 2008). The CNS is composed of the brain and 

the spinal cord (Brodal, 2010). The PNS includes peripheral ganglias, cranial nerves, 
emerging from the forebrain and the brainstem that innervate the head, and spinal 

nerves, emerging from the spinal cord that innervate the rest of the body. Additionally, 
the PNS includes autonomic nerves (sympathetic, parasympathetic and enteric nerves), 

controlling involuntary processes such as breathing and digestion (Hubbard, 1974) (Fig 

1.1). 
The nervous system is composed mainly of neurons and glial cells (Squire, 2008). Both 

these cell types share a common embryonic origin, the neural tube, but develop and 
differentiate into different cell types with distinct characteristics (Zuchero and Barres, 

2015). The function of neurons is to receive, integrate, and transmit chemical and 
electrical signals, often within a complex neuronal network. This function is associated 

with a characteristic morphology in that neurons generally have one or many dendrites 
that receive signals from other neurons or tissues at the level of synapses (Lodish et al., 

2000). This information then travels to the cell bodies (soma). Finally, the integrated 

signal is transmitted to the next effector by the axon (Lodish et al., 2000). In contrast, 
glial cell function is to support and modulate neuronal transmission (Barres, 2008). It has 

become increasingly clear that glial cells are indispensable for multiple aspects of 
neurotransmission, and glial biology is now the focus of much neuroscience research 

(Barres, 2008).  
Glial cells have multiple functions, such as providing neurons with physical support, a 

myelin sheath, as well as regulation of the microenvironment and nutrient supply, during 
development, homeostasis and repair. In the developed CNS, glial cells consist of 

astrocytes, oligodendrocytes, microglia, and ependymal cells, which have distinct 
functions in the regulation of neuronal function (Allen and Lyons, 2018). Additionally, 

there are 3 different glial cell types in the adult PNS: Schwann cells (SCs), satellite cells, 

and enteric glial cells (Kastriti and Adameyko, 2017). There is one type of glial cell, the 
olfactory ensheathing cells, which are present in both the CNS and the PNS (Ramón-

Cueto and Avila, 1998).  
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Figure 1.1.  The nervous system comprises the CNS and the PNS.  
The CNS is composed of the brain and the spinal cord. The PNS is composed of cranial 
nerves and spinal nerves, and the autonomic nervous system. Figure adapted from 
(Cenveo). 
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1.1.2. Glial cells of the CNS 

Oligodendrocytes (Del Río Hortega, 1928) are the most abundant glial cell type in the 
CNS. A major role is to produce the myelin sheaths that wrap axons, thus enabling fast 

conduction of electric signals along a neuron. Each oligodendrocyte can extend 
myelinating processes to up to 50 axons and can thus modulate signalling in several 

axons simultaneously (Fig 1.2) (Baumann and Pham-Dinh, 2001). Myelin is formed of 
concentric lipid layer fragments, separated by shorts gaps in myelination called Nodes 

of Ranvier (Rasband and Peles, 2016). As myelination decreases the membrane 
capacitance of axons, this allows the rapid propagation of action potentials from one 

node of Ranvier to another, and this process is called saltatory conduction 
(Frankenhaeuser, 1952).This is crucial to decrease the time and the energy demands 

required to propagate information across a neural network. Studies have shown that the 

myelin sheaths produced by oligodendrocytes are dynamically regulated and remodelled 
throughout life, and that this is essential for learning and retention of new motor skills 

that require the modification of neuronal circuits (Fields, 2008a, 2008b; Makinodan et al., 
2012; Mangin et al., 2012; McKenzie et al., 2014; Oluich et al., 2012; Young et al., 2013). 

In addition to their role in regulating neuronal circuitry, oligodendrocytes have a role in 
the metabolic and trophic support of neurons in that oligodendrocytes are metabolically 

coupled to the axons they myelinate (Nave, 2010; Simons and Nave, 2016), and that 
they also produce neurotrophins that maintain the neurons (Bradl and Lassmann, 2010; 

Wilkins et al., 2003). Interestingly, the adult brain hosts a population of oligodendrocytes 
precursor cells (OPC) that retain the ability to produce new oligodendrocytes throughout 

life (Michalski and Kothary, 2015; Miron et al., 2011). This pool of OPC provides new 

oligodendrocytes during adult life, allowing for continuous learning and maintenance of 
memory (McKenzie et al., 2014; Xiao et al., 2016; Young et al., 2013). 

Astrocytes have very distinct roles in the CNS.  As suggested by their name, astrocytes 
are star-shaped cells. From their cell body, they extend thousands of long and thin 

processes terminated by end-feet, which form close contacts with other cell types (Fig 
1.2). Interestingly, astrocytes have some sort of excitability as neuronal activity leads to 

the formation of calcium waves within astrocytes (Scemes and Giaume, 2006). 
Astrocytes are also connected to other astrocytes through Gap junctions, forming a glial 

network (Massa and Mugnaini, 1982; Nagy et al., 2001; Orthmann-Murphy et al., 2008). 

However, it is becoming increasingly clear that astrocytes have multiple roles in 
regulating neuronal function in the CNS. Astrocytic end feet at the level of synapses 

control the levels of neurotransmitters and ions in the synaptic cleft, modulating synaptic 
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transmission (Allen and Eroglu, 2017; Allen and Lyons, 2018; Barres, 2008). Astrocytes 

also regulate neuronal function by promoting synapse formation (Barres, 2008), for 
example via the release of the matrix-associated protein thrombospondin 

(Christopherson et al., 2005), and by participating in synapse clearance by 
phagocytosing synapses, clearing debris and secreting neurotrophins (Chung et al., 

2013; Liddelow and Barres, 2017; Tasdemir-Yilmaz and Freeman, 2014). Moreover, an 
important feature of astrocyte end feet is that they cover the brain vasculature, making a 

connection between neurons and blood vessels (Mathiisen et al., 2010; Watkins et al., 
2014). Via these connections, astrocytes play an important role in blood brain barrier 

(BBB) function, which will be explained in further detail below (see section 1.3.5.4). 
Finally, although this process is not fully understood, astrocytes have recently been 

shown to play a role in enhancing CNS regeneration (Anderson et al., 2016). 

Microglia are the resident phagocytic immune cells of the brain (Fig 1.2) (Lannes et al., 
2017; Pio del Rio Hortega, 1920). Their characterisation as a glial cell is based on that 

all cells that are non-neuronal have been classified as glia, but these cells are essentially 
the macrophages of the CNS (Li and Barres, 2018). Consistent with this, they are not 

derived from the ectoderm but instead derive from the embryonic yolk sac (Ginhoux et 
al., 2010, 2013). Live imaging has shown they have a highly ramified and dynamic 

phenotype in that they constantly protract and retract protrusions (Flannagan et al., 2010; 
Nimmerjahn et al., 2005). In physiological conditions, they provide immune surveillance 

by screening the brain microenvironment and become further activated when they 
encounter a change in brain homeostasis or a pathologic event (Wolf et al., 2017). 

Furthermore, in addition to their immune function and consistent with their phagocytic 

properties, it has recently been demonstrated that microglia are able to modify neuronal 
networks by removing synapses during brain development and in the adult brain 

(Bilimoria and Stevens, 2015; Kettenmann et al., 2013).  
Finally, ependymal cells are the cells that line the ventricles in the brain and the central 

canal in the spinal cord (fig 1.2). They have a role in the production and the regulation of 
the cerebrospinal fluid (Jiménez et al., 2014). 

 
1.1.3. Glial cells of the PNS 

In the PNS, all axons are ensheathed by glial cells. SCs are the main glial cells of the 

PNS. They account for approximately 70% of the cells within the trunk of adult peripheral 
nerves and ensheath the majority of non-enteric peripheral nerves  
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Figure 1.2. Glial cells of the CNS.  
Cartoon representing the four different types of glial cells in the CNS, and their 
relationship to neurons (yellow) and blood vessels (brown). Oligodendrocytes are 
depicted in orange. They myelinate several axons and the regions between the myelin 
sheaths are called Nodes of Ranvier. Astrocytes are depicted in red, and their end feet 
establish contacts with both neurons and the vasculature. Microglia are depicted in blue. 
Their dynamic ramifications enable immune surveillance. Ependymal cells, in green, are 
at the interface between the cerebrospinal fluid and the brain parenchyma. Image 
adapted from Press release (Ellen Goldbaum, 2018) 
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(Mirsky and Jessen, 1999; Qian et al., 2018; Stierli et al., 2018; Zochodne, 2008). SCs 

exist in 3 main forms: myelinating SCs (mSCs), non-myelinating SCs (nmSCs), and 
terminal SCs (tSCs). The most abundant form of SC, the mSC myelinates large calibre 

axons (>1	μm) in a 1:1 manner (Taveggia et al., 2005), while small calibre axons are 
associated and enwrapped by nmSCs. As in the CNS, the myelin sheath in the PNS is 

formed of compact, concentric layers of membrane that allows the faster conduction of 
electric signals along large calibre axons (Ochoa and Mair, 1969). Because peripheral 

nerves can be very long (>1 meter) in the adult, myelination of large calibre axons is 
crucial for the efficient propagation of neuronal information. Each nmSC ensheaths 

several small calibre axons and forms a structure known as a Remak bundle (Fig 1.3) 
(Zochodne, 2008). While mSCs and nmSCs reside in the nerve trunks, tSCs cover axons 

at the point that neurons make synaptic junctions with tissue, for example at 

neuromuscular junctions where tSCs play important roles in their formation, 
maintenance, and repair (Barik et al., 2016; Feng and Ko, 2008; Kang et al., 2014; Ko 

and Robitaille, 2015; Santosa et al., 2018; Smith et al., 2013).  For example, following 
an injury, tSCs can provide guidance for regrowing axons to reach their synaptic sites 

(Kang and Lichtman, 2013; Kang et al., 2014). In addition to their role at the 
neuromuscular junction, tSCs have important roles in other tissues, such as in the skin, 

where their depletion lead to the loss of hair fascicle nerve endings (Li and Ginty, 2014). 
In addition to the role of SCs in myelinating axons, all SCs provide metabolic support to 

peripheral axons (Nave and Werner, 2014; Viader et al., 2011). For example, functional 
mitochondria in nmSCs has been shown to be required for metabolic support of small 

calibre axons (Beirowski et al., 2014; Viader et al., 2011, 2013). Furthermore, in addition 

to their role in the homeostatic state, SCs have important roles during nerve development 
and nerve regeneration (discussed in section 1.2) 

In addition to SCs, the PNS contains two other types of glial cells; satellite cells and 
enteric glial cells. The former support sympathetic, parasympathetic and sensory 

ganglia, by surrounding the neuronal cell bodies, where they regulate the 
microenvironment (Ohara et al., 2009). Enteric glial cells, are found in the digestive 

system, where they support enteric neuron survival and function (Coelho-Aguiar et al., 
2015; Rühl et al., 2004). It is thought they contribute to the regulation of the homeostasis 

of the enteric system and the muscular processes associated with digestion (Bush et al., 

1998; Coelho-Aguiar et al., 2015).  
Finally, olfactory ensheathing glial cells are found associated with the non-myelinated 

axons which emanate from olfactory neurons. Interestingly, these cells are found in both  
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Figure 1.3. The main glial cells of the PNS are myelinating SCs and non-
myelinating SCs.  
Electron microscopy (EM) images of a myelinating SC (mSC) and a non-myelinating SC 
(nmSC).  mSCs produce a myelin sheath around a single large calibre axon. nmSCs 
wrap several small-calibre axons. Figure adapted from Stierli et al., 2018. Axons are 
coloured in orange and SCs in green. Scale bar is 2µm. 
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the CNS and the PNS, in the olfactory bulb in the CNS, and in the olfactory epithelium 

and the olfactory nerves in the PNS (Ramón-Cueto and Avila, 1998). These cells have 
high phagocytic activity (Nazareth et al., 2015; Panni et al., 2013) with important roles in 

the constant regeneration seen in the olfactory system (Chehrehasa et al., 2012). 
 

1.1.4. Structure of peripheral nerves 
The trunks of adult peripheral nerves have two main compartments, the inner 

compartment containing the axons; the endoneurium, and the outer compartment; the 
epineurium (Fig 1.4). These two compartments are separated by the perineurium, which 

is formed from several concentric layers of specialised fibroblasts ensheathing a so-
called fascicle (Fig 1.4). Large nerves are composed of several fascicles, sharing a 

common epineurium. The epineurium contains blood vessels, fibroblasts, adipocytes 

and macrophages, between densely arranged collagen fibres (Stolinski, 1995) (Fig 1.4) 
and provides a physical support to the nerve, allowing its movement and elasticity (Topp 

and Boyd, 2006).  
The endoneurium contains axons and their associated SCs, as well as other cell types, 

which constitute the microenvironment of the nerve. In addition to axons and SCs, the 
endoneurium also contains a resident population of macrophages that account for 

approximately 8% of endoneurial cells (Cattin et al., 2015; Stierli et al., 2018; Stratton 
and Shah, 2016). These cells are easily identifiable by the expression of common 

macrophages markers such as Iba1 and F4/80, and are responsible for the immune 
surveillance of the tissue. Interestingly, 12.5% of endoneurial cells correspond to cells 

with long, thin protrusions and an abundant endoplasmic reticulum (Stierli et al., 2018). 

These cells are still poorly characterised and originally were categorised as fibroblasts, 
mainly due to their morphology and the absence of specific markers (Joseph et al., 

2004). More recently, other cellular identities have been proposed for these cells, such 
as telocytes, referring to cells with extremely long and thin protrusions (Mirancea, 2016). 

We recently performed a further characterisation of these cells and found that they 
express the nmSC marker p75 (Stierli et al., 2018). However they are not SCs, as they 

do not express S100, a pan-SC marker, or the myelin protein PLP in a PLP-eGFP mouse 
model that label SCs. Moreover, they are not derived from SCs precursors as shown by 

the absence of Cre recombination in a P0-Cre mouse model (Stierli et al., 2018). Instead, 

they express the classical pericytes markers PDGFRβ and NG2, but are not found within 
the basal lamina of endothelial cells, and so are not classical pericytes. This led us to  
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Figure 1.4. Structure of a peripheral nerve.  
Cartoon of a cross section of a sciatic nerve. The nerves consist of two compartments: 
the endoneurium (white) and the epineurium (grey), separated by the perineurium 
(black). The perineurium delimits fascicles, and nerves are usually composed of several 
fascicles. The endoneurial space hosts axons (red) and their associated SCs 
(myelinating and non-myelinating, light blue), as well as endoneurial blood vessels 
(purple), macrophages (yellow) and pericyte-like cells (green). The epineurium is made 
of epineurial blood vessels, macrophages, fibroblasts, and adipocytes in a dense 
extracellular matrix.  
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initially describe these cells as pericyte-like cells. Second, we observed that these cells 

extend long and thin protrusions, and that these protrusions appear to establish end-
feet-like contacts with the other cell types within the endoneurium. This led us to propose 

the name “tactocytes” (touching cells) to describe this cell population (Stierli et al., 2018). 
Finally, we observed that a subpopulation of these cells associate with blood vessels, 

suggesting a potential interaction with the endoneurial vasculature. Apart from SCs, 
macrophages and pericyte-like cells (tactocytes), the other two cell types present in the 

endoneurium are the endothelial cells which form the walls of the endoneurial blood 
vessels, and pericytes tightly associated with the blood vessels, accounting for 6 and 1.5 

% of endoneurial cells, respectively (Stierli et al., 2018).  
Blood vessels have an important role in nerve biology as the interface between the blood 

supply and the nerve parenchyma. The walls of the blood vessels mediate the 

exchanges of gases, nutrients, metabolites and ions. The nerve vasculature (vasa 
nervorum) is an understudied aspect of peripheral nerves, despite implications in 

pathologies such as diabetic neuropathies (Estrella et al., 2008; Malik et al., 1989). 
Consistent with the general architecture of the PNS, the nerve vasculature can be divided 

into the endoneurial plexus and the epineurial plexus. The plexuses are thought to be 
anatomically connected, as endoneurial blood vessels originate from larger epineurial 

blood vessels that cross the perineurium at a more proximal level of the nerve (Fig 1.5), 
but the architecture remains poorly characterised (Zochodne, 2008). The endoneurial 

plexus is composed mainly of capillaries, as well as some small arterioles and venules 
(Reina et al., 2000), running parallel to the axons. Importantly, the plexuses have 

different biological properties, with the endoneurial blood vessels are known to be “tight”, 

forming the so-called blood nerve barrier (BNB), whereas those in the epineurium are 
not.  

 
1.1.5. Schwann cells development 

SCs originate from the neural crest and undergo a series of developmental transitions 
before reaching their final myelinating and non-myelinating phenotypes.  During this 

process, 3 transient cell populations have been described: neural crest cells, SC 
precursors, and immature SCs (Jessen and Mirsky, 2005; Jessen et al., 2015).   

Neural crest cells undergo an epithelial to mesenchymal transition and gain migratory 

abilities around E8.5 in mice (Fig 1.6) (Simoes-Costa and Bronner, 2016; Zurkirchen and 
Sommer, 2017). These cells then migrate towards the periphery as ventral and 

dorsolateral streams. The former gives rise to DRG neurons and SCs, as well as other  



 27 

 

 
 

 
 

 
 

 
 

 

 
 

 
 
Figure 1.5. Peripheral nerves host two connecting vascular plexus.  
The vasa nervorum is composed of epineurial blood vessels that are thought to enter the 
endoneurium through the perineurium. Most blood vessels run along the long axis of the 
nerve. Figure adapted from (Mizisin and Weerasuriya, 2011). 
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neural/glial population such as enteric and parasympathetic neurons (Dyachuk et al., 

2014; Espinosa-Medina et al., 2017; Le Douarin and Teillet, 1974; Uesaka et al., 2015; 
Zurkirchen and Sommer, 2017), satellite glial cells (Jessen and Mirsky, 2005) and 

boundary cap cells (Gresset et al., 2015; Maro et al., 2004). Although still only partially 
understood, it appears that the transition between neural crest cells and SC precursors 

depends on neuregulin 1 (NRG1) signalling (Riethmacher et al., 1997; Shah et al., 1994) 
and on the expression of its receptor ErbB2/B3 by migrating neural crest cells (Meyer 

and Birchmeier, 1995). Additionally the transcription factor Sox 10 is important for the 
suppression of neurogenesis and promotion of gliogenesis (Kuhlbrodt et al., 1998). Other 

transcription factors such as Pax3 and Notch-1 have also been identified to cooperate 
with Sox10 and NRG1 signalling in promoting the transition to SC precursor (Jacob, 

2015; Morrison et al., 1999; Wakamatsu et al., 2000).  

SC precursors appear around E11.5/E13 in mice (Fig 1.6). These cells are proliferative 
and migratory, not unlike neural crest cells, but start expressing SC specific 

differentiation markers such as desert hedgehog (Dhh) and myelin protein zero (P0). 
Additionally, it is at this developmental stage that SCs are first found associated with 

axons, signalling the initiation of the interdependence of glial-axonal signalling, for 
example through the interaction of NRG1 type III on the axonal membrane with the 

ErbB2/B3 receptor on the glial membrane, which is necessary for their survival and the 
control of their cell number (Dong et al., 1995, 1999; Meier et al., 1999; Newbern and 

Birchmeier, 2010). SC precursors differentiate further into immature SCs around E15/16 
in mice (Fig 1.6) (Jessen et al., 1994). At this stage, Notch-1 and ErbB3 signalling are 

also essential for the irreversible transition from SC precursors to immature SCs 

(Woodhoo et al., 2009). SC precursors are reported to differentiate into other cell types 
at this developmental stage to produce melanocytes, endoneurial fibroblasts 

(tactocytes), and parasympathetic neurons (Adameyko et al., 2009; Dyachuk et al., 
2014; Espinosa-Medina et al., 2017; Joseph et al., 2004; Nitzan et al., 2013). 

Immature SCs express S100, a pan SC marker that is maintained in all SCs in the adult 
(Jessen et al., 1994). Interestingly, immature SCs are no longer dependent on axonal 

signals such as NRG1 type III for their survival, but promote their own survival and 
proliferation through the secretion of autocrine factors (Dong et al., 1995; Monk et al., 

2015). At this developmental stage, axon-SC units are first observed. These are groups 

of axons of different sizes, surrounded by 3-8 immature SCs and further enclosed in 
basal lamina and extracellular matrix (Fig 1.6) (Webster et al., 1973). Between E19/20 

and P10, these axon-SC units undergo radial sorting, which is a process by which axons  
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Figure 1.6. Development of Schwann cells.  
SCs originate from neural crest cells. They transition to SC precursors between E11.5 
and E15.5 in the mouse. They then become immature SCs and perform radial sorting 
between E12.5 and P10. The SCs that wrap large calibre axons differentiate into pro-
myelinating SC before reaching their final differentiation stage as a myelinating SC. SCs 
that ensheath small calibre axons differentiate into nmSCs, forming Remak bundles. 
Adapted from Jessen and Mirsky., 2005. 
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are sorted according to their size to be either myelinated (large calibre axons, >1μm) or 

enclosed in Remak Bundles by nmSCs (small calibre axons, <1 μm) (Feltri et al., 2016). 
This phenomenon is mediated by axonal NRG1 type III signalling, that signals the size 

of the axon (Taveggia et al., 2005), and by the interaction between laminin in the 
basement membrane and its receptors, integrins and Gpr126, at the SC membrane 

(Petersen et al., 2015; Yu et al., 2009). Within the axon-SC unit, immature SCs proliferate 
and sort large calibre axons towards the periphery of the unit until large calibre axons 

are fully segregated and associated with SCs in a 1:1 manner. These SCs further 
differentiate into a promyelinating SC which form their own basal lamina around their 

newly segregated axon. Finally, promyelinating SCs become mSCs by forming a myelin 
sheath around the single large axon they surround. This is mediated by the expression 

of the transcription factor Krox-20, a master regulator of myelination that acts together 

with Sox10 to promote the expression of myelin genes such as P0, myelin associated 
glycoprotein, periaxin, and myelin basic protein (Jessen and Mirsky, 2002). 

Concomitantly, the immature SCs in the axon-SC units that are in contact with small 
calibre axons, become nmSCs and form Remak bundles (Feltri et al., 2016; Jessen and 

Mirsky, 2005; Jessen et al., 2015). nmSCs differ from mSCs in the expression of the 
transcription factor Krox-24, as well as the adhesion molecule L1 and the low-affinity 

NGF receptor p75. 
 

1.1.6. Development of the non-glial components of the nerve 
Little is known about the development and ontogeny of the non–glial cells which reside 

in the endoneurial space (endothelial cells, pericytes, pericyte-like cells and 

macrophages), or how the perineurium develops. It has been reported that endoneurial 
fibroblasts/pericyte-like cells/tactocytes derive from neural crest cells like SCs that 

persist in peripheral nerves until E14-E17 (Bixby et al., 2002; Morrison et al., 1999). 
Using a Cre-lox mouse model in which expression of the reporter is driven by the 

expression of neural crest cell-specific Wnt1, it was shown that endoneurial fibroblasts 
(tactocytes) in the adult nerve are positive for the reporter (Joseph et al., 2004). This is 

an interesting feature of this cell population as it shows that they have a common origin 
with SCs. Although they account for 1/8 of the cells in the trunk of nerves, tactocytes are 

widely understudied.  

Tissue-resident macrophages can have an embryonic yolk sac or fetal liver origin, or are 
generated from bone marrow derived myeloid precursors postnatally (Epelman et al., 

2014a; Katsumoto et al., 2014). In many tissues, the pool of adult macrophages derives 
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from both the bone marrow and the yolk sac (Epelman et al., 2014b; Schulz et al., 2012). 

Interestingly, microglia do not follow this pattern, and are totally yolk sac derived 
(Epelman et al., 2014a; Ginhoux et al., 2013), probably due to the presence of the BBB 

from E13.5 (Ben-Zvi et al., 2014) which prevents circulating macrophages from 
accessing the tissue (Ginhoux et al., 2013; Menassa and Gomez-Nicola, 2018).  The 

origin of the resident macrophages of the PNS is still unknown, but this population has a 
slow turnover rate arguing against a substantial input from bone-marrow-derived cells 

during homeostasis (Stierli et al., 2018). However, results from our lab and others 
suggest that following injury, the macrophage population is increased dramatically by 

both the proliferation of pre-existing resident macrophages and the influx of bone-
marrow-derived cells from the blood (Stratton et al., 2018, Lucie Van Emmenis thesis).  

Little is known about the development of the vasculature in peripheral nerves. This is in 

contrast to the CNS, where it has been shown that the brain is vascularised from E9.5 
and involves the molecular pathways VEGF and Wnt (Fantin et al., 2010; Hübner et al., 

2018; Vallon et al., 2014). It has been reported that blood vessels are visible in the nerve 
in rat embryos at least at E17 (Parmantier et al., 1999), but little else has been reported. 

Similarly, the origin of pericytes in peripheral nerves remains to be characterised. This is 
important as the origin of pericytes varies between tissues, and some tissues host 

pericytes of various origins. For example, pericytes in some tissues  originate from the 
endoderm (ie, gut, lung and liver), while others are neural crest derived (ie, brain, face, 

skin), whereas others are derived from the mesoderm (ie, heart, brain) (Korn et al., 2002; 
Yamazaki and Mukouyama, 2018). As pericytes appear to be highly different in distinct 

tissues, it is thought that developmental differences contribute to this heterogeneity. In 

conclusion, the embryonic development of the microvasculature of the PNS is still largely 
unexplored. 

Similarly, it is also unclear how the perineurium is formed. It is known that perineurial 
cells do not originate from neural crest cells (Bunge et al., 1980), and human studies 

have reported that certain aspects of the perineurium such as their intracellular junctions 
only develop during the last trimester of foetal development (Peltonen et al., 2013; 

Pummi et al., 2004). Additionally, it is known that SCs have a role in controlling the 
development of the perineurium via the Dhh signalling pathway from the third week of 

embryonic development in rodents (further details in 1.3.6) (Parmantier et al., 1999). 

Together, this evidence suggests that the perineurium develops relatively late during 
embryonic development. Further studies are needed to understand how the different 

layers of this important structure are specified and constructed.  
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1.2. Peripheral nerve regeneration 
 

1.2.1. Nerve regeneration following injury 
Whereas damage to the brain and spinal cord leads to irreversible functional defects 

such as cognitive impairments and paralysis, peripheral nerve damage can be repaired 
with time and function can be recovered (Huebner and Strittmatter, 2009). Because 

peripheral nerves do not contain the cell bodies of neurons, PNS injury in fact implies 
axonal injury. Most remarkably, peripheral nerves have the ability to regenerate following 

a transection injury because axons in the periphery have the ability to regrow from the 
injury site (Cattin and Lloyd, 2016). Differences in regenerative potential of axons arise 

both from the presence of inhibitory factors in the CNS environment and from intrinsic 

differences in the molecular properties of central versus peripheral neurons (Huebner 
and Strittmatter, 2009). In fact, it has been shown that an axonal injury leads to a different 

cascade of molecular events in the PNS and in the CNS, leading to a degeneration of 
central neurons versus a regeneration of peripheral neurons (Mahar and Cavalli, 2018). 

The efficiency of nerve regeneration varies according to the injury type, with better 
outcomes associated with injuries such as nerve crushes, in which the basal lamina of 

SCs and the connective tissue are intact and guide regrowing axons, as opposed to 
more severe transection injuries (Conforti et al., 2014). Successful regeneration occurs 

when axons are able to regrow from the injury site, be appropriately myelinated, and 
reach their original target sites, reestablishing the correct innervation (Fig 1.7). The 

capacity of the PNS to regenerate is all the more striking that in physiological condition 

the nerve is a complex tissue in which each constituting cell type is in a relatively 
quiescent state (Stierli et al., 2018). Downstream of the injury site, severed axons that 

are not in contact with their cell body anymore, break down in an active degeneration 
process called Wallerian degeneration (Fig 1.7). This is associated with the activation of 

the ubiquitin-proteasome system and calcium-dependent proteases in axons (Ehlers, 
2004; Glass et al., 2002; Hoopfer et al., 2006). Unknown signals from degenerating 

axons cause SCs to dedifferentiate to a progenitor-like state and activate a  
transcriptional programme that orchestrate many fundamental aspects of the nerve 

regeneration process (Brown et al., 1992; Cattin and Lloyd, 2016; Cattin et al., 2015; 
Clements et al., 2017; Napoli et al., 2012; Stierli et al., 2018). 
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Figure 1.7. Peripheral nerve is able to regenerate following injury. 
Cartoon representing the regeneration process that takes place in the PNS after nerve 
injury. Injury leads to the active degeneration of axons downstream of the injury site 
(Wallerian degeneration), that will later need to regrow. Axonal and myelin debris are 
cleared by dedifferentiated SCs and macrophages. At the injury site, a new tissue, the 
nerve bridge, is formed to join the severed stumps. Hypoxic macrophages secrete 
angiogenic factors such as VEGF-A, which leads to the polarised vascularisation of the 
bridge. Migrating cords of dedifferentiated-repair SCs use the newly formed blood 
vessels as a track to cross from the proximal to the distal stumps. Regrowing axons 
extend with the proximal stump SCs to enter the distal stump and grow back to their 
targets. The regenerated nerves resemble the uninjured nerves, but hosts a higher 
number of axons due to axonal sprouting. Figure adapted from Cattin and Lloyd, 2016. 
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1.2.2. Formation of the nerve bridge 

Transection of a nerve creates three distinct environments: the proximal stump upstream 
of the injury site, the injury site itself, and the distal stump downstream of the injury site.  

These environments, especially the injury site and the distal stump, host different 
aspects of nerve regeneration, from axonal degeneration to axonal regrowth.  

Remarkably, the early stages of nerve regeneration following a nerve cut rely on the 
spontaneous formation of new tissue, called the nerve bridge, that connects the proximal 

and the distal stump together. The nerve bridge is known to contain inflammatory cells 
such as monocyte-derived macrophages and neutrophils, and fibroblasts in a matrix-

dense environment (Fig 1.7 and Fig 1.8) (Cattin and Lloyd, 2016). In rats and in mice, 
the bridge is formed within the first 2 and 4 days after nerve injury, respectively. Although 

the bridge offers a complex environment that could be an obstacle to nerve regeneration, 

it is essential for proper functional recovery.  
Regrowing axons require a complex multicellular response to cross the bridge. The 

trauma of the injury at the injury site causes an inflammatory response, with recruitment 
and proliferation of inflammatory cells such as macrophages and neutrophils. Studies 

from our lab have shown that at first, the bridge is not vascularised, creating a hypoxic 
environment (Cattin et al., 2015). In response to this hypoxic environment, macrophages 

specifically sense hypoxia and secrete VEGF-A (Cattin et al., 2015). VEGF-A stimulates 
endothelial cell proliferation and migration (Bernatchez et al., 2002), resulting in the 

formation of a polarised vasculature (Fig 1.8) (Cattin and Lloyd, 2016).  
Dedifferentiated SCs that underwent a switch in their migratory behaviour from a typical 

contact inhibition of locomotion phenotype to an attraction behaviour mediated by N-

cadherin interactions (Parrinello et al., 2010) , emerge from both stumps and migrate as 
cellular cords using the blood vessels as a track, taking regrowing axons along with them 

across the bridge to the distal stump (Fig 1.7 and Fig 1.8) (Cattin et al., 2015). In fact, 
preventing the correct migration of SCs leads to an impaired axonal regrowth (Chen et 

al., 2005; Parrinello et al., 2010; Pellegrino and Spencer, 1985).  
 

1.2.3. Wallerian degeneration in the distal stump 
Efficient debris clearance downstream of the injury site is essential for proper nerve 

regeneration, as myelin and axonal debris have been shown to inhibit axonal regrowth 

with a 3D live imaging study showing that regrowing axons are deviated and thereby 
slowed down by encountering myelin or axonal debris (Kang and Lichtman, 2013). 

Downstream of the injury, dedifferentiated SCs secrete inflammatory cytokines such as  
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Figure 1.8. Hypoxic macrophages promote blood vessel formation in the bridge. 
Cartoons representing the events occurring in the newly-formed bridge, a new tissue that 
forms following a nerve transection. Macrophages within the bridge produce VEGF-A in 
response to hypoxia, which leads to the vascularisation of the bridge. Dedifferentiated 
SCs emerging from both stumps migrate as cellular cords using the blood vessels as a 
track, taking regrowing axons along with them across the bridge to the distal stump. 
Figure adapted from (Cattin and Lloyd, 2016). 
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CCL2, which induces blood-derived macrophages recruitment (Fig 1.9) (Klein and 

Martini, 2016; Napoli et al., 2012). SCs cooperate with resident macrophages and blood-
derived-macrophages to clear axonal and myelin debris (Mueller et al., 2003; 

Rotshenker, 2011). Additionally, neutrophils rapidly infiltrate the injury site and 
participate in debris clearance (Hall, 2005; Kennedy and DeLeo, 2009; Lindborg et al., 

2017; Nathan, 2006). Macrophages and dedifferentiated SCs clear myelin debris by 
phagocytosis (Brosius Lutz et al., 2017). Additionally, dedifferentiated SCs can clear 

myelin debris by autophagy (Gomez-Sanchez et al., 2015).  
Of note, the basal lamina of the SCs is not degraded during this process, and the 

remaining basal lamina forms tubes called tracks or bands of Büngner, which are lined 
with dedifferentiated SCs that support the regrowth of axons in the distal stump 

(Rotshenker, 2011; Roumazeilles et al., 2018). Injuries that do not disrupt the basal 

lamina, such as crush injuries, have a better clinical outcome because bands of Büngner 
provide directional cues to allow the axons reconnect with their appropriate targets 

(Conforti et al., 2014; Nguyen et al., 2002). The full extent of molecular and physical 
interactions between dedifferentiated SCs and regrowing axons has yet to be 

established. Dedifferentiated SCs, additionally to providing a physical support and 
attractions/adhesions signals to axons, also provide powerful survival signals for axons 

such as BDNF, GDNF and Artemin (Arthur-Farraj et al., 2012; Fontana et al., 2012).  
 

1.2.4. Re-myelination and the structure of regenerated nerves 
The contact between the regrowing axons and SCs triggers the re-expression of 

transcription factors Oct-6 and Krox-20 in SCs, leading to the redifferentiation of SCs 

associated with the re-expression of myelin genes and the remyelination of axons 
(Scherer et al., 1994; Zorick et al., 1996). It is still unclear which molecules mediates 

these interactions. Although neuregulin 1, which mediates axonal-SC contacts during 
development (Taveggia et al., 2005), is important for this process, it is interesting that 

remyelination following injury can occur in the absence of this signal, suggesting that the 
signals mediating re-myelination following injury are not identical to those mediating 

myelination during development (Fricker et al., 2011, 2013; Mei and Nave, 2014; 
Stassart et al., 2013).  

Importantly, regenerated nerve resembles an uninjured nerve in that it consists of the 

same cell types, and that each cell type accounts for the same proportion of cells within 
the endoneurium (Stierli et al., 2018). However, regenerated nerve differs from an  
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Figure 1.9. Wallerian degeneration in the distal stump. 
Cartoon representing the events occurring in the distal stump during Wallerian 
degeneration. Dedifferentiated SCs trigger an inflammatory response, increasing 
dramatically the macrophages number in the distal stump. SCs and macrophages 
cooperate to clear axonal and myelin debris. Figure adapted from (Cattin and Lloyd, 
2016). 
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uninjured nerve because it is in general denser, with an increased number of cells (3 

fold) and axons (1.5 fold) due to proliferation and axonal sprouting (Stierli et al., 2018). 
Additionally, the abundance of extracellular matrix is dramatically increased in 

regenerated nerves, as seen by the non-resolved deposition of laminin, fibronectin, and 
collagen type III in the nerve parenchyma (Eming et al., 2017; Stierli et al., 2018). Upon 

appropriate renervation of the peripheral targets, a normal functional activity is recovered 
(Arthur-Farraj et al., 2012; Rodríguez et al., 2004). 

 
1.2.5. The Raf/Mek/Erk pathway mediates the SC switch to a progenitor-like state 

Regeneration of the PNS relies on a switch in SC differentiation state. As described in 
Stierli et al., 2018, all SCs dedifferentiate following injury and orchestrate the 

regeneration process (Cattin and Lloyd, 2016; Stierli et al., 2018). Upon nerve injury, 

SCs respond to yet to be identified axonal signals by a sustained activation of the MAPK 
pathway (Harrisingh et al., 2004; Sheu et al., 2000). The MAPK pathway is an important 

signalling pathway mediated by the cascade phosphorylation of Raf, MEK, and ERK, 
and the subsequent translocation of phospho-ERK to the nucleus where it regulates the 

transcription of genes involved in cell cycle progression, proliferation, differentiation, 
migration and apoptosis (Chen et al., 2001; Crespo and León, 2000; Ehrenreiter et al., 

2005; Jansen et al., 1983; Rapp et al., 1983).  
We have established a mouse model, the P0-RafTR mouse model (Napoli et al., 2012), 

in which the activation of the MAPK pathway in mSCs is sufficient to trigger this switch 
in their transcriptional programme towards a repair-dedifferentiated state. In these mice, 

mSCs express a Raf kinase fused to the tamoxifen (TMX) inducible oestrogen receptor 

under the control of the mSCs specific P0 promoter. In the absence of TMX, the Raf 
kinase is maintained in an inactive state, whereas TMX administration leads to a 

conformational change of the fusion protein and the activation of the Raf kinase. This 
model thus allows the Raf pathway to be specifically activated in mSCs in adult mice 

upon TMX injection, providing an in vivo tool with reversible and temporal control (Fig 
1.10.A). Together with in vitro findings showing that Raf signalling promotes 

dedifferentiation of SCs (Harrisingh et al., 2004), the P0-RafTR showed that the MAPK 
pathway is sufficient both to block SC differentiation and to drive the dedifferentiation of 

SCs to a progenitor-like state. 

Interestingly, low levels of phospho-ERK appear to promote differentiation (Kuo et al., 
1996), whereas high levels of phospho-ERK in SCs have the opposite effect, leading to 

a drastic change in their transcription program, and their dedifferentiation into repair  
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Figure 1.10. The P0-RafTR mouse model recapitulates the injury response.  
A. Cartoon from Napoli et al., 2012, representing how the ERK signalling pathway can 
be induced in SCs of the P0-RafTR mice. mSCs express the RafTR construct under the 
control of the P0 promoter. Upon tamoxifen injection, the RafTR construct changes 
conformation, which leads to the activation of Raf kinase signalling and its subsequent 
downstream effectors of the MAPK pathway, MEK and ERK specifically in mSCs. B. 
Picture showing the back-leg deficit characteristic of the motor phenotype of the P0-
RafTR mice one week after the first tamoxifen injection. Figure (A-B) from Napoli et al., 
2012. C. Cartoon representing the cell autonomous and non-cell autonomous events 
that occur after tamoxifen injection in the P0-RafTR mice. The activation of Raf in mSCs 
leads to a switch in their transcriptional programme. mSCs dedifferentiate to a 
proliferative progenitor-like state. A strong inflammatory response occurs with the 
recruitment of macrophages and other inflammatory cells such as neutrophils. 
Concomitantly, the BNB is compromised, allowing the penetration of substances from 
the blood circulation and/or the epineurium. Altogether, this leads to the formation of a 
regenerative environment that recapitulates the environmental changes that occur upon 
PNS injury.  
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progenitor-like SCs. This is consistent with numerous studies that showed that the dose 

and the sustainability of ERK signalling can have opposite effects on cell behaviour 
(Ebisuya et al., 2005; Marshall, 1995). Using the P0-RafTR mouse model, we showed 

that activation of the Raf/MEK/ERK signalling pathway in mSC was sufficient to trigger 
mSC dedifferentiation. Dedifferentiated SCs have progenitor-like features, with high 

proliferation rates, the expression of progenitor markers such as p75 and Krox24 and 
the loss of myelin genes expression. With similar kinetics to the injury situation, the 

transcriptional reprogramming takes around 3 days, and occurs prior to myelin 
breakdown. Because of the long half-life of proteins in the myelin sheaths, myelin breaks 

down from approximately 1 week following ERK activation (Sabri et al., 1974).  
Furthermore, the breakdown of the myelin sheath correlates with the development of a 

motor phenotype characterised by a loss of peripheral nerve function accompanied with 

nerve demyelination (Fig 1.10.B). Importantly, no axonal loss was observed, and the 
motor phenotype observed was attributed solely to demyelinated mSC. Together, these 

findings demonstrated that activating the Raf/Mek/Erk pathway in mSCs is sufficient to 
trigger mSC dedifferentiation in the context of a normal nerve environment (Napoli et al., 

2012).  
The Raf activation in SCs is reversible, in that when TMX administration is discontinued, 

phospho-ERK reverts to basal levels and the behavioural deficit is overcome with time. 
The P0-RafTR mouse model has provided an inducible and reversible tool to study the 

specific role of SCs in an injury-like situation. In this way, it has advantages over an injury 
model because of the absence of axonal signals, or signals caused by the physical 

damage of the injury procedure.  

Importantly, studying the P0-RafTR mouse model shed light on the central role of SCs 
following injury, not only to dedifferentiate to progenitor-like cells with multiple roles in 

both the bridge and the distal stumps in the regeneration process, but also to trigger non-
cell autonomous effect such as promoting neuronal survival and triggering the 

inflammatory response that supports the regeneration process. This was shown as TMX 
administration was sufficient to induce the full inflammatory response associated with 

nerve regeneration, that is associated with the expression of inflammatory mediators 
such as MCP1 and TIMP1 by SCs. This shows that SCs orchestrate the inflammatory 

response that occurs following injury (Dubový et al., 2013; Fregnan et al., 2012), and 

that this function is mediated by the ERK signalling pathway (Fig 1.10.C) (Napoli et al., 
2012). Importantly, concomitant to the strong inflammatory response, a breakdown of 

the blood nerve barrier (BNB) occurs in the P0-RafTR animals, as seen by the leakage 
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of intravenous dyes into the nerve parenchyma. Because this is the only model in which 

the BNB can be modified without an injury, the P0-RaFTR mouse model is a powerful 
tool to study the regulation of the BNB.  

 

1.3. Blood neural barriers 
 

1.3.1. Biology of the endothelium  
The cardiovascular system is composed of the heart and the blood vessels. It delivers 

blood to tissues in the body, enabling the exchange of molecules such as oxygen, 
nutrients, and metabolic waste. The heart pumps blood through arteries and arterioles 

to reach peripheral tissues, in which exchanges occur at the level of the capillaries 

(Levick and Michel, 2010). The blood flow then returns the blood to the heart via venules 
and veins. In addition to the blood vessels, the body hosts lymphatic vessels that are 

one component of the lymphatic system. Lymphatic vessels transport lymph throughout 
the body, which is important for the function of the immune system (Randolph et al., 

2017).   
Blood vessels walls are made of a layer of flattened, polarised endothelial cells (ECs), 

aligned in the direction of the blood flow to form the endothelium (Fig 1.11). The lumen 
of the blood vessel is delimited by the luminal/apical membrane of ECs, while the outer 

wall of the blood vessel is formed by the abluminal/basolateral side of the ECs associated 
with pericytes/vascular smooth muscle cells (Bergers and Song, 2005). In addition to the 

exchange of oxygen and nutrients, the endothelium has several roles in homeostatic and 

pathological conditions. First, ECs regulate haemostasis by modulating the coagulation 
machinery during each step of a coagulation event (van Hinsbergh, 2012; Yau et al., 

2015). The intact endothelium has anti-coagulant and anti-thrombolytic functions, 
through the expression of anti-platelet and anticoagulant agents such as nitric oxide and 

prostacyclin I2 (Jaffe, 1987; Yau et al., 2015). Under stimulation or vascular injury, 
platelets are activated by contact with the subendothelium, and ECs increase their 

expression of pro-coagulant agents such as tissue factor TF, which shifts the balance of 
anti/pro-coagulant and triggers platelet adhesion/aggregation and fibrin formation (Yau 

et al., 2015). During the resolution of the coagulation event, ECs express pro-fibrinolytic 
agents such as tissue plasminogen activator (Levin et al., 1984, 1997; Yau et al., 2015). 

Second, ECs provide a semipermeable barrier that controls the passage of gases, 

macromolecules, fluid, and cells, between the blood circulation and vascularised tissues, 



 42 

by controlling paracellular transport through the maintenance of inter-EC tight and 

adherens junctions, and transcellular transport through vesicular transport and the 
 

 
 

 
 

 
 

 
 

 
 
 
 
 
Figure 1.11. Structure of blood vessels. 
Cartoon representing the structure of a blood vessel. ECs form the walls of the blood 
vessels with pericytes ensheathed in the basement membrane. Figure from webpage 
(Antranik)  
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expression of transporters (Aird, 2007). Furthermore, the endothelium plays an important 
role during inflammatory processes (Pate et al., 2010). To support inflammation, blood 

vessels dilate, resulting in an increased blood flow. Additionally, the permeability to fluid 
and inflammatory cells is increased, as mediated by the expression of adhesion 

molecules on the surface of ECs and inflammatory cells (Cook-Mills and Deem, 2005). 
The coordination between inflammatory cells and ECs through the expression of 

cytokines is a key feature of inflammation (Michiels, 2003; Pober and Sessa, 2007).  
Additionally, an important role of ECs, together with the pericytes and vascular smooth 

muscles cells that are associated with them, is to regulate blood flow depending on local 
needs by modulating vascular tone and the diameter of blood vessels (Hamilton et al., 

2010; Sandoo et al., 2010). Local blood flow is constantly modulated to accommodate 

changes in metabolic demand, for example during digestion or physical exercise (Segal, 
2005).  ECs are sensitive to flow-mediated mechanical forces such as blood pressure 

and shear stress (Davies, 1995, 2009).   
ECs also produce proteins that are released on their abluminal surface. ECs and their 

associated pericytes are embedded in a basement membrane, rich in extracellular matrix 
proteins such as fibronectin, collagen and laminin. These proteins are secreted by both 

ECs and pericytes (Stratman and Davis, 2012), and ECs have the ability to remodel the 
basement membrane  (Kalebic et al., 1983; Rundhaug, 2005). In addition to a physical 

barrier, the basement membrane of blood vessels plays a role in angiogenesis and the 
maintenance of the integrity of the blood vessel, for example by sequestering vascular 

growth factors (Jayadev and Sherwood, 2017).  

 
1.3.2. Heterogeneity of endothelial cells 

Importantly, ECs are a highly heterogeneous cell type. Consistent with different blood 
pressures along the vascular tree, the structure of blood vessels varies greatly, with 

arteries having thicker walls covered by contractile pericytes and veins being thinner and 
less contractile. Furthermore, the characteristics of ECs also depend on their localisation 

in the vascular tree (ie. arteries versus veins versus capillaries) (Aird, 2012). For 
example, capillaries are the vessels specialised in the exchanges between the two 

environments, with much higher levels of transcytosis than arteries and veins 

(Bendayan, 2002). In addition to differences between types of blood vessels (BVs), the 
characteristics of the vasculature depend on the host tissue (Fig 1.12)  
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Figure 1.12. Endothelial cells properties depend on the tissue they vascularise.  
Cartoon representing the different types of capillaries in different tissues, with a range of 
different phenotypes. The capillaries from the CNS and the muscle are continuous, 
whereas capillaries in the kidney present fenestrae, allowing more passage of 
substances. Consistent with the role of the liver, this tissue hosts the so-called sinusoidal 
discontinuous capillaries. The CNS capillaries are the most impermeable capillaries of 
the body, while those in the liver are the most permeable ones. Figure adapted from 
(Kobayashi et al., 2005). 
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(Aird, 2007, 2012; Kobayashi et al., 2005). For examples, organs with a filtering function 

such as the kidney and the liver are vascularised by discontinuous or fenestrated 
capillaries, facilitating the bidirectional passage of fluid and macromolecules (Braet and 

Wisse, 2002). On the contrary, capillaries in the CNS are tight and prevent the aspecific 
passage of macromolecules in the tissue (Liebner et al., 2018) . These properties confer 

a barrier role to the BVs in the CNS (see section 1.3.4).   
Remarkably, these properties, as opposed to being intrinsic to ECs, are conferred by 

their microenvironment. This was first shown by in vivo transplantation studies, which 
showed that newly formed vascular barrier properties were dictated by the environment 

(Stewart and Wiley, 1981). In this study, the authors transplanted neural embryonic 
tissue into the mesoderm of quail chicks and observed that the new tissue was 

vascularised by a non-neural vasculature. Vice versa, transplanted fragments of 

mesoderm into neural tissue resulted in the newly transplanted mesoderm being 
vascularised by neural blood vessels. Additionally, in vitro studies showed that brain ECs 

do not retain their properties when cultured alone, but maintain their phenotype when 
cultured in conditions that mimic the brain microenvironment (Helms et al., 2016). Other 

studies have shown that generic ECs grafted into an uninjured liver acquire the 
sinusoidal properties of neighbouring endothelial cells (Nolan et al., 2013). Together, this 

reveals the plasticity of ECs and the importance of the microenvironment in developing 
tissue-specific phenotypes, including those in the CNS.   

 
1.3.3. The barriers of the nervous system  

The nervous system is enclosed in a protected environment by specialised blood-

barriers. Roles for these barriers include the maintenance of specific concentrations of 
ions, nutrients, proteins and metabolites, and on the exclusion of potentially toxic blood-

borne agents. The barrier was first observed by researchers who found that a dye 
injected into the blood circulation does not permeate into the brain parenchyma whereas 

it permeates into other tissues (Biedl, 1898; Bouffard G, 1906; Ehrlich, 1885; Goldmann 
E. E., 1909, 1913; Lewandowsky, 1900; Wislocki, 1920). It is now understood that the 

nervous system hosts blood vessels that are differentially permeable to circulating cells 
and blood-borne molecules compared to the rest of the body (Ballabh et al., 2004). This 

interface between the vascular system and the nervous system, regulates the exchange 

between the 2 systems, and is considered a barrier, and called the blood neural barrier 
(Stern and Gautier, 1921; Stern L, 1918a, 1918b). Over the years, blood neural barriers 

have been at the centre of much research, to understand the underlying biology and in 
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the context of drug delivery strategies and in studies of nervous system pathologies 

(Saunders et al., 2016). 
One reason it is important to understand the physiology of the barrier mechanisms of the 

nervous system, is because these barriers have many clinical implications. First, the 
development of new drugs to target the nervous system needs to account for these 

barrier properties, meeting certain size and lipophilicity criteria (Pardridge, 2005). When 
this is not achievable, therapeutic agents need to be reengineered and delivered to the 

nervous system via “Trojan Horses” that can be taken up, for example, by transporter-
mediated uptake (Pardridge, 2006). On the other hand, when drugs have targets outside 

of the nervous system, it can be an advantage to ensure they will not cross blood neural 
barriers to prevent the development of potential negative side effects (Staff et al., 2017). 

Second, in addition to drug delivery related concerns, blood neural barriers are 

considered the guardians of nervous system homeostasis, which is a requirement for its 
function (Weiss et al., 2009). Perturbations of the permeability of the interface between 

the blood circulation and nervous tissue have been associated with pathological states 
such as dementia (Janelidze et al., 2017; Rosenberg, 2012, 2014), diabetic retinopathy 

(Frey and Antonetti, 2011) and other neuropathies, as well as in response to injury 
(Chodobski et al., 2011). Additionally, altered barrier properties have been described in 

the ageing nervous system (Chan-Ling et al., 2007; Farrall and Wardlaw, 2009; 
Rosenberg, 2014). Although it is still unclear if decreased barrier functions have a causal 

role in these pathologies, increasing evidence indicate that loss of barrier functions plays 
an important role in the development of pathologies and hence provides potential 

therapeutic targets (Daneman, 2012; Sweeney et al., 2019).  

 
1.3.4. Barriers of the CNS 

In the CNS, the capillaries of the brain are reported to be the least permeable of the 
body, forming the so-called blood brain barrier (BBB) (Lewandowsky, 1900; Stern and 

Gautier, 1921). This allows for the maintenance of a protected homeostatic environment 
in which neurons and glia can exert their function. This protection against blood-borne 

perturbations extends to the retina, in which the capillaries form the blood retina barrier 
(BRB), often used as a model to study barriers of the CNS (Ben-Zvi et al., 2014; Chow 

and Gu, 2017; Segarra et al., 2018). Moreover, the spinal cord also benefits from a 

similar barrier, called the blood spinal cord barrier (BSCB) (Bartanusz et al., 2011; Pan 
et al., 1997; Prockop et al., 1995). Although slight differences exist between these 3 CNS 

barriers, their structure and function is quite similar (Bartanusz et al., 2011; Runkle and 
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Antonetti, 2011; Toda et al., 2011). In contrast, the circumventricular organs (CVO) are 

not protected by a barrier function, probably as the role of these brain regions, located 
around the ventricles, is to enable communication between the blood circulation and the 

CNS (Ganong, 2000). The CVO contain sensory organs, such as the area postrema, in 
charge of transmitting signals from the blood to the brain, and secretory organs, such as 

the pituitary gland, in charge of secreting hormones in response to brain stimulation. 
Disruptions of barrier function in the CNS are associated with pathologies. For example, 

disruptions of the BBB have been proposed to contribute to both the onset and the 
progression of neurodegenerative diseases such as Alzheimer’s (Zenaro et al., 2016). 

Moreover, BBB dysfunction is part of the deleterious cascade of events leading to cellular 
damage after brain trauma and stroke (Schoknecht and Shalev, 2012). BRB dysfunction 

is one of the hallmark of diabetic retinopathy (Frey and Antonetti, 2011) and dysfunctions 

of the BSCB has been associated with amyotrophic lateral sclerosis (Garbuzova-Davis 
et al., 2007) and multiple sclerosis (Aubé et al., 2014).  

 
1.3.5. Endothelial cells of the CNS 

Following the original studies that discovered the existence of the BBB (Lewandowsky, 
1900), research has mainly focused on understanding BBB function at the level of the 

ECs, by characterising the barrier-forming phenotype of these cells. These studies 
showed that both transcellular and paracellular routes of transports are minimised in 

these ECs, as the barrier function of the BBB can be accounted for by low rates of 
transcytosis and extremely tight junctions between ECs. The passage of specific 

molecules is allowed by the expression of transporters by the ECs. These features are 

explained in greater detail below. 
 

1.3.5.1. Transcytosis 
Transcytosis (TC) is a process by which molecules cross a cell through vesicular 

transport in a polarised manner. There are several types of TC in ECs, mainly (1) 
receptor-mediated TC that is often mediated by clathrin-coated vesicles and (2) 

adsorptive TC mediated by the so-called caveolae (Fig 1.13) (Mayor and Pagano, 2007; 
Preston et al., 2014a; Pulgar, 2019; Tuma and Hubbard, 2003). In the first instance,  

ligand-receptor complexes are concentrated in vesicles composed of clathrin and the 

adaptor protein 2 (Schmid, 1997), and processed through the endocytosis machinery, 
leading to the release or degradation of the ligand and the recycling of the receptor 

(Preston et al., 2014b). For example, insulin is undergoing transcytosis by clathrin- 
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Figure 1.13. Transcytosis routes across CNS endothelial cells. Transcellular 
transport is taking place via transcytosis (TC): adsorptive TC through caveolae vesicles 
or receptor-mediated TC through clathrin-coated vesicles. In the CNS, BBB-forming 
endothelial cells show very low levels of adsoptive TC as seen by the absence of leakage 
of albumin and HRP into the brain parenchyma, and have low levels of recetor-mediated 
transcytosis. 
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coated vesicles (Pulgar, 2019). On the other hand, caveolae are plasma membrane 

invagination enriched in caveolin, cholesterol and sphingolipids (Frank et al., 2008, 2009; 
Razani et al., 2001) that can transport positively-charged molecules such as albumin 

(Chatterjee et al., 2017; Li et al., 2013; Pulgar, 2019).  
The capillaries of the CNS present low number of transcytotic vesicles relative to other 

tissues, which prevents the passage of substances from the blood to the organ, providing 
a barrier function (Ayloo and Gu, 2019; Preston et al., 2014a; Pulgar, 2019; Reese and 

Karnovsky, 1967; Tuma and Hubbard, 2003). In fact, it is now understood that the levels 
of less-specific, caveolin- dependent TC are extremely low in BBB-forming ECs, as seen 

by the absence of leakage of albumin or other tracers such as horseradish peroxidase 
(Deng et al., 2012; van Deurs, 1980; Gross et al., 1986). However, it is known that some 

receptors such as those for transferrin, low-density lipoprotein, and insulin receptors are 

expressed by brain ECs, and are internalised by clathrin-coated vesicles to deliver their 
ligand to the CNS (Lajoie and Shusta, 2015; Paterson and Webster, 2016; Villaseñor et 

al., 2019). In fact, although the levels of receptor-mediated TCs in the brain are low, they 
are sufficient to be used in drug delivery strategies in which drugs are targeted to the 

brain via these receptors (Pulgar, 2019).  
Importantly, in vivo studies using transgenic mouse models have shown that the 

repression of TC levels in the BBB and BRB is caused by the expression of Mfsd2a (Ben-
Zvi et al., 2014; Chow and Gu, 2017), a lipid transporter that inhibits the formation of 

transcytotic vesicles in ECs through caveolin1-dependent mechanisms (Andreone et al., 
2017). Interestingly, these studies have also revealed that the timeframe of the 

development of the barrier function during development in the CNS is correlating with 

the expression of Mfsd2a and the suppression of transcytosis (Chow and Gu, 2017). 
Recent unpublished work suggests that this mechanism is conserved in the zebrafish 

(available in preprint ; Ayloo and Gu, 2019). Further studies are needed to determine 
which signals induce the expression of Mfsd2a in brain ECs. 

 
1.3.5.2. Tight junctions 

Tight junctions and adherens junctions control the paracellular transport of molecules 
between ECs (Zihni et al., 2016). Tight junctions (TJs) can be visualised by electron 

microscopy (EM) as focal points, called kissing points, where the membrane of two 

neighbouring cells come into close contact (Fig 1.14.A). The structure of TJs (Fig 1.14.B) 
involves transmembrane proteins such as claudins and occludins that are  
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Figure 1.14. Structure of tight junctions and adherens junctions 
A. EM image of tight junctions between epithelial cells. Arrows point to kissing points. 
Figure from (Rajasekaran et al., 2008). B. Cartoon showing the molecular components 
of tight junctions and adherens junctions. Figure adapted from (Zihni et al., 2016)  
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expressed by neighbouring ECs and establish direct contact. The cytoplasmic domains 

of these proteins are associated with adaptors such as Zonula occludens (ZO1) and 
cingulin, which further recruit signalling proteins such as aPKC and CDC42. Together, 

this complex of proteins forms the tight junctions. Adherens junction between ECs have 
a similar structure, with VE-cadherin, a transmembrane protein being associated with 

cytoplasmic effectors p120- catenin and α and β-catenin (Fig 1.14.B) (Zihni et al., 2016). 
Most TJ proteins have redundant functions, with the exception of ZO1 and ZO2, with 

depletion of either in mouse models leading to a lethal phenotype (Katsuno et al., 2008; 
Xu et al., 2008).  

TJs restrict the passage of molecules according to their charge and their size (Anderson 
and Van Itallie, 2009). In the CNS, BBB forming ECs express a range of junctional 

proteins expressed by all ECs such as cadherins, claudins, and ZO-1 but also specific 

junctional proteins such as occludin, marveld2, and cingulin-1 needed for the make-up 
of these extremely tight adherens and tight junctions between CNS endothelial cells 

(Daneman et al., 2010a; Huntley et al., 2014). Together with the restricted transcytosis 
rates, TJs restrict the passage of intravenous tracers into the brain parenchyma.  

 
1.3.5.3 Endothelial cells express specific influx and efflux transporters 

However, for the brain to function, exchanges between the brain parenchyma and the 
blood circulation are required. To achieve this, ECs express a set of high specificity influx 

transporters and a set of low specificity efflux transporters (Fig 1.15). For example, the 
main energetic substrate of the brain is glucose (Mergenthaler et al., 2013), and glucose 

is specifically taken-up from the blood circulation by GLUT1 transporters (Simpson et al., 

2007). Additionally, the BBB also mediates the transport of ions, neurotransmitters, and 
nucleotides from the blood circulation to the brain parenchyma through the expression 

of specific transporters, controlling the composition of the brain interstitial fluid (Daneman 
et al., 2010a; Huntley et al., 2014; Lyck et al., 2009; Popescu et al., 2009). Similarly, 

metabolic waste needs to be cleared from the brain across the BBB. For example, Aβ 
peptides are cleared from the brain in physiological conditions by the efflux transporter 

LRP1 and LRP8 (Daneman et al., 2010a; Verheggen et al., 2018). The BBB-forming ECs 
also express efflux transporters of the multidrug resistance family, such as the P-

glycoprotein MDR1. These transporters are active on many substrates, and actively 

prevent the accumulation of toxic substances and drugs into the brain (Müller et al., 2003; 
Uhr et al., 2000). Together, low transcellular and paracellular transport, combined with  
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Figure 1.15. BBB-forming endothelial cells express specific influx and efflux 
transporters. 
Cartoon illustrating the mechanisms of transport across BBB-forming ECs. ECs express 
transporters specific for ions, peptides and nutrients, as well as ABC transporters that 
have many substrates. Figure from (Zlokovic, 2011). 
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the expression of specific influx and efflux transporters make brain ECs, more than a 

barrier per se, more a highly regulated surface of exchanges between the blood 
circulation and the brain parenchyma. 

 
1.3.5.4 Interactions between endothelial cells and pericytes/astrocytes 

As mentioned above, the properties of ECs are conferred by their microenvironment 
(Helms et al., 2016; Nolan et al., 2013; Stewart and Wiley, 1981). In the brain, the 

microenvironment is composed of pericytes, ensheathed in the basement membrane of 
the blood vessel, and of astrocytes end-feet providing full coverage of the capillary bed 

(Mathiisen et al., 2010). Analysis using EM showed that approximately 35% of brain 
capillaries are covered by pericytes within the basement membrane of the ECs 

(Mathiisen et al., 2010). By confocal microscopy, pericyte coverage was estimated at 

approximately 80% (Armulik et al., 2010). Additionally, the capillary network in the brain 
is further covered by astrocyte end feet (Mathiisen et al., 2010). As astrocytes are in 

direct contact with the neuronal network, this is thought to allow for communication 
between the vasculature and neuronal signals (Abbott et al., 2006; Mishra et al., 2016). 

Together, the ECs, pericytes, astrocytes and neurons are components of the so-called 
neurovascular unit (Fig 1.16) (Andreone et al., 2015; Iadecola, 2017; McConnell et al., 

2017; Zhao et al., 2015). Studies have shown that the presence of both these cell types 
is essential for conferring the function of the BBB to ECs (Abbott et al., 2006; McConnell 

et al., 2017; Sweeney et al., 2016). 
Recently, the interactions between ECs and pericytes or astrocytes have been studied 

at the molecular level. In mice, the BBB is formed in utero, around E13.5-E14.5 (Ben-Zvi 

et al., 2014) and the BRB is formed during the first week after birth, before the pups open 
their eyes (Chow and Gu, 2017). The development of these barriers correlates with the 

recruitment of pericytes (Daneman et al., 2010b; Park et al., 2017). EC/pericyte 
interactions appear to be dependent on PDGFβ/PDGFRβ signalling (Fig 1.8), which is 

thought to activate several downstream pathways such as the PI3 kinase/AKT pathway 
(Heldin and Westermark, 1999). PDGFβ/PDGFRβ deletion is associated with an almost 

complete lack of pericytes in the brain, a severe kidney deficiency, and leads to a lethal 
phenotype (Hellström et al., 1999; Levéen et al., 1994; Lindahl et al., 1997; Soriano, 

1994). Importantly, the tightness of the BBB correlated with pericyte coverage (Armulik 

et al., 2010; Daneman et al., 2010b). Interestingly, the increased permeability observed 
in the pericyte deficient situation is associated with increased transcytosis rates (Armulik 

et al., 2010), and increased expression of leukocyte adhesion molecules leading 
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Figure 1.16. The neurovascular unit in the brain. 
Cartoon representing the different cells involved in the make-up of the neurovascular 
unit in the brain. Endothelial cells are partially covered by pericytes, within the basement 
membrane of the blood vessel. Astrocytes end-feet, in addition to being associated with 
neurons, fully cover the vasculature. Figure adapted from (Obermeier et al., 2013). 
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to the infiltration of inflammatory cells into the brain (Daneman et al., 2010b). Similar 

findings have been described in the retina, in which decreased pericytes coverage has 
been associated with increased permeability of the BRB and impaired vision (Park et al., 

2017). In this report, the PDGFβ/PDGFRβ pathway was also found to be important. 
Together, these in vivo studies established the importance of the pericytes in 

development and the maintenance of BBB function.  
Similarly, EC/astrocyte interactions have also been shown to be important for barrier 

function. Early studies demonstrated in vitro that non-barrier-forming umbilical vein ECs 
develop some barrier properties when cultured with astrocytic end feet (Hayashi et al., 

1997; Janzer and Raff, 1987). The molecular mechanisms underlying these interactions 
have started to be reported in the last few years. One important signalling pathway that 

has been implicated in this process is the Wnt signalling pathway. During 

embryogenesis, both neural and glial cells express Wnt ligands that bind to Frizzled 
receptors (and LRP5/6 co-receptors) expressed by ECs. Mutant animal studies have 

shown that these interactions are necessary for the proper development of the BBB, as 
they enable the correct expression and localisation of junctional proteins (Liebner et al., 

2008). In addition, a recent study identified the Dab1 signalling pathway, known to be 
important for neuronal development, as activated in ECs and that mediates EC/astrocyte 

interactions, and that these interactions were required for the development of the BBB.  
Perturbations of this pathway in transgenic animals led to increased BBB permeability, 

associated with both higher TC rates and dysfunctional TJs at the level of the ECs 
(Segarra et al., 2018). Furthermore, EC/astrocyte interactions mediated by other 

signalling pathway such as the Sonic Hedgehog (Shh), GDNF and TGFβ pathways 

pathway have been shown to promote the barrier phenotype. For example, astrocyte-
derived Shh interacts with the EC-expressed Patched-1 receptor, and this has been 

demonstrated to be important for BBB development and maintenance, as well as for 
maintaining immune quiescence in brain ECs (Alvarez et al., 2011, 2013). 

 
1.3.5. The blood nerve barrier 

Similarly to the CNS, the PNS also requires a protected environment for its proper 
function. However, the architecture of the PNS is different from the CNS in that nerves 

often consist of multiple fascicles, with each fascicle delimited by the perineurium. This 

organisation creates two distinct compartments: the endoneurium within the fascicles, 
and the epineurium between and around the fascicles (Fig 1.4). These compartments 

have different compositions and physiologies. The endoneurium is the compartment that 
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hosts the axons and their associated SCs, and requires a protected environment. To 

maintain these distinct environments, the BNB has two components. (1) The endoneurial 
BVs that are at the interface between the blood circulation and the endoneurium. These 

BVs possess a barrier function similar to brain capillaries. In contrast, the vasculature of 
the epineurium does not share these characteristics, making it subject to environmental 

perturbations. (2) The perineurium, which provides a barrier function between the 
endoneurium and the epineurium. Together, the endoneurial BVs and the perineurium 

form the BNB (Fig 1.17).  
Surprisingly, very few studies have investigated the BNB but it is considered to be similar 

to the BBB, yet slightly more permeable, in that studies have shown that the BNB is less 
stringent to plasma ions such as Calcium, and proteins in adult animals, compared to its 

central counterpart (Allt and Lawrenson, 2000; Wadhwani and Rapoport, 1994; Welch 

and Davson, 1972). Similarly, to accommodate the metabolic needs of the tissue despite 
the tightness of the BNB, both components of the barrier, the endoneurial blood vessels 

and the perineurium, have been reported to express influx and efflux transporters. For 
example, it has been shown that glucose transporter 1 (Glut 1) is expressed both by 

perineurial cells and endoneurial ECs (Froehner et al., 1988). Additionally, junctional 
proteins such as ZO1, claudin V, and VE-Cadherin have also been reported to be 

expressed by both perineurial cells and endoneurial ECs (Weerasuriya and Mizisin, 
2011). Despite the BNB being more permeable than the BBB, these initial observations 

have led to the assumption that the BNB is similar to the BBB. 
Consistent with this view, it has been reported that endoneurial ECs are covered by 

pericytes (Arvidson, 1977; Bell and Weddell, 1984) and based on studies in the brain 

and in the spinal cord (Armulik et al., 2010; Bell et al., 2010; Daneman et al., 2010b; 
Winkler et al., 2013), pericytes would be predicted to have a role in the maintenance of 

BNB function. For example, pericytes have been suggested to have a role in the 
development of diabetic neuropathy following the observation of a thickened basement 

membrane prior to the appearance of the axonal pathology (Giannini 1995). However, 
the only studies that report the role of pericytes in BNB function are in vitro studies 

(Shimizu et al., 2008, 2011), so it remains unclear what is their role in BNB function. In 
addition, it is also clear that the cellular composition of the vascular unit must differ 

between the CNS and the PNS, as there are no astrocytes in the PNS.  Since astrocytes 

have been shown to be important in conferring BBB function, this might suggest that 
similar signals emanate from different sources in the PNS. However, the major glial cells 

of the PNS, SCs, have not been reported to be associated 
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Figure 1.17. The BNB has 2 components: the perineurium and endoneurial 
endothelial cells.  
Cartoon representing the components of the BNB. Endoneurial ECs (EndoECs) are at 
the interface between the blood circulation and the endoneurium, and have a barrier 
function. The perineurium is at the interface between the endoneurium and the 
epineurium. Because epineurial ECs are relatively permeable the epineurium contains 
blood-borne molecules that are prevented from entering the endoneurium by the 
perineurium. 
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with blood vessels and it is not known whether another cell type cooperates with 

pericytes to participate in the coverage of the vasculature.  
In addition, the timing of the development of the BNB is distinct from the BBB as the BNB 

forms postnatally. This was first described by Kristensson and Olsson in mice and guinea 
pigs. In these studies, the authors demonstrated that the BNB is not functional  

during the first week of life, (Kristensson, 1970) and further showed that this is associated 
with a leaky perineurium (Kristensson and Olsson, 1971). In these studies, barrier 

function in mice appeared between the second and the third week of life. Interestingly, 
the barrier function of the perineurium in guinea pigs appears much earlier, around day 

3, whereas Smith et al., (Smith et al., 2001) showed that BNB function is established 
during the 3rd week of life in rats, between day 13 and day 18. The molecular 

mechanisms underlying the formation of the BNB, whether at the level of the endoneurial 

blood vessels or the perineurium, have not yet been investigated. Considering the 
differences in timing and in cellular players, they are likely to differ from the ones 

described in the CNS. 
Importantly, it is thought that disruptions to the BNB have clinical implications. First, BNB 

perturbations have been associated with neuropathies. For example, diabetic 
neuropathies have been associated with microangiopathy and increased BNB 

permeability (Poduslo et al., 1988; Powell et al., 1985) with BNB perturbations suggested 
to precede the development of the pathology (Giannini and Dyck, 1995). Furthermore, 

the development of immune neuropathies relies on the recruitment of inflammatory cells 
into the nerve parenchyma, which is thought to be enabled by a disrupted BNB. Indeed, 

disrupted junctions between ECs have been reported in immune neuropathies (Kanda, 

2013; Meier et al., 1984). These studies suggest that perturbations of the BNB and 
neuropathies are intimately associated. Second, the BNB needs to be taken into 

consideration for drug delivery strategies, as the BNB could be an obstacle to the delivery 
of therapeutic substances such as anaesthetic or analgesic agents to the PNS (Langert 

and Brey, 2018; Liu et al., 2018).  
On the other hand, drugs that cross the more leaky BNB may trigger neuropathic side-

effects. For examples, some chemotherapy agents (ie. Paclitaxel, cisplatin) that are 
known to be restricted by the BBB and not to access the CNS, can cause dose-limiting 

side-effects in the PNS (Boehmerle et al., 2014; Staff et al., 2017). In these cases, 

patients experience side-effects due to the neurotoxicity to peripheral nerves, and these 
are limiting-factors for many chemotherapy regimes (Balayssac et al., 2011). A better 

understanding of the BNB function may allow new approaches to these clinical issues. 
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Finally, the BNB has been shown to be perturbed following injury. Several rodents 

studies have described that BNB permeability increases during the first week after a 
nerve injury, and this is thought to accompany the inflammatory response (Hirakawa et 

al., 2003; Li et al., 2015; Napoli et al., 2012; Omura et al., 2004; Seitz et al., 1989). 
It is surprising how little is known about the BNB, despite important clinical implications. 

To date, we have a very poor understanding of both the cellular and molecular players 
in BNB function, but considering the differences between the CNS and the PNS, it is 

likely that the BNB possesses distinct properties compared to its central counterparts. 
 

1.3.6. The blood nerve barrier is regulated by Schwann cells 
As described above, the barrier properties of the ECs are regulated by the 

microenvironment. In the CNS, interactions between astrocytes, ECs, and pericytes are 

crucial for the development and the maintenance of the BBB. Together with neurons, 
these cells make-up the neurovascular unit (Fig 1.16). In the PNS, the concept of a 

neurovascular unit has not been proposed yet. It is still unknown, apart from pericytes, 
which cells are associated with the vasculature and the perineurium. Nevertheless, there 

is evidence that interactions between SCs and ECs or perineurial cells can influence the 
development and the maintenance of the BNB. 

SCs have been implicated in the formation of the BNB in developing nerves (Fig 1.18). 
A study using Dhh-deficient mice showed that SCs normally express Dhh in developing 

nerves and that the morphology of the perineurium in the absence of Dhh was 
compromised (Parmantier et al., 1999). The perineurium which expresses the Dhh 

receptor Ptc, contained fewer layers of cells, with a perturbed phenotype, including the 

absence of basal lamina and the presence of caveaolae. Perineurial cells were also 
found in the endoneurium, resulting in the formation of minifascicles. Moreover, the 

authors showed that while these perineurial cells (ensheathing the fascicles or 
minifascicles) still expressed tight junction proteins such as ZO1 or occludin, the tight 

junction structures were disrupted. This abnormal perineurium phenotype was 
associated with increased permeability to both cells and molecules, such as 

granulocytes under inflammatory challenge and tracers injected into the blood. As they, 
and others (Joseph et al., 2004; Sharghi-Namini et al., 2006), observed that Dhh 

expression is restricted to Schwann cells in the developing nerve, they concluded that 

SCs are able to regulate the development of the perineurium, including its barrier 
function, through Dhh signalling.  
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Additionally, we have shown that SCs are able to regulate the BNB in adult mice. As 

previously described, the BNB is compromised following injury (Hirakawa et al., 2003; Li 
et al., 2015; Omura et al., 2004), but the mechanisms underlying the breakdown of the 

BNB have not been analysed. However, we have shown that the breakdown of the BNB 
is an active process that can be regulated by SCs (Napoli et al., 2012). The Lloyd lab 

engineered a mouse model in which the RAF/MEK/ERK signalling pathway can be 
specifically activated in mSCs in the adult, and showed that this mimics the injury 

response without physical trauma to the nerve (see section 1.2.5). In this mouse-model 
(P0-RafTR mice), published and unpublished data have shown that activating the Raf 

signalling pathway in mSC is sufficient to trigger the opening of the BNB, allowing the 
leakage of Evans Blue (Napoli et al., 2012) or dextran (unpublished data) into the nerve 

parenchyma. The mechanisms underlying the regulation of the BNB by mSCs, including 

the signalling pathway downstream of Raf have yet to be determined (Fig 1.18).  
However, these findings are important, as they are the first to report the regulation of the 

BNB by SCs in the adult. Moreover, the P0-RafTR mouse model is a powerful model to 
unravel regulatory mechanisms of the BNB as it is possible to control the permeability of 

the BNB, in an inducible and reversible manner in the absence of trauma.  
 

1.4. Aims 
The blood nerve barrier (BNB) is an important yet understudied feature of the PNS. The 
aim of this thesis is to understand fundamental aspects of the BNB: its structure, function, 

and regulation. Understanding the BNB is required to provide a better understanding of 

how nerve homeostasis is perturbed during inflammation and during peripheral 
neuropathies. Additionally, a deeper knowledge about the BNB will improve strategies 

to deliver drugs into the PNS and decrease side effects of non-nervous therapies.  
 

1) Function of the BNB: The first aim of this thesis was to characterise the barrier 
phenotype of BNB-forming ECs. For that aim, we developed a tool kit to study the BNB 

in vivo, and compared our findings with published data in the CNS. To further our 
understanding of the BNB, we also aimed to perform a characterisation of the 

transcriptomic profile of BNB-forming ECs. 
 

2) Structure of the BNB: Because ECs properties are conferred by their environment, the 

second aim of this thesis was to define the structure of the BNB at the cellular level by 
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defining the vascular unit of the PNS. We then investigated the role of cells involved in 

the make-up of the BNB in conferring the barrier function. 
 

3) Regulation of the BNB: using the P0-RafTR mouse model in which the BNB can be 
controlled, we investigated the mechanisms by which mSCs regulate the BNB.  
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Figure 1.18. Schwann cells modulate the BNB 
During embryonic development, SCs regulate the formation of the perineurium, through 
Dhh signalling via the Ptc receptor on perineurial cells. Dhh deficient mice show deficient 
BNB function at the level of the perineurium (Parmantier et al., 1999). In the adult, mSCs 
can regulate BNB permeability, through the activation of the ERK pathway signalling in 
SCs (Napoli et al., 2012). 
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Chapter Two. Materials and methods 

 
2.1. Materials 
 
2.1.1. Chemicals 

The supplier and catalogue numbers of each reagent is stated throughout this chapter. 
 

2.1.2. Antibodies 
Antibodies used for immunofluorescence stainings and correlative light electron 

microscopy are listed in Table 2.1. Additionally, we noted which fixation protocol was 

used and the concentration of antibody (see 2.2.2.1 and 2.2.2.2). Alexa Fluor (AF) 
secondary antibodies were obtained from Invitrogen.  

 
Table 2.1. Antibodies used for immunofluorescence protocols 
 

Antigen Supplier Concentration Species Protocol 

CD31 BD Pharmingen (550274) 1/100 rat both 

C-jun Cell signalling (9165) 1/400 rabbit post-fixed 

Iba1 Wako (019-19741) 1/500 rabbit both 

F4/80 BioRad (MCA497G) 1/500 rat both 

P75 Millipore (07-476) 1/500 rabbit both 

S100 Dako (Z0311) 1/500 Rabbit both 

S100 Abcam (ab8330) 1/1000 mouse both 

CD34 Abcam (ab81989) 1/500 rabbit both 

Claudin V Invitrogen (352500) 1/500 mouse pre-fixed 

Glut1 Abcam (ab652) 1/500 rabbit both 

αSMA Sigma (F3777) 
Sigma (C6198) 

1/1000 Mouse 
(conjugated) 

pre-fixed 
 

 
 

Additionally, we used a set of conjugated antibobies, listed in Table 2.2, for the isolation 

of ECs by flow cytometry (see 2.2.5). 
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Table 2.2. Antibodies used for flow cytometry.  
 

Antigen Fluorophore Supplier 

VE-Cadh BV 421 BD  562795 

CD31 PE, BV510, FITC BD 561073, BD 563089, Millipore CBL1337F 

Glut1 Alexa Fluor 647 Abcam ab195020 

Viability FVS 780 BD 565388 

 

 
2.1.3. Primers  

In Table 2.3, we listed the primers used for genotyping purposes. The protocol used is 
detailed in 2.2.1.2. Finally, primers used for RTqPCR (see 2.2.4) are listed in Table 2.4. 

 
Table 2.3. Primers used for genotyping. 
 

Target Forward primer (5’-3’) Reverse primer (5’-3’) 

P0-Cre CGGTCGATGCAACGAGTGATGAGG CCAGAGACGGAAATCCATCGCTCG 

cjun CTCATACCAGTTCGCACAGGCGGC CCGCTAGCACTCACGTTGGTAGGC 

RafTR GCAGCCCACACTGAGGATA AAGGACAAGGCAGGGCTATT 

Tie2 ATTCTCGTGGAACTGGATGG, 
GGACAGGTAATGGTTGTCTGG 

CTAGGCCACAGAATTGAAAGATCT 

Ai9 AAGGGAGCTGCAGTGGAGTA,  
CTGTTCCTGTACGGCATGG 

CCGAAAATCTGTGGGAAGTC, 
GGCATTAAAGCAGCGTATCC 

 

 
Table 2.4. Primers used for RTqPCR. 
 

Target Forward primer (5’-3’) Reverse primer (5’-3’) 

B2M CAGTCTCAGTGGGGTGAAT ATGGGAAGCCGAACATACTG 

MBP ATCCAAGTACCTGGCCACAG TGTGTGAGTCCTTGCCAGAG 

MPZ CTGGTCCAGTGAATGGGTCT CATGTGAAAGTGCCGTTGTC 

Periaxin AGGAGCTCTGGAGGTGTCTGG TCTTGAGTGATGGCCTTTTC 

Timp1 GCATCTGGCTCCTCTTGTT CATTTCCCACAGCCTTGAAT 

MCP1 AGGTCCCTGTCATGCTTACTG GCTGCTGGTGATCTCTTGT 

P75 CAACCAGACCGTGTGTGAAC GGAGAACACGAGTCCTGAGC 

Krox24 CAGCGCCTTCAATCCTCAAG AGCGGCCAGTATAGGTGATG 
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2.2. Methods 
 

2.2.1. Animal work 
 

2.2.1.1. Legislation 
Animals were maintained in a 12hours/12hours light/dark cycle. Animals had free access 

to food and water and their litter was changed weekly. During the macrophages depletion 
experiment, the traditional food was replaced by an AIN-76A chow containing 1200ppm 

of PLX5622 (Plexxikon Inc), or the same chow without drug. All experiments were done 
accordingly to the Home Office regulations for the use of laboratory animals. 

 

2.2.1.2. Genotyping 
DNA was extracted from ear notches by an overnight (ON) incubation in lysis buffer 

(Viagen, 401-E) supplemented with 1% proteinase K (Roche, 03115828001) at 56°C, 
followed by inactivation of proteinase K for 45 minutes at 86°C. The samples were 

centrifuged at high speed and 1μl of the supernatant containing the DNA was used to 
perform subsequent PCR reactions. The PCR reactions and protocols (Table 2.5) were 

designed according to GoTaq Flexi (Promega, M8291) guidelines as follows: in addition 
to the DNA, each reaction contained 5μl of 5X buffer, 1.5μl of 25mM MgCl2, 0.2μl of 

25mM dNTPs, 0.15μl of each 100nM primers (Table 2.3) and 0.2μl of GoTaq Flexi DNA 
polymerase, in a final volume of 25μl. The PCR products were ran on a 2% agarose 

(ThermoFisher Scientific, 16500100) gel containing 5% SybrSafe (ThermoFisher 

Scientific, S33102). 
 

Table 2.5. PCR program used for genotyping 
 

Step Temperature (°C) Time 

1.  Initial denaturation 94 3 min 

2. Denaturation 95 40 sec 

3. Annealing 57 30 sec 

4. Extension 72 1 min 

Repeat Step 2-4 34 times in total 

5. Final extension 72 10 min 

6. Hold 4 ∞ 
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2.2.1.3. Intra-peritoneal injections  

Tamoxifen was injected intraperitoneously (IP) to induce the expression of the RafTR 
construct. Tamoxifen (Sigma, T5648) was dissolved in EtOH at a concentration of 

200mg/ml and further diluted 10 times in sunflower oil (Sigma, S5007) to reach a final 
concentration of 20mg/ml. This solution was vortexed for at least 3 hours to ensure total 

dissolving of tamoxifen, and stored at -80°C. Tamoxifen was injected IP once a day for 
5 days. Each animal received a daily dose of 150-200μg/g of body weight. 

 
2.2.1.4. Intra-venous injections  

Dextran, horseradish peroxidase (HRP) and Evans blue-BSA solutions were injected 
intra-venously (IV) (Table 2.6). Prior to injections, animals were warmed at 38°C for 15 

minutes to induce vaso-dilatation. The injections were carried out through the tail vein.  

Evans blue-BSA solutions were prepared fresh by dissolving Evans blue (Sigma, E2129) 
and BSA (Sigma, A3294) in PBS to reach a concentration of 1% and 5%, respectively. 

Each animal was injected 1μl/g of body weight and was harvested 30 minutes later. 
Dextran stock solutions were prepared by dissolving 40kDa dextran coupled to 

fluorescein (Invitrogen, D1845) in PBS to reach a concentration of 20mg/ml. This solution 
was stored at -20°C. Prior to injection, dextran was further diluted 2X in PBS to reach a 

final concentration of 10mg/ml. Each animal was injected with a single dose of 2mg/20g 
of body weight and was harvested 1 or 6 hours later.  

HRP solution was prepared by dissolving 125mg of HRP type II (Sigma, P8250) in 2.5mL 
of PBS. This solution was stored at 4°C. Each animal was injected with a single dose of 

0.5mg/g of body weight and was harvested at various time points, ranging from 10 

seconds to 6 hours following injection. 
 

Table 2.6. Substances injected IV with their molecular weight, the concentration at 
which they are injected, and the time of circulation. 
 

Substance Size (KDa) Concentration 
(mg/g body weight) 

Time before 
harvesting  

Evans blue-BSA 0.96 (free Evans blue) 

69 (Evans blue-BSA) 

0.1 30 minutes 

Dextran 40-70-500 2 1-6 hours 

HRP 44 0.5 10 seconds – 
 6 hours 
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2.2.1.5. Sciatic nerve surgeries 

The surgery procedure described below was performed in sterile conditions. The animals 
were anesthetised with isoflurane and their right leg was shaved and disinfected. Using 

a scalpel blade, a 5mm cut was made in the skin of the animal, at the approximate level 
of the sciatic notch. The muscles above the sciatic nerve were moved using fine forceps 

to expose the sciatic nerve. The cutting or crushing of the nerve was performed at the 
level of the sciatic notch by transecting the sciatic nerve or by compressing the nerve 

twice in total for 10 seconds each, at 2 different orientations. When removing the forceps 
from the animals, the muscles regained their original position. The wound was closed 

using surgery clips, and the animals were placed in a recovery chamber until their 
reflexes were restored, before being returned to their cages.  

 

2.2.1.6. Dissections 
Animals were sacrificed by a gradient of CO2. Death was confirmed by neck dislocation. 

To perform a sciatic nerve dissection, the skin was removed over the leg area and the 
biceps femoris was excised, revealing the sciatic nerve. Using fine forceps, the sciatic 

nerve was dissected downstream of the sciatic notch. Additionally, we performed 
brachial nerve dissection by removing the skin and the superficial muscles in the arm 

region and dissecting the brachial nerve from the armpit. Finally, we performed facial 
and saphenous nerves dissections by removing the skin of the face and the front leg 

area, exposing those superficial nerves. We extracted the nerves using fine forceps. 
 

2.2.2. Light imaging techniques 

 
2.2.2.1. Immunofluorescence: pre-fixed protocol 

Upon dissection, nerves were incubated in a solution containing 4% of paraformaldehyde 
(PFA, TAAB F017) for 4-6 hours at room temperature (RT) or ON at 4°C. Nerves were 

then cryoprotected in PBS-sucrose 30% (Sigma S7903) ON at 4°C and in PBS-sucrose 
15%-OCT compound 50% (VWR chemicals 361603E) for 2 hours at RT. Finally, nerves 

were embedded in OCT compound and snap frozen in liquid nitrogen. Those blocks can 
be stored at -80°C for long term.  

On the day of the immunofluorescence protocol, the nerves were cryosectioned using a 

cryostat. 10μm sections were collected on glass slides (Thermo Scientific J1800AMNZ) 
and incubated in PBS during the sectioning. Sections were permeabilised in PBS-Triton 

0.3% (Sigma T9284) for 30 minutes at RT, blocked in PBS-goat serum 10% (GS, Sigma 
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G9023) for 1 hour at RT, and incubated ON at 4°C in a PBS-GS 10% solution containing 

the primary antibodies, as described in Table 2.1. When Claudin V antibody was used, 
the sections were blocked in 2% Fab fragment (Jackson Immunoresearch 715-007-

003)/10% Donkey Serum/PBS ON at 4°C instead, and donkey serum and secondary 
antibodies raised in donkey were used in the following steps. The next day, the sections 

were washed in PBS for a minimum of 45 minutes and incubated for 1 hour at RT in a 
PBS-GS 10% solution containing Hoechst 1/1000 and the secondary antibodies raised 

in goat, coupled to one of the following Alexa Fluor fluorophores (AF, Invitrogen): AF488, 
AF594, AF647, depending on the panel of primary antibodies used. The sections were 

finally washed for a minimum of 45 minutes in PBS, rinsed in water, and mounted under 
a coverslip with Fluoromount. The sections were left to dry ON and acquired from the 

next day. 

 
2.2.2.2. Immunofluorescence: post-fixed protocol 

Some antibodies require a different protocol (see Table 1), in which the samples are 
embedded in OCT compound and snap-frozen in liquid nitrogen straight upon dissection, 

without any prior fixation step. With this protocol, nerves are cryosectioned into 10μm 
sections with the cryostat, and exposed to a solution of 4% PFA for 10-15 minutes at RT. 

Following this fixation, sections were washed in PBS and underwent the 
permeabilisation, blocking, and antibody incubation steps as per the protocol described 

in 2.2.2.1. 
 

2.2.2.3. Tyramide reaction to reveal the presence of HRP 

To reveal the presence of HRP by light microscopy, we used the commercially available 
tyramide kits (Sigma-Aldrich B40925), and modified the manufacturer protocol to 

decrease the signal amplification. The tyramide step was performed at the end of the 
standard immunostaining pre-fixed protocol, after the PBS washes following secondary 

antibodies incubation. A buffer containing 0.0015% of H2O2 was prepared by adding 
0.5μl of 30% stock solution of H2O2 to 100μl of component E, and further diluting this 

solution 100x in component E. In this buffer we added 1/500 of the tyramide reagent 
coupled to Alexa Fluor 594 (Sigma-Aldrich B40957). We incubated this solution on the 

slides for 5 minutes at RT, protected from light. Slides were further washed in PBS and 

rinsed in water before being mounted under a glass coverslip in fluoromount.  
 

 



 69 

2.2.2.4. Image acquisition 

Immunostainings containing a maximum of 4 fluorophores (Hoechst/ AF 488/ AF 594, 
dsRed or tdTomato/ AF 647) were acquired with a SPE3 inverted confocal microscope 

(Leica TCS SPE) with the following lasers: 405nm, 488nm, 561nm and 635nm.  
Immunostainings containing 5 fluorophores (Hoechst/AF 488/ AF 594/ cy3 / AF 647) 

were acquired with a multiphoton microscope (LSM880, laser lines 405, 488, 5611 and 
633). We used the lambda mode of acquisition, in which all wavelength between 450 

and 680nm are acquired at the same time, and the image is further reconstructed by 
comparing the emission spectrum obtained, pixel by pixel, with the previously 

determined spectrum of each fluorophore. 
 

2.2.2.5. Assessment of the perineurium permeability 

Sciatic nerves were harvested as described before (see 2.2.1.6), and immersed in a 
solution containing 40KDa dextran coupled to fluorescein (ThermoFisher D1845, 10 

mg/ml) for 15 min for permeability evaluation, being careful not to immerse the 
extremities to prevent entry of the tracer. As a positive control, nerves were immersed in 

a solution of 10% NaCl for 10 minutes prior to the Dextran incubation. Nerves were then 
fixed in 4% PFA  and processed as described above. 

 
2.2.2.6. Quantifications 

All quantifications were done using Fiji.  
The cell countings were performed using the built-in cell counter plugin in Fiji. The area 

and intensity measurements were done by manually drawing the region of interest and 

measuring the relevant parameters in it, such as the intensity of a signal, or the area 
covered by a signal. For each quantification, a minimum of 5 images were quantified for 

each animal. 
 

2.2.2.7. Evans blue and image acquisition 
Upon dissection, nerves were embedded in OCT compound and snap-frozen in liquid 

nitrogen. Cross sections of 10 microns were prepared at the cryostat and immediately 
mounted in fluoromount supplemented with 1/1000 Hoechst. Images are acquired 

immediately after cutting with an Axiovision microscope using Open lab. Samples were 

excited at 530-550 nm and acquired at 594 nm. 
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2.2.3. Electron microscopy techniques 

 
2.2.3.1. Sample preparation for transmission electron microscopy 

Freshly isolated nerves were fixed in a phosphate buffer solution (0.2M Na2HPO4: 0.2M 
NaH2PO4 in a 4:1 ratio) containing 2% gluteraldehyde (TAAB G011) and 2% PFA. The 

fixation process was carried out for 1-7 days at 4°C. After 3 washes in phosphate buffer, 
the nerves were osmicated in 2% Osmium Tetroxide (TAAB O005) for 2 hours at 4°C. 

The solution was rinsed off by 3 washes in water. The samples were then negatively 
stained in 2% Uranyl acetate for 45 minutes at 4°C and washed in water. Nerves were 

dehydrated by a series of incubations in increasing concentrations of ethanol: 5 minutes 
in 25%, 5 minutes in 50%, 5 minutes in 70%, 10 minutes in 90% and 4x10 minutes in 

100% ethanol. The dehydrated nerves were then put in contact with a propylene oxide 

solution (Agar scientific, R1080) for 3x10 minutes, ensuring complete removal of residual 
ethanol in the tissue. Resin was prepared by mixing TAAB 812 (47%, TAAB T023), 

DDSA (18.5%, TAAB D027), MNA (32.5%, TAAB M011) and DMP30 (2%, TAAB D032). 
Nerves were then incubated for 1 hour in resin 50%- propylene oxide 50% (Agar 

Scientific R1080) and a 100% resin ON. The resin was refreshed in the morning. Nerves 
were embedded in resin in the evening and incubated at 60°C ON to allow the resin to 

set.  
 

2.2.3.2. Sample preparation on HRP injected nerves 
The HRP injected animals were fixed overnight in a phosphate buffer solution containing 

gluteraldehyde 2% and PFA 2% at 4°C and washed the next day in phosphate buffer. 

Differently from the standard protocol, HRP injected nerves were then embedded in a 
2.6% low melting point agarose gel (Invitrogen 16520050). Vibrotome sections of 150μm 

thickness were made. Those sections were then washed in Tris/HCl 0.05M pH7.6 buffer 
and underwent DAB (3,3’-Diaminobezidine tetra-HCl) reaction as follows: the DAB 

reaction solution was obtained by adding 250μl of a 3% DAB solution (TAAB, D008) to 
10ml of Tris/HCl buffer and 7μl of hydrogen peroxidase. Sections were incubated with 

this solution in the dark for 15 minutes and further washed in Tris buffer. After this, the 
sections were osmicated, stained, dehydrated and embedded as described in 2.2.3.1. 

 

2.2.3.3. Sections preparation 
Sections were prepared with an UC7 microtome (Leica). Resin blocks containing the 

nerve were trimmed with a grinder and metallic blade, and further polished with a glass 
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knife. Using a diamond blade (diatome Ultra 45), semi-thin (250nm) and ultra-thin (70nm) 

sections were collected. Semithin sections were collected on a glass microscope slide 
and stained with a solution containing 1% of toluidine blue and 2% borax. Ultra thin 

sections were collected on an electron microscope grid. For samples that were not 
injected with HRP, ultra thin sections were further put in contact with a Reynolds lead 

citrate solution for 10 minutes and washes in water for 5x5 minutes. 
 

2.2.3.4. Image acquisition and processing 
Images were acquired with a FEI Tecnai Spirit Bio-twin electron microscope and a 

Morada G2 camera (Olympus Soft Imaging Solutions). The images were opened with 
Fiji and subjected to the “A posteriori shading correction” plugin developed by Maxime 

Pinchon, Laetitia Pasquet and Noël Bonnet and available online (automatic mode, 2x2) 

(Noel Bonnet). This plugin removes unequal background due to beam misalignment.  
 

2.2.3.5. Quantifications 
Several parameters were quantified on TEM images, all using Fiji. 

The counting of the number of HRP+ vesicles and luminal protrusions was done 
manually. The area quantifications were done by manually drawing the contours of the 

cells, lumen, and nuclei and measuring the area on Fiji. The quantification of the 
coverage by pericytes was done by manually drawing the contours of the blood vessels 

and measuring its perimeter, followed by measuring which proportion of this perimeter is 
in direct contact with pericytes, recognised by their characteristic localisation and also 

manually drawn. 

 
2.2.3.6. Correlative Light Electron Microscopy (CLEM) 

Nerves harvested for CLEM were fixed overnight in PFA 4% in PBS at 4°C. The next 
day, they were washed in ice-cold PBS for 30 min, and embedded in a 2.6% low melting 

point agarose gel. The nerves were then sectioned with a vibratome, obtaining 150μm 
cross sections. The sections were blocked in a solution of PBS/GS 5% for 1 hour, prior 

to being incubated in a solution of PBS/GS 5% containing the primary antibodies against 
CD34 and F4/80 (Table 2.1) for 1 hour. The sections were washed in PBS and further 

incubated for 1 hour in a solution of PBS/GS 5%  containing secondary antibodies (goat 

anti rabbit AF647 and goat anti rat AF594, both 1/400), Hoechst (1/1000), and primary 
antibody against αSMA conjugated to FITC (1/1000). All incubations were performed at 

4°C. After this incubation, the sections were placed in a glass-bottom petri dish and fixed 



 72 

with 2.6% low melting point agarose. Fluorescence images were acquired with the SPE3 

confocal microscope as described above. Following the acquisition, the sections were 
detached from the petri dish and fixed for a second time in a 0.2M phosphate buffer 

containing 2% PFA and 2% gluteraldehyde for 30 minutes at 4°C. The fixative was 
washed ON in phosphate buffer at 4°C. The next day, the sections were subjected to the 

standard EM protocol as described in 2.2.3.1. Briefly, the sections were osmicated, 
uranyl acetate stained and dehydrated, before being embedded in epoxy resin. Ultra-

thin sections were prepared with a microtome as described above, with particular care 
of collecting the first, most superficial, sections. EM images were acquired and 

processed as described in 2.2.3.3. The correlation between the fluorescent images and 
the electron microscopy images were performed by hand, using FIJI, adobe photoshop 

and adobe illustrator. 

 
2.2.4. Molecular Biology 

 
2.2.4.1. Extraction of RNA and digestion of DNA 

Nerves were snap-frozen in liquid nitrogen upon dissection and kept at -80°C until the 
extraction of RNA. On the day of the extraction, deep frozen nerves were shattered with 

a pestel, and 300μl of Trizol (ThermoFisher, 15596018) was added to each tube. Nerves 
were further mechanically processed with a motorised pestle to ensure full dissociation 

in the Trizol. One volume of 70% ethanol was added and this solution was loaded into 
Purelink micro column (ThermoFisher Scientific, 12183016). RNA was extracted 

following the manufacturer’s protocol, with all centrifugations performed were done at full 

speed for 15 seconds. Briefly, after being loaded on the column, the samples underwent 
centrifugation to bind the RNA to the column. The column was then washed with wash 

buffer I and DNA was digested on membrane through the addition of 10μl of DNAse I 
solution diluted in 70μl of RDD buffer (Qiagen, 79254) and incubating at RT for 15 

minutes. After the incubation, the column was centrifuged and a second wash in buffer I 
was performed, followed by a wash with buffer II. 13μl of RNAse free water was used to 

elute the RNA from the column.  
 

2.2.4.2. Reverse transcription 

The concentration and quality of the RNA obtained with the procedure described above 
was determined using a Nanodrop. Reverse transcription was performed using the 

reverse transcriptase SuperScript II (ThermoFisher Scientific, 18064014), following the 
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manufacturer’s instructions. Briefly, 500-1000ng of RNA was incubated for 5 minutes at 

65°C with 25μM of random hexamers primers and 0.5μM of dNTP mix. After this 
incubation, the samples were further incubated with 1x first strand buffer, 0.02M of DTT, 

40 units of RNAse OUT, and 20units/μl of SuperScript II reverse transcriptase. This 
mixture was incubated for 10 minutes at RT, then for 50 minutes at 42°C to enable the 

reverse transcription and 15 minutes at 72°C to deactivate the reaction. 
 

2.2.4.3. qPCR 
The levels of transcription of target genes were analysed by qPCR. Each reaction 

contained 12.5μl of MesaBlue (Eurogentec), 5μl of cDNA, 0.8μl of a solution containing 
5μM of reverse and forward primers (Table 2.4) and 7.7μL of water. The qPCR program 

used is displayed in Table 2.7. 

 
Table 2.7. Program used for RTqPCR 
 

Step Temperature (°C) Time 

1. Taq activation 95 5 min 

2. Denaturation 95 20 sec 

3. Annealing 60 30 sec 

4. Extension 72 20 sec 

5. Acquire fluorescence intensity 

Repeat Step 2-5 40 times in total  

6. Melt curve 60-95 5-10 sec 

	
 
2.2.5. Isolation of cells from the sciatic nerve 

The protocol to isolate cells from sciatic nerves was modified and otpimised throughout 

this thesis. Here, we describe the final version of the protocol, that achieved the most 
consistent results. 

 
2.2.5.1. Preparation of cell suspension 

Sciatic nerves were dissected as described above and collected in ice-cold PBS. Nerves 
were chopped into pieces smaller than 1mm with a razor blade in a petri dish containing 

the digestion solution made of 0.4mg/ml of L-cysteine (Sigma C7477), 0.4 units/ml of 
papain (Worthington 3124) and 125 units/ml of type I DNAse (Worthington LS002004) in 

EBSS (ThermoFisher Scientific 14155063), that was previously activated at 37°C for 30 
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minutes. The digestion occurred for 30 minutes in an incubator kept at 37°C and 10% 

CO2. After this, nerves fragments were transferred to an eppendorf. Nerves fragment 
were initially mechanically triturated with a mechanic motorised pestle for 15 seconds, 

and further triturated by several aspirations through a Pasteur pipette. The solution was 
then passed through a 40μm cell strainer (BD bioscience) to obtain a single cell 

suspension. The enzymatic activity of the papain was blocked by adding an equal volume 
of an EBSS solution containing 1mg/ml of BSA, 2 mg/ml of ovomucoid (Sigma T9253), 

and 125 units/ml of type I DNAse.  Cells were centrifuged at 2600 RPM at 4°C for 10 
minutes and resuspended in FACS buffer (PBS supplemented with 0.1% BSA and 2.5M 

EDTA) 
 

2.2.5.2. Myelin removal 

When a step of myelin removal was performed, 120μl of myelin removal beads (Myltenyi 
Biotec, 130-096-733) were added to 1ml of cells suspension and incubated at 4°C for 15 

minutes. The cells were then washed in 10ml of FACS buffer and centrifuged for 10 
minutes at 2600 RPM at 4°C. The cells were resuspended in FACS buffer and passed 

through a LS column in a magnet, allowing the myelin bound-beads to be retained on 
the column and the cells to flow through. The cells were centrifuged and resuspended in 

FACS buffer. 
 

2.2.5.3. Debris removal 
When a step of debris removal was performed, 450μl of debris removal buffer (MACs 

Miltenyi Biotec, 130-107-677) were mixed to 1.55ml of cell suspension in PBS. An 

additional 2ml of ice-cold PBS was added slowly to the tilted tube, in order to prevent it 
to mix with the cell suspension. The tube was centrifuged for 10min at 2600 RPM at 4°C. 

The centrifugation created a phase separation, where the cell pellet is at the bottom of 
the dish and the debris are in the intermediate phase. Then, the upper layers are 

removed, and the cell pellet is washed in 10 ml of FACS buffer. Finally, the cells were 
centrifuged for 10min at 280g at 4°C and resuspended in the appropriate volume of 

FACS buffer.	
 

2.2.5.4. Fluorescence associated cell sorting (FACS)  

The FACS experiments were performed at the UCL Cancer Institute. The cells were 
incubated with primary antibodies conjugated with fluorophores, as well as with a viability 

dye for 15 minutes on ice. Some aliquots of each cell prep were used to perform single 
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staining controls and determine the adequate gating for each experiment. The cell 

sortings were performed in a sterile environment at 4°C. Cells were collected in FACS 
buffer. 

	
2.2.6. Statistical analysis 

The number of animals used in each experiment is stated throughout the thesis. All the 
statistical analysis was performed using Prism (GraphPad). Before applying statistical 

test, all datasets were subjected to a Shapiro-Wilk normality test to determine the choice 
of the test. In case the normality of all groups was achieved, we performed a standard t-

test to compare 2 conditions or 1-way- ANOVA to compare more than 2 conditions. 

Following ANOVA, we further applied a post-test such as the Bonferroni post-test or the 
Tukey’s post-test. When the normality was not achieved, we applied a Mann-Whitney 

test to compare 2 conditions or a Kruskall-Wallis test to compare more than 2 conditions.  
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Chapter Three. Structure and function of the blood nerve barrier 
 

3.1. Introduction 
The blood nerve barrier (BNB) acts at the interface between the vasculature and 
peripheral nerves. The barrier of the PNS is enforced by two structures; the perineurium 

and endoneurial blood vessels (EndoBVs) (Fig 1.17) (Weerasuriya and Mizisin, 2011). 
In contrast, epineurial blood vessels (EpiBVs), that vascularise the epineurium, the tissue 

surrounding the fascicles, do not possess a barrier function (Weerasuriya and Mizisin, 
2011). As in the CNS, the maintenance of a protected environment via blood barriers is 

thought to be important for the proper functioning of the PNS (Weerasuriya and Mizisin, 
2011). Consistent with this, BNB breakdown has been associated with the development 

of immune-mediated peripheral neuropathies such as chronic inflammatory 

demyelinating polyradiculoneuropathy and Guillain-Barré syndrome, and in multifocal 
motor neuropathy (Shimizu and Kanda, 2015), diabetic neuropathies (Poduslo et al., 

1988), and reaction to viral infections (Mori, 2018). Of additional clinical relevance, the 
BNB needs to be considered when designing new drugs, both to prevent undesired PNS 

side effects and/or to specifically target the PNS.   
There are some known differences between the BBB and the BNB, which indicate that 

there are fundamental differences between the make-up of the barriers in the CNS and 
the PNS. First, the structure of the barriers must be different. Glial cells have been shown 

to play an important role in the structure, development and maintenance of the BBB 

(Alvarez et al., 2013; Banerjee and Bhat, 2007; Prat et al., 2001). Notably, astrocyte end-
feet cover the entire brain vasculature, contributing to the neurovascular-unit and 

supplying signals that confer barrier function. As there are no astrocytes in peripheral 
nerves, the structure of the BNB must be distinct from the structure of the BBB. Second, 

the barriers develop at different times during development with the BBB forming during 
embryogenesis (Ben-Zvi et al., 2014, Chow and Gu, 2017), whereas the BNB forms 

postnatally in the PNS (Smith et al., 2001). Also, the permeability to blood-borne 
molecules is known to be greater in peripheral nerves compared to the brain (Allt and 

Lawrenson, 2000; Wadhwani and Rapoport, 1994; Welch and Davson, 1972), 
suggesting that the BNB is less stringent than its central counterpart. However the 

structural or molecular features that underlie these differences remain unclear.  

In this chapter, we will present a structural and functional characterisation of the BNB. 
The characterisation of the BNB at the molecular level will be presented in the next 

chapter. 
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3.2. Tools to assess the permeability of the BNB  
To study the properties of BNB barrier function, we used a combination of methodologies 
that have been used to study both the BBB and the BRB. These are all in vivo studies, 

as similarly for the BRB, an in vitro model cannot currently recapitulate BNB function. 
We initially studied the permeability of the BNB by injecting tracers into the blood 

circulation of mice, an approach that has been used in the BBB field since 1909 
(Goldmann E. E., 1909). As discussed in Saunders et al., 2015, the ideal tracer should 

be non-toxic, not bound to other molecules such as albumin and metabolically inert 
(Saunders et al., 2015). Additionally, it should be available at different molecular sizes 

and be detectable at different scales, from the levels achieved by electron microscopy 

(EM) to that observable by the naked eye. Finally, the ideal tracer should be quantifiable. 
Unfortunately, such a dye does not exist, so a combination of different tracers are needed 

to analyse barrier function. Each dye sheds light on distinct aspects of barrier function 
and used in combination offer the best characterisation of the barrier.  

 
3.2.1. Evans blue-BSA 

The use of Evans blue was established in the early 20th century by Dawson and Evans 
as a novel method to estimate blood volume (Dawson et al., 1919). The researchers 

injected a set of dyes into the blood circulation of research animals and quantified the 
concentration/dilution of these dyes in a blood sample. Out of all the dyes tested, they 

determined that Evans blue was the most appropriate as it was mainly restricted to the 

blood circulation.  
Evans blue is still the most commonly used soluble dye used to assess BBB function. It 

acts by binding to albumin (Manaenko et al., 2011; Rawson, 1943; Reeve, 1957; 
Stoelinga and van Munster, 1967; Wolman et al., 1981; Yen et al., 2013), which is unable 

to pass the tight BVs (Pardridge et al., 1985). It has the great advantage of providing a 
rapid, visual assessment of barrier integrity, in that the blue colouring of a tissue, as a 

result of dye leakage, is visible to the naked eye and by light microscopy. This occurs 
readily in all tissues except for those of the nervous system (Morrey et al., 2008; Radu 

and Chernoff, 2013). In normal nerves, Evans blue is restricted by the BNB at the level 
of the perineurium and endoneurial BVs (Fig 3.1.A), and there is no blue colouring visible 

by eye. However, upon BNB breakdown, as seen for example in P0-RafTR mice (Napoli 

et al., 2012) or in injured animals, the nerve or the injury site appear blue to the naked 
eye during a dissection (Fig 3.1.B-C). Microscopy analysis revealed that Evans blue 
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Figure 3.1. Characterisation of the BNB using Evans Blue.  
A. Representative image of a cross section of a sciatic nerve from a mouse injected with 
Evans blue-BSA and harvested 30 minutes later. The dye (white) is restricted at the level 
of the perineurium and the endoneurial BVs. B. Representative images of an intact 
(control) and compromised (P0-RafTR Day 10) sciatic nerve from mice injected with 
Evans blue-BSA. The nerve appears blue to the naked eye when the BNB is 
compromised, and the dye is found uniformly in the nerve parenchyma in cross sections. 
C. Representative image of the sciatic nerve of a mouse injected with Evans blue-BSA 
Day 4 after a crush-injury. The state of the BNB along the nerve is visible to the naked 
eye. The greatest levels of Evans blue are observed at the injury site. 
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is no longer restricted by the BNB, but instead is localised uniformly within the nerve 

parenchyma (Li et al., 2015; Napoli et al., 2012). 
The main disadvantage of Evans blue is that it cannot be fixed. This is problematic for 

two main reasons. First, it makes the technique prone to variability, as the dye diffuses 
rapidly leading to variability between samples, meaning it cannot be satisfactorily 

quantified. Second, because the dye cannot be fixed, immunostaining cannot be 
performed. Overall, Evans blue is a useful tracer for assessing the gross integrity of blood 

neural barriers, but is not useful for a true quantitative assessment of BNB integrity. 
 

3.2.2. Dextran-fluorescein 
Dextrans are branched polysaccharides composed of several glucose molecules. 

Depending on the length of the chains, dextrans can vary from 3 KDa to 2000 KDa. This 

allows the testing of size-related effects. Various sized, fixable, dextrans coupled to 
fluorescent proteins are available commercially, and following injection into the blood 

stream they can be visualised by light microscopy allowing the quantification and 
localisation of the tracers (Fig 3.2). In addition, as they are conjugated to fluorescent 

molecules, the tracers can be visualised directly, which reduces the aspecific 
fluorescence background compared to indirect methods of detection. We have used 40, 

70, and 500 KDa dextrans coupled to fluorescein, to cover the wide size-range of 
molecules found in plasma. One issue of using conjugated-dextran is that the fluorescent 

signal sometimes appears punctate, suggesting the detection of aggregates, rather than 
single molecules.  

 

3.2.3. Horseradish peroxidase 
Horseradish peroxidase (HRP) is a protein of 44 KDa with potent peroxidase enzymatic 

activity. Its greatest advantage for studying barrier function is that the strong peroxidase 
activity of this enzyme produces an electron dense reaction product, which allows the 

study of the barrier by EM (Straus, 1959). The use of HRP as a tracer has led to 
breakthrough discoveries that have shaped our current understanding of the BBB, such 

as the importance of tight junctions and the low rates of transcytosis in BBB-forming 
capillaries, as opposed to looser junctions and higher rates of transcytosis in non-BBB 

forming BVs (Karnovsky, 1967; Reese and Karnovsky, 1967). In addition, nerves 

containing HRP can also be analysed by light microscopy, with the use of 
commercialised kits that use the peroxidase activity of the HRP to produce a fluorescent 

reaction product (Tyramide signal amplification, Sigma-Aldrich). These kits are normally  
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Figure 3.2. Use of Dextran-fluorescein to assess the BNB.   
Representative images of sciatic nerve, brain, and liver from animals injected in the tail 
vein with 40KDa (upper) or 500KDa (lower) Dextran conjugated to fluorescein (green) 
and harvested 1 hour later. Nuclei are counterstained with Hoechst (blue) and BVs are 
stained with an antibody to CD31 (white). In the nerves and brain, the Dextrans are 
restricted to the BVs, whereas in the liver it is found throughout the tissue. Scale bar is 
20μm. 
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used to reveal the presence of HRP-conjugated primary antibodies, but we adapted the 
protocol to study barrier function. Another advantage of this tracer is its stability. In vitro 

experiments determined that the half-life of HRP is approximately 30 hours when taken 
up by macrophages (Steinman and Cohn, 1972a, 1972b), which increases the sensitivity 

of this method (Fig 3.3). 
 

3.2.4. Different somatic nerves have similar barrier properties 
As described in Chapter 1, the BBB in the CNS is reported to vary in different regions of 

the brain. For example, circumventricular organs (CVO) are reported not to possess 
barrier function, allowing hormonal communication between the CNS and the periphery 

(Fenstermacher et al., 1988; Ganong, 2000; Murabe et al., 1981). The PNS is composed 

of different classes of nerves, but potential differences in barrier function have not been 
reported. To determine whether different classes of nerves are protected by the BNB in 

the PNS, we assessed barrier function in facial, saphenous and brachial nerves to 
compare to the sciatic nerves previously analysed. These nerves represent different 

categories of nerves within the spinal nervous system. The facial nerve is a cranial nerve 
that contains both motor and sensory axons, whereas the saphenous nerve is a small 

calibre sensory nerve. The brachial and sciatic nerves are both large calibre nerves with 
both sensory and motor axons. To test if different nerves have similar barrier function, 

we injected Evans blue-BSA in the tail vein of WT mice and analysed the pattern of the 
Evans blue signal in nerve cross sections by light microscopy. We found no differences 

in the profile of the Evans blue signal between the different nerves, as we found that 

Evans blue was restricted at the level of the perineurium and the endoneurial BVs in all 
nerves (Fig 3.4). This shows that barrier function appears similar in different nerves, 

independent of their size and the ratio of motor/sensory fibres they contain. This also 
suggests that the use of the sciatic nerve is a representative model to study BNB 

function.  
 

3.3. Phenotype of barrier-forming endothelial cells 
As discussed in Chapter 1, nerves contain two compartments: the endoneurium and the 
epineurium separated by the perineurium. The endoneurium, delimited by the 

perineurium, contains the axons and SCs and is protected by the BNB, and hosts the 

BNB-forming endothelial cells (EndoECs). In contrast, epineurial blood vessels (EpiBVs) 
are known not to possess barrier function (Weerasuriya and Mizisin, 2011) (Fig 1.17).  
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Figure 3.3. Use of HRP as a tracer to analyse the BNB.  
Representative EM image of an endoneurial blood vessel from a sciatic nerve of a mouse 
harvested immediately after HRP injection (top). The presence of HRP is shown by the 
electron dense DAB reaction product.  The boxed areas are enlarged below and show 
transcytotic vesicles, marked by arrows, and a tight junction, marked by a dashed line. 
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Figure 3.4. Different somatic nerves have similar barrier properties.  
Representative light microscopy images of cross sections of sciatic, brachial, facial, and 
saphenous nerves of Wild type mice injected with Evans blue-BSA and harvested 30 
minutes later. In all nerves, the dye is restricted by the perineurium (dotted line) and the 
EndoBVs (n=3 mice). Scale bar is 100μm. 
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To understand the barrier properties of EndoECs, we decided to take a comparative 

approach, comparing the barrier-associated features of EndoBVs with the non-barrier 
forming EpiBVs of the same nerves. We focused our analysis on paracellular and 

transcellular routes of transport across the endothelial wall because these features are 
hallmarks of barrier function in the BBB and the BRB (Ballabh et al., 2004; Chow and 

Gu, 2017; Karnovsky, 1967). 
 

3.3.1. Tight junctions 
To assess the tightness of the junctions between ECs, we used HRP as a tracer, as this 

allows the assessment of cellular junctions using EM which is a highly sensitive 
technique (Steinman and Cohn, 1972a, 1972b; Steinman et al., 1974). We injected HRP 

into the tail vein of WT mice and processed the nerves for EM followed by a DAB reaction 

(Ribatti, 2017). We scanned cross-sections of each sciatic nerve (n=6 nerves from 3 
mice) and acquired images of all the blood vessels present in the endoneurium and in 

the epineurium of an individual section from each nerve. We then quantified the 
penetration of HRP into each tight junction of each blood vessel (Fig 3.5.A.) by 

calculating the ratio of the penetration of the tracer and the length of the junction (Fig 
3.5.B).  

The quantification of the penetration of the dye revealed a striking difference in the 
tightness of the junctions between the endoneurial and epineurial ECs (Fig 3.5.C). We 

found that the vast majority of junctions between barrier-forming EndoECs were very 
tight, with approximately 60% of all junctions having a zero ratio (no penetration), and 

the remaining 40% having ratios between 0 and 0.4. In contrast, we found a much greater 

heterogeneity in the degree of penetration of the dye in junctions between non-barrier 
forming EpiECs. In these vessels, we observed that less than 20% of junctions showed 

zero penetration. This indicates that barrier function is associated with the presence of 
specialised tight junctions that restrict the passage of the tracer, similar to those 

observed in the CNS. Hence, at the level of the ECs, one aspect of the barrier is the 
presence of specialised tight junctions. 

 
3.3.2. Level of transcytosis 

To investigate the levels of transcytosis, we injected HRP into the blood circulation of 

WT mice (n=3) via the tail vein and harvested them 5 minutes later. We processed the 
nerves for EM, and revealed the presence of HRP by a DAB reaction. We scanned cross-

sections of each sciatic nerve (n=6 from 3 mice) and acquired images of all blood vessels  
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Figure 3.5. Tight junctions between endoneurial endothelial cells confer BNB 
function.  
A. Representative EM images of tight junctions in endoneurial and epineurial blood 
vessels (BVs).  Scale bar is 0.5μm. L shows the lumen. Arrows point to where the 
penetration of the dye stops. B. Schematic of how the ratio was calculated, by measuring 
the percentage penetration of the tracer within the junction. C. Graph representing the 
relative frequency of the penetration of the tracer in endoneurial (black) and epineurial 
(purple) blood vessels (n=3 mice, 55/52 Endo/Epi BVs, and 194/194 junctions quantified 
in Endo/Epi BVs). 
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present in the endoneurium and in the epineurium. For each blood vessel, we quantified 

the area of cytoplasm and the number of vesicles. To do this, we quantified the area of 
cytoplasm using Fiji, by subtracting the area of the nucleus and the area of the lumen 

from the total area of the blood vessels and counted the number of vesicles that 
contained HRP reaction product in each blood vessel to calculate the vesicular density 

(number of HRP+ vesicles by area of cytoplasm).   
This analysis showed there were far fewer (approx. 4 fold) HRP-containing vesicles in 

the cytoplasm of EndoBVs compared to EpiBVs (12.5±2.1 VS 45.19±5.3 vesicles per 
blood vessel). Thus, transcytosis rates are much lower in blood vessels with a barrier 

function in the PNS (Fig 3.6.A-B n=67/53 blood vessels). Of note, we found that the area 
of cytoplasm did not vary significantly between the two types of blood vessels, with 

EndoBVs ranging from 4.4 μm2 to 42.3 μm2 and EpiBVs from 1 μm2 to 40 μm2, with 

averages of 13.53 μm2 and 13.61 μm2, respectively (Fig 3.6.C Mann Whitney p-value = 
0.37). Consistently, the vesicular density is significantly higher in EpiBVs (4.098±0.6 

vesicles/μm2) compared to EndoBVs (1.16±0.25 vesicles/μm2) (Fig 3.6.D).  
To address if there was a correlation between the number of vesicles and the area of 

cytoplasm of each blood vessel, we plotted the area of cytoplasm against the number of 
vesicles for each blood vessel (Fig 3.6.E). In EpiBVs, we found a linear correlation 

between the number of vesicles and the amount of cytoplasm (R2=0.5444), with larger 
BVs containing more vesicles than smaller ones. In contrast, we found no correlation 

(R2=0.1255) in EndoBVs, as the number of vesicles was low in all vessels. This result 
suggests the presence of active mechanisms that maintain low rates of transcytosis in 

EndoECs.  

Together these results indicate that, similarly to the mechanisms underlying barrier 
function in the CNS, BNB function relies on the establishment and maintenance of low 

levels of transcytosis and specialised tight junctions in EndoECs. Interestingly the levels 
of transcytosis observed in peripheral nerves, although low, are higher than those 

reported in the CNS using similar techniques, as the vesicular density of HRP vesicles 
is reported to be almost zero in the brain (Reese and Karnovsky, 1967) and approx. 0.4 

vesicles/μm2 in the retina (Chow and Gu, 2017), compared to the 1.16 vesicles/μm2 we 
observed in peripheral nerves. This is consistent with the BNB being more leaky than 

the BBB (Allt and Lawrenson, 2000; Wadhwani and Rapoport, 1994; Welch and Davson, 

1972). 
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Figure 3.6. The blood nerve barrier is associated with low levels of transcytosis in 
endoneurial endothelial cells.  
A. Representative EM images of endoneurial (upper) and epineurial (lower) blood 
vessels in Wild type (WT) mice. Sciatic nerves were harvested 5 minutes after HRP 
injection into the tail vein. HRP is revealed by a DAB reaction and is observed in the 
lumen of blood vessels and in transcytotic vesicles. Scale bar is 0.5μm. Lumen is marked 
by a L and transcytotic vesicles are shown by arrows. B. Quantification of the number of 
vesicles per blood vessel in endoneurial (Endo) and epineurial (Epi) blood vessels of 
sciatic nerves of WT mice (n=3 mice, 6 nerves, 67/53 blood vessels (Endo/Epi) 
quantified). t test p-value=0.0046. C. Quantification of the area of cytoplasm (total area 
- (area of nucleus + area of lumen)) in Endo and Epi BVs of sciatic nerves of WT mice 
showing that both categories of vessel have a similar variety of sizes (n=67/53 blood 
vessels). D. Mean vesicular density (number of HRP+ vesicles/ area of cytoplasm) of 
endoneurial and epineurial blood vessels of sciatic nerves of WT mice show differences 
in the vesicular density between barrier-forming and non-barrier forming endothelial cells 
(n=3 animals, 67/53 blood vessels (Endo/Epi) quantified). t-test p-value=0.01. 
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E. Graph representing the area of cytoplasm and the number of vesicles in endoneurial 
(white) and epineurial (black) blood vessels of sciatic nerves of WT mice. Each dot 
represents a blood vessel. The dashed line shows the linear correlation between the two 
parameters in epineurial vessels (n=3 animals, 67/53 blood vessels (Endo/Epi) 
quantified).  
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3.4. Structure of the BNB 
Studies of the brain have revealed the importance of the vascular unit in conferring 

barrier function. Brain capillaries are covered by pericytes that reside within the basal 
lamina of the ECs, and are further surrounded by the end-feet of astrocytes, providing 

complete coverage of the ECs (Mathiisen et al., 2010). As discussed in the introduction, 
these cellular associations confer the barrier properties of the ECs (Fig 1.8) (Armulik et 

al., 2010; Daneman et al., 2010b; McConnell et al., 2017; Segarra et al., 2018). Similarly 
to the CNS, it is likely that the cellular make-up of the BNB has an important role in the 

barrier function of the PNS. However, the composition of the vascular unit has not been 
investigated in the PNS. Importantly, the absence of astrocytes in nerves suggests 

fundamental differences in the make-up of the vascular unit in the PNS and the CNS. 

However, as shown by others and us, peripheral nerves contain pericytes associated 
with EndoBVs (Bell and Weddell, 1984; Stierli et al., 2018; Weerasuriya and Mizisin, 

2011).  
 

3.4.1. BNB- forming endothelial cells are not fully covered by other cell types.  
We first characterised BNB structure by investigating the extent of the coverage of 

EndoECs by other cell types. Dr Ilaria Napoli initially performed 3D EM analysis of three 
BVs in peripheral nerves from adult WT mice to obtain high-resolution and quantitative 

measurements of the coverage of EndoECs. This analysis of three blood vessels 
revealed that the ECs within the nerve are closely associated with other cell types. 

Quantification of the coverage of ECs showed that the coverage of these vessels varied 

(14.4, 30.2 and 37.3% of the surface of the 3 blood vessels analysed) (Fig 3.7.A). 
Importantly, the degree of coverage was much lower than the coverage of the 

vasculature in the brain, where 3D EM analysis has shown that the entire endothelium 
is covered by other cell types (Mathiisen et al., 2010). We then confirmed this finding by 

2D EM, which allows the analysis of a greater number of vessels (as it is less time-
consuming) and at a higher resolution. Analysis of 2D EM images of nerve cross-sections 

confirmed that EndoBVs are not fully covered by other cell types, with a high degree of 
variability between vessels (Fig 3.7.B).  

We found cells with different morphologies associated with the ECs. Some of these cells 
resembled classical pericytes in that they were closely associated with the vasculature 

and were within the basal lamina. Other cells were found visibly running along the 

vasculature, in contact with the basal lamina but not within it, some of them presenting 
long and thin protrusions and with a cytoplasm rich in ER. These observations suggested  
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Figure 3.7. Endoneurial endothelial cells are not fully covered by other cell types.  
A. 3D EM reconstructions of blood vessels from the endoneurium of sciatic nerve. The 
ECs are coloured red with interacting cells individually coloured. The percentage 
coverage is indicated for each vessel. Data of Dr Ilaria Napoli. 
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B. Representative 2D EM images of EndoBVs showing cellular interactions with the ECs. 
The endothelial cells and lumen are coloured magenta, with pericytes within the basal 
lamina coloured purple. Other interacting cells are individually coloured. Note that while 
the pericytes are tightly associated with the blood vessels, other cell types make looser 
contacts. Moreover, the degree of coverage varies between the vessels.   
 
 

 

 
 

 
 



 92 

that cell types other than pericytes are associated with EndoECs. Importantly, this 

analysis showed that the structure of the BNB is distinct from the BBB. The complete 
coverage of the brain vasculature by pericytes and astrocytes is an important feature of 

the BBB, and it was surprising to find that this was not the case for peripheral nerves. 
 

3.4.2. Pericyte coverage of endoneurial endothelial cells varies between vessels. 
Before performing a quantitative analysis of pericyte coverage, we needed to confirm 

their identity. Previous work from our lab has shown that all endoneurial pericytes 
express αSMA, NG2, and PDGFRβ, arguing against the coexistence of different pericyte 

populations within peripheral nerves (Stierli et al., 2018). This is in contrast to the CNS, 
where αSMA is only expressed by a subset of pericytes (Trost et al., 2016). Finally, we 

have shown that these cells are found within the basal lamina of the BVs (Stierli et al., 

2018). Because of the homogeneity of this population in the PNS, we used αSMA as a 
marker to identify pericytes throughout this thesis. 

To identify the pericytes in the EM images, we performed correlative light and electron 
microscopy (CLEM) using an antibody to αSMA to identify pericytes and CD34 to identify 

the ECs. Nuclei were counterstained with Hoechst. After acquisition of the light 
microscopy images, the same sections were processed for EM and images of the same 

blood vessels were acquired. Light and electron microscopy images were correlated, 
and we found a good correlation between the αSMA expressing cells (light microscopy) 

and the cells closely associated with the vasculature within the basal lamina of the ECs 
confirming the identity of these cells (EM) (Fig 3.8).  

The coverage of the vasculature by pericytes depends both on the type of BVs along the 

vascular tree (arterioles>venules), and the tissue (brain>lung). BBB forming BVs have 
been described to be extensively covered by pericytes (Obermeier et al., 2013), with 

reports ranging from 37% using 3D EM analysis (Mathiisen et al., 2010) to approximately 
80% when the analysis was performed by immunostaining (Armulik et al., 2010).   

First, we analysed nerves using light microscopy to observe the degree of pericyte 
coverage, using αSMA as a marker. From this analysis it was clear that pericyte 

coverage was incomplete and varied between vessels (Fig 3.9.A). This was further 
confirmed by Dr. Napoli, who used a clarity protocol to visualise 3D immunostaining of 

EndoBVs and pericytes and observed that pericyte coverage varied between blood 

vessels, and also between different segments of the same blood vessel (Fig 3.9.B). As 
the resolution of the light microscopy images was insufficient to quantify the pericyte 

coverage, we used EM, because this technique has a higher resolution allowing a more  
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Figure 3.8. Identification of pericytes using correlative and light electron 
microscopy.  
Correlative light and electron microscopy (CLEM) shows immunostaining for αSMA in 
magenta (pericytes) and CD34 in cyan (endothelial cells), and the corresponding blood 
vessel by EM. Note that the αSMA positive pericyte is closely associated with the 
endothelial cell (embedded in the basement membrane). 
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Figure 3.9. Endoneurial blood vessels are partially covered by pericytes.  
A. A representative confocal image of immunostaining performed on a transverse 
section of a sciatic nerve from a Wild type mouse. Endothelial cells (ECs) are labelled 
by antibodies to CD31 (green), pericytes by antibodies to αSMA (red), and nuclei by 
Hoechst (blue). Note the variability in the morphology of the pericyte ring around the 
vessels.  B. 3D image of blood vessels within the endoneurium of a PACT-cleared mouse 
sciatic nerve showing variable pericyte coverage of ECs. ECs are labelled with 
antibodies to VE-cadherin (white) and pericytes with antibodies to αSMA (red). 
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C. Representative EM images of EndoBVs showing the variability in pericyte coverage. 
The ECs and lumen are coloured blue whereas the pericytes are coloured brown and 
are identified by their localisation within the basal lamina. The white arrowhead indicates 
another cell type, a pericyte-like cell, which can be identified by high levels of 
endoplasmic reticulum and extended thin protrusions that make multiple contacts with 
the basal lamina of the vessel. D. Quantification of pericyte coverage visualised by EM. 
Graphs shows the frequency distribution of pericyte coverage, as quantified from 2D EM 
images. (n= 6 mice, 139 blood vessels). 
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accurate assessment of pericyte coverage. For each transverse BV section analysed, 

we measured the perimeter of the vessel and calculated the proportion in contact with a 
pericyte, identified by their location in the basement membrane of the BV. This analysis 

showed that pericyte coverage varied greatly, with some vessels showing little coverage 
(10%) whereas others were almost fully covered (100%) (Fig 3.9.C-D). Consistent with 

immunostaining data, this shows that pericyte coverage in the PNS varies between BVs, 
despite all vessels having a functional barrier.   

 
3.4.3. Pericyte-like cells and macrophages are loosely associated with endoneurial 

endothelial cells 
As described above, EM analysis revealed that in addition to pericytes found in tight 

association with the ECs, other cells were observed loosely associated, outside of the 

basal lamina. In Stierli et al., 2018, we characterised all cells present within the 
endoneurium and identified a pericyte-like cell population (NG2+, and PDGFRβ+) that 

we also named tactocytes, a proportion of which appeared in contact with blood vessels. 
These cells have long, thin protrusions and contain high levels of endoplasmic reticulum, 

as visible by EM. We also observed cells with a macrophage-like morphology in contact 
with BVs. Based on these observations, we hypothesised that both pericyte-like cells 

and macrophages were loosely associated with the EndoECs. 
To confirm if the ER-rich elongated cells observed in the EM were the pericyte-like cells 

identified by immunostaining, we decided to perform CLEM analysis. Pericyte-like cells 
express the nmSC marker p75, as well as the classical pericyte markers NG2 and 

PDGFRβ (Stierli et al., 2018). However, they are negative for αSMA (Stierli et al., 2018). 

To investigate this cell population, we used the NG2-dsRED mouse model, in which the 
pericyte-like cells express the red fluorescent protein dsRed. However, we found that the 

signal in the pericyte-like cells was mainly in the cell bodies, and pericytes and the 
perineurium of these mice were also labelled red. We therefore wanted to use another 

marker for the pericyte-like cells that is more expressed in their protrusions, but is not 
expressed by pericytes.  

We have found that an antibody to CD34 labelled these cells. CD34 is a transmembrane 
phosphoglycoprotein expressed by a collection of haematopoietic cells and 

stromal/mesenchymal cells   (Bei et al., 2016; Carr et al., 2019; Mirancea, 2016; Sidney 

et al., 2014). CD34 mediates signal transduction and the adhesion and differentiation of 
hematopoietic progenitor cells (Gangenahalli et al., 2006; Healy et al., 1995; Hu and 

Chien, 1998; Ohnishi et al., 2013; Salati et al., 2008). Analysis of CD34 labelling showed  
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Figure 3.10. Pericyte-like cells are loosely associated with blood vessels.  
A. Representative confocal image of a cross section of a sciatic nerve stained with 
antibodies against CD31 (green) and CD34 (white). Nuclei are counterstained with 
Hoechst (blue). The boxed areas are shown at a higher magnification in the lower panel. 
Arrows indicate protrusions of pericyte-like cells and arrowhead indicate the low CD34 
signal in blood vessels.  
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B. Representative confocal images of a cross section of an EndoBV from NG2-dsRed 
mice, showing that pericyte-like cells are negative for αSMA (cyan) and express CD34 
(white), whereas conventional pericytes express αSMA but not CD34. Both these cell 
types express NG2-dsRed (magenta). Nuclei are stained with Hoechst (blue). The 
dashed line shows the localisation of the wall of the vessel, white arrowheads point at 
pericytes and white arrows point at pericyte-like cells. 
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C. Representative confocal images of a longitudinal section of an EndoBV, showing that 
CD34-positive pericyte-like cells (red) associate along the length of vessels (red and 
green). Nuclei are stained with Hoechst (blue). Some pericyte-like cell protrusions in 
contact with the blood vessels are marked by arrows. 
 

 
 

 

 
 

 
 

 
 

C

20μm 

20μm 

20μm 
 CD34 CD31 Hoechst



 100 

it labelled the full-length of the protrusions of the pericyte-like cells (Fig 3.10.A) and as 

shown in Fig 3.8, we also observed that CD34 was expressed by ECs, but at a lower 
level. Using the NG2-dsRed mouse model, we confirmed that CD34 colocalised with 

NG2 in the pericyte-like cells, but was absent from the αSMA+, NG2+ pericytes (Fig 
3.10.B). Using this marker, the analysis of longitudinal nerve sections showed that a 

large proportion of these cells are loosely associated along the length of BVs in the 
endoneurium (Fig 3.10.C).  

Having identified a marker to label the protrusions of the pericyte-like cells, we performed 
CLEM to confirm their identity in EM images and found that all the cells rich in ER that 

were loosely associated with the BVs were pericyte-like cells (Fig 3.11).  
Second, we investigated if macrophages were the second cell type found more loosely 

associated with the BVs. Prior work showed that resident macrophages (F480+/Iba1+ ) 

make up approximately 8% of cells within the endoneurium (Stierli et al., 2018; Ydens et 
al., 2012). Endoneurial macrophages are often localised around the BVs in inflammatory 

conditions (Müller et al., 2006; Ubogu, 2015), but preliminary observations from our lab 
suggested that a proportion of resident macrophages in the endoneurium are associated 

with the vasculature in homeostatic conditions. To confirm this, we performed 
immunostaining with antibodies against CD31 and Iba1 to detect ECs and macrophages 

in longitudinal sections of nerve (Fig 3.12). We further confirmed these interactions by 
performing CLEM with antibodies against CD34 to stain ECs and F4/80 to stain 

macrophages. We correlated the light microscopy and electron microscopy images of a 
BV and confirmed that macrophages are loosely associated with BVs (Fig 3.13).  

Finally, we undertook a final experiment to address whether only pericyte-like cells and 

macrophages are associated with BVs in the endoneurium. To do this, we performed an 
immunostaining using antibodies against CD34 and F4/80 to stain for both pericyte-like 

cells and macrophages. As ECs are also stained with the antibody against CD34, we 
could visualise all three cell types in one image. We confirmed that both macrophages 

and pericyte-like cells run along the vasculature in the endoneurium (Fig 3.14.A). We 
also performed a CLEM experiment, using the same markers, and confirmed the 

correlation between light and electron microscopy images (Fig 3.14.B). Importantly, we 
found that pericytes, pericyte-like cells and macrophages account for the totality of the 

cells along the EndoECs. 

We have shown that the vascular tree of the endoneurium of peripheral nerves is partially 
covered by three cell types: pericytes, pericyte-like cells (tactocytes) and macrophages. 

In order to better visualise the vascular unit, we optimised a panel of markers that allowed 
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Figure 3.11. Pericyte-like cells associated with blood vessels can be identified by 
CLEM.  
Representative CLEM images (EM image, confocal image, and correlated image) shows 
that CD34+ cells are the ER-rich elongated cells, which interact loosely with the basal 
lamina of blood vessels. 
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Figure 3.12. A population of resident macrophages associate along endoneurial 
blood vessels.  
Representative confocal images of longitudinal sections of EndoBVs stained with an 
antibody against CD31 (green) and macrophages stained with an antibody against Iba1 
(red) show macrophages associated along the length of the BV. Nuclei are stained with 
Hoechst (blue). 
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Figure 3.13. Macrophages associated with blood vessels can be identified by 
CLEM. 
Representative CLEM images showing a F4/80 positive macrophage (magenta) closely 
associated with an EndoBV stained with an antibody against CD34 (cyan).  
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Figure 3.14. Pericyte-like cells and macrophages are associated with endoneurial 
blood vessels.  
A. Representative confocal images of longitudinal sections of sciatic nerve 
immunostained to detect macrophages (F4/80, magenta), ECs (CD34, cyan) and 
pericyte like-cells (CD34, cyan). Nuclei are labelled with Hoechst (blue). Arrows point to 
pericyte-like cells making close contacts along the vessel, arrowheads indicate 
perivascular macrophages. 
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B. A representative CLEM image showing a macrophage (magenta) and a pericyte-like 
cell closely associated with a blood vessel.  
 

 
 

 



 106 

the simultaneous immunostaining of all the different cell types. Our panel of antibodies 

recognised the following markers: Claudin V (ECs), CD34 (ECs and pericyte-like cells), 
F4/80 (macrophages) and αSMA (pericytes), together with Hoechst to stain the nuclei. 

We then used the lambda mode of acquisition of the LSM880 multiphoton microscope, 
which allows simultaneous excitation with different lasers and capture of a wide range of 

wavelengths (400-800nm). The subsequent extraction of the fluorescence profile of each 
fluorophore for each pixel then allows the identification of each probe. This allowed us 

to use 5 fluorophores, including those with close excitation and emission profiles such 
as Cy3 and Alexa Fluor 594. This technique allowed us to visualise all the components 

of the vascular unit, allowing a better assessment of the extent of EndoEC coverage (Fig 
3.15.A). Using this approach, we found that the EndoECs are covered by a variation of 

these three cell types, with a high variability of coverage by each cell type. No blood 

vessels were found totally uncovered.  
To further confirm that no other cells were involved in the coverage of the endoneurial 

vasculature, we performed CLEM with antibodies against CD34, F4/80, and αSMA. This 
enabled us to verify that all cells found in association with the ECs by EM correspond to 

pericytes (αSMA+), pericyte-like cells (CD34+), or macrophages (F4/80+) (Fig 3.15.B).  
 

3.5. The role of macrophages in the barrier function of the PNS 
The role of macrophages in the response of a nerve to injury is relatively well established. 
Following an injury to a nerve, blood-derived macrophages are recruited and resident 

macrophages proliferate at the injury site and in the distal stump, and promote 

regeneration by clearing debris, supporting blood vessel formation, and by promoting SC 
re-differentiation (Barrette et al., 2008; Cattin et al., 2015; Napoli et al., 2012; Rosenberg, 

2014; Stierli et al., 2018, 2018; Stratton et al., 2018). However, their role in the healthy 
adult nerve is less well studied. Following our observations that macrophages are in 

close contact with EndoECs, we asked if these cells were involved in BNB function. It is 
interesting to note that in the CNS, juxtavascular microglia have not been associated 

with BBB maintenance as depleting microglia in adult mice has not been shown to impair 
the BBB (Stankovic et al., 2016). In fact, a study recently reported that microglia are 

involved in the rapid and efficient resealing of the BBB in injured capillaries (Lou et al., 
2016). 
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Figure 3.15. The vascular unit of the peripheral nervous system.  
A. Representative confocal images of the cellular components of the vascular unit in the 
endoneurium of mouse sciatic nerve. Endothelial cells (ECs) are stained with antibodies 
to Claudin V (green) and CD34 (white), pericytes with antibodies to αSMA (magenta), 
pericyte-like cells with antibodies to CD34 (white) and macrophages with antibodies to 
F4/80 (red). Note the variability of the coverage of the ECs between the different vessels. 
 
 

 
 

 

 

Hoechst CD34 F4/80 αSMA ClaudinV

5μm

5μm

5μm

5μm

A



 108 

 

 
 

B. CLEM showing the vascular unit, comprising endothelial cells (CD34, cyan), pericytes 
(αSMA, green), pericyte-like cells (CD34, cyan) and macrophages (F4/80, magenta), 
and the corresponding blood vessel. 
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3.5.1. Endoneurial endothelial cells maintain their barrier phenotype in the 

absence of macrophages 
To investigate the role of macrophages in the BNB, we decided to adopt a depletion 

approach in mice. Several strategies to deplete macrophages have been used in other 
studies, including the use of clodronate liposomes (Gray et al., 2007; He et al., 2016), 

inducible transgenic depletion of macrophages (Goren et al., 2009) and the use of small 
molecules compounds that target macrophages (Han et al., 2017). Clodronate liposomes 

are internalised and digested by macrophages, leading to their death. This approach has 
been used successfully to deplete macrophages in various tissues such as liver, lung 

and bone marrow (Alzuguren et al., 2015; Bedoret et al., 2009; Degos et al., 2013). 
However, this technique is not useful for studying organs that have an efficient barrier as 

the liposomes are unlikely to access the organ. Indeed, groups that were successful in 

using clodronate liposomes to deplete microglia in the brain injected the substance 
directly into specific brain regions or into the ventricles (Nelson and Lenz, 2017; Torres 

et al., 2016; VanRyzin et al., 2016). In our laboratory, Dr Ilaria Napoli tested the efficiency 
of clodronate liposomes to deplete resident macrophages in uninjured nerve and found 

that this drug was not effective (unpublished data). A separate approach to deplete 
macrophages is to use a transgenic mouse model. A commonly-used model is mouse-

model in which the monocyte/macrophage lineage has been sensitised to diphtheria 
toxin. This is achieved by Cre-recombinase mediated activation (by the excision of a 

STOP cassette) of the diphtheria toxin receptor under the control of the Lysozyme M 
promoter (Goren et al., 2009). This approach has been highly successful in depleting 

macrophages in organs such as the skin, liver, and skeletal muscle (Lee et al., 2014). 

Recently, this approach was also used to deplete microglia from the CNS (Bruttger et 
al., 2015; Han et al., 2017; Parkhurst et al., 2013; Waisman et al., 2015). In collaboration 

with the group of Prof. Waisman in Johannes Gutenberg University of Mainz Germany, 
Dr Ilaria Napoli found that the resident population of macrophages in the PNS was 

depleted in a diphtheria toxin mediated model (unpublished data), but this work will not 
be described in this thesis. 

A different approach to deplete macrophages is the use of pharmacological inhibitors. 
The most commonly used inhibitors are PLX3397 and PLX5622 (Yu et al., 2012). Both 

these small molecule compounds target the colony-stimulating factor 1 receptor, CSF-

1R. PLX5622 has been described to be more specific (El-Gamal et al., 2018) than 
PLX3397, and so is used in the work described in this thesis. CSF-1R is a tyrosine kinase 

receptor that is required for the proliferation and survival of macrophages (Chitu et al., 
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2016; Stanley and Chitu, 2014; Yu et al., 2012). Importantly, this approach has been 

highly successful in depleting microglia from the brain, which suggests that PLX5622 
and PLX3397 can permeate the BBB (Dagher et al., 2015; Elmore et al., 2014; Huang 

et al., 2018). We selected PLX5622, as it has a high affinity (KI=5.9 nM) and specificity 
for the CSF-1R, and can be administered to adult mice without severe side effects (El-

Gamal et al., 2018).  
PLX5622 (kindly provided by Plexxikon Inc.) was formulated in AIN-76A chow and 

administered orally to adult mice for 11-12 days. The same company provided a control 
AIN-76A chow. We did not observe any ill effects of these chows. We assessed the 

efficiency of the PLX5622 drug by quantifying the presence of macrophages by 
immunostaining with antibodies against Iba1 and F4/80, following the completion of the 

schedule. Analysis of these nerves showed there was a greater than 90% decrease in 

the number of macrophages in the PLX5622 treated animals compared to controls. 
Consistent with published data from our lab, we counted on average 1.71 ± 0.17 

macrophages per 104 μm2 field (7.32%±06 of all cells) in control animals, as opposed to 
0.20 ± 0.04 (0.74%±0.13 of all cells) in PLX5622 treated animals, which corresponds to 

a depletion of more than 90% (Fig 3.16.A-B).  
We further validated the use of PLX5622 by testing for its specificity against 

macrophages. To quantify the presence of pericyte-like cells, we performed 
immunostaining with an antibody to CD34. This marker is expressed both by ECs and 

pericyte-like cells in sciatic nerve, but these 2 populations are easily distinguishable by 
their morphology. Quantifications showed that the number of pericyte-like cells did not 

differ following macrophage depletion, with 2.74 ± 0.22 pericyte-like cells per 104 μm2 

field in the Control animals and 3.165 ± 0.3 in the PLX5622 treated animals (Fig 3.17.A-
B). To quantify the presence of pericytes, we performed immunostaining against α-SMA 

and quantified the proportions of cells positive for this marker amongst all cells in the 
endoneurium. We found no differences in the number of pericytes following macrophage 

depletion; with 0.32 ± 0.05 of pericytes per 104 μm2 field in the Control animals and 0.28 
± 0.03 in the PLX5622 treated animals (Fig 3.18.A-B). Together, our data showed that 

PLX5622 administration for 11-12 days specifically depletes macrophages from the 
nerve endoneurium. The use of PLX5622 is therefore a powerful tool to investigate the 

specific contribution of macrophages to the integrity of the BNB.  

Having confirmed the efficiency of PLX5622 depletion, we tested whether the BNB was 
compromised by the loss of macrophages. We first used Evans blue, as it provides a 

visual readout of barrier function in the sciatic nerve. We injected Evans blue-BSA in the  
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Figure 3.16. PLX5622 administration depletes macrophages from peripheral 
nerves.  
A. Representative images of the endoneurium of sciatic nerves from Control fed (left 
panel) or PLX5622 fed (right panel) mice. Macrophages are stained with an antibody 
against F4/80 (white) and Hoechst stains nuclei (blue). White arrows point at 
macrophages. Scale bar is 20μm.  B. Quantification of Iba1/F4/80 immunostaining in 
sciatic nerve from Control and PLX5622 fed mice. Graph shows mean ± SEM. (n=14 
Control and n=16 PLX5622 mice). t-test p value < 0.0001.  
 

 
 

Legend : PLX3397 administration depletes macrophages.
Quantification of number of iba1+ cells per field in sciatic nerves of animals fed with 
control chow (black) or PLX3397 (grey) n=14 ctrl and 16 plx. 
Representative images . scale bar is 20 microns
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Figure 3.17. PLX5622 administration does not deplete pericyte-like cells from 
peripheral nerves.  
A. Representative images of the endoneurium of sciatic nerves from Control fed (left 
panel) or PLX5622 fed (right panel) mice. Pericyte-like cells and endothelial cells are 
stained with an antibody against CD34 (red) and Hoechst stains nuclei (blue). Scale bar 
is 20μm. White arrows point at pericyte-like cells. B. Quantifications of CD34+ pericyte-
like cells in sciatic nerve from Control and PLX 5622 fed mice. Pericyte-like cells and 
endothelial cells were distinguished according to their distinct morphology. Graph shows 
mean ± SEM (n=7 Control and N=9 PLX5622). t-test p value = 0.5429.  
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Figure 3.18. PLX5622 administration does not deplete pericytes from peripheral 
nerves.  
A. Representative images of immunostaining of sciatic nerves against the pericyte 
marker α-SMA (red). Nuclei are counterstained with Hoechst (blue). The staining was 
performed in Control and macrophages depleted mice. The upper panels show low 
magnification images and the lower panel shows high magnification of regions of 
interest. Scale bar is 20μm. B. Quantification of the number of α-SMA positive cells in 
the endoneurium. Graph shows mean ± SEM (n=7 Control and 9 PLX5622 mice). t-test 
P-value is 0.3459. 
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tail vein of Control and PLX5622 fed mice and harvested the animals 30 minutes later. 

In Control animals, the dye was restricted by the BNB both at the level of the perineurium 
and EndoBVs. We found no differences in the distribution of the dye in the Control or 

PLX5622 fed animals, suggesting that the BNB was not dramatically compromised 
following macrophage depletion (Fig 3.19).  

To test whether loss of macrophages disrupted the barrier capabilities of the EndoECs, 
we injected HRP in the tail vein of adult animals following macrophage depletion and 

analysed the transcytosis rates and the presence of tight junctions, 5 minutes after IV 
injection. Nerves were processed for EM and a DAB reaction was performed to 

chemically reveal the presence of HRP. Importantly, we found no differences in the 
transcytosis rates of EndoBVs of Control and PLX5622 fed mice, with on average 

14.3±2.3 HRP+ vesicles per blood vessel in the Controls, and 12.5±4.4 in the PLX5622 

treated animals (Fig 3.20.A-C). We also assessed the tightness of the junctions between 
EndoECs as described earlier (Fig 3.5.B), and observed no differences in the frequency 

distribution of the penetration of the tracer ratio between PLX5622 and Control diet fed 
animals, showing that the depletion of macrophages does not cause a disruption of the 

endothelial tight junctions (Fig 3.21.A-B). This shows that the barrier properties of the 
EndoECs were not affected by the loss of macrophages, and that EndoECs maintain 

their barrier properties in the absence of macrophages. 
Finally, we investigated if macrophages were required for the barrier function of the 

perineurium that, together with the EndoECs, form the BNB. To do so, we treated adult 
mice with either the PLX5622 or the Control chow for 12 days. We then immersed the 

trunks of freshly isolated sciatic nerves in a solution containing 10 mg/ml of Dextran 

40KDa coupled to fluorescein for 15 minutes. As a positive control, we used NaCl, as it 
has been previously shown to disturb the barrier function of the perineurium (Rittner et 

al., 2012). We used sciatic nerves from Control and PLX5622 treated animals and 
immersed them in 10% NaCl for 10 minutes prior to being immersed in Dextran. During 

this experiment, we were careful not to immerse the ends of the nerves, so that only the 
perineurium was in direct contact with the solutions of Dextran and NaCl. Analysis of the 

nerves showed that, in both Control and PLX5622 treated animals, the fluorescein 
coupled Dextran was restricted by the perineurium. Similarly, after NaCl treatment, we 

observed the perineurial barrier was broken but found no differences between the control 

and the PLX5622 treated animals (Fig 3.22.A-B).  
Combined, these experiments show that the maintenance of low rates of transcytosis, 

and efficient tight junctions in the EndoECs, as well as the maintenance of an efficient  
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Figure 3.19. The depletion of macrophages has no detectable effect on Evans Blue 
accumulation in sciatic nerves.  
Representative images of the Evans blue signal (white) in sciatic nerve transverse 
sections from Control and PLX5622 fed mice injected with Evans blue-BSA and 
harvested 30 minutes later. n=3 animals in each condition. Scale bar is 100μm.  
 
 

 

 
 

 
 

 
 

 
 

Legend : No detectable changes of permeability to evans blue in macrophages depleted animals. 
Scale bar is 100 microns
left panel is control
roghy panel is PLX
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Figure 3.20. Macrophage depletion does not modify transcytosis rates in 
endoneurial blood vessels.  
A. Representative EM images of EndoBVs in Control and PLX5622 fed mice. Sciatic 
nerves were harvested 5 minutes after HRP injection in the blood circulation. HRP is 
revealed by DAB reaction and is found in the lumen of blood vessels and in transcytosis 
vesicles. Scale bar is 1μm. 
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B. Quantification of the number of vesicles per blood vessel in EndoBVs of sciatic nerves 
of mice treated with the Control or the PLX5622 diet. Graph shows mean ± SEM. n=5 
Controls and 6 PLX5622 mice. C. Graphs representing the area of cytoplasm and the 
number of vesicles in EndoBVs of sciatic nerves of mice treated with the control (black) 
or the PLX5622 (white) diet. Each dot represents an EndoBV. The graph on the right 
shows a higher magnification of the boxed area from the graph on the left, in which 1 
Control outlier (PLX5622, (106;29.41)) is not plotted (n=5 Controls and 6 PLX5622 mice). 
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Figure 3.21. Macrophage depletion does not perturb tight junctions between 
endoneurial endothelial cells. 
 A. Representative images of tight junctions in blood vessels of Control and PLX5622 
treated mice.  Scale bar is 0.5µm. L indicates the lumen. Arrows indicate the point at 
which the penetration of the dye stops. B. Graph representing the quantification of the 
penetration of the tracer in blood vessels of Control (orange) and macrophage-depleted 
(black) mice (n= 5 and 6 animals, 49 and 59 blood vessels, 95 and 150 junctions for 
Control and PLX5622 fed mice, respectively).  
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Figure 3.22. The barrier function of the perineurium is independent of 
macrophages.  
A. Representative confocal images showing the tightness of the perineurium in the 
presence and absence of macrophages. Following treatment with 10% NaCl, the 
perineurium is leakier and allows the 40KDa-Dextran (green) to access the nerve 
parenchyma. Nuclei are counterstained with Hoechst (blue). B. Graph shows the Mean 
±SEM of the intensity of fluorescence of the nerve parenchyma in arbitrary units. (n= 6 
Controls and 6 PLX5622 mice). Anova/Tukey p-values= 0.0404 and 0.0075 
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barrier at the level of the perineurium, are not conferred by endoneurial macrophages. 

 
3.5.2. Macrophages act as a secondary barrier mechanism 

When dextran or HRP was injected in the blood circulation, the majority of the tracer was 
detectable in the lumen of the blood vessels in the nerve. However, we observed that a 

small amount was also detected outside of the blood vessels, consistent with the BNB 
being less “tight” than the BBB (Allt and Lawrenson, 2000; Wadhwani and Rapoport, 

1994; Welch and Davson, 1972), and with our finding that transcytosis levels are higher 
in the PNS compared to the CNS. This leaked tracer appeared to concentrate in cells 

within the nerve parenchyma. Because of the known phagocytic role of macrophages, 
we hypothesised that leaked tracers accumulated in the macrophages. To test this, we 

injected 40 KDa Dextran into the tail vein of adult mice, harvested the sciatic nerves 6 

hours later, and performed immunostaining with antibodies against F4/80 or Iba1 to 
detect macrophages. This analysis showed that the extravascular Dextran colocalised 

with these markers, showing that macrophages take-up the tracers (Fig 3.23). No other 
cells (F4/80 or Iba1 negative) were found to take-up the tracers, indicating a specific role 

for macrophages in this process. 
To gain insight into the kinetics of this process, we used HRP to perform a time course 

of uptake by the macrophages. We harvested the mice, immediately, 5 minutes, 30 
minutes, or 6 hours after the IV injection (n=3 animals per time point). At the later time 

point, we estimated that approximately 90% of the tracer would still be present, as the 
half-life of HRP is around 30 hours (Steinman and Cohn, 1972b). Strikingly, we observed 

HRP+ perivascular macrophages at all time point analysed (Fig 3.24) with an increase 

in the accumulation of HRP vesicles over time, resulting in the total blackening of the 
cytoplasm at 6 hours. These results show that the tracers are rapidly and efficiently 

engulfed by the population of perivascular macrophages. We also asked if the 
perivascular macrophage population preferentially engulf HRP, but observed that non-

perivascular macrophages also engulfed the tracers at all time point analysed, similarly 
to perivascular macrophages (Fig 3.25). It is important to note that these experiments 

have been performed in 2D, so we cannot exclude that macrophages that do not appear 
to be perivascular may be in contact with a BV in another plane. This suggests the tracers 

diffuse rapidly throughout the nerve and that all macrophages have access to them, or 

that macrophages are exchanging position rapidly. 
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Figure 3.23. Macrophages accumulate Dextran following leakage across the BNB.  
Representative confocal images of sciatic nerves from Wild type mice injected with 40 
KDa Dextran-fluorescein (green) into the tail vein and harvested 6 hours later. 
Macrophages are detected using an antibody to F4/80 (red) and blood vessels are 
labelled with an antibody to Glut1 (white). Nuclei are marked with Hoechst (blue).  
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Figure 3.24. Time course of the uptake of HRP by perivascular macrophages in the 
nerve.  
Representative EM images showing HRP+ perivascular macrophages in the sciatic 
nerves of mice harvested at the indicated time points following IV injection of the tracer. 
Arrows point to HRP+ macrophages. 
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Figure 3.25. Time course of the uptake of HRP by non-perivascular macrophages 
in the nerve.  
Representative EM images showing HRP+ non-perivascular macrophages in the sciatic 
nerves of mice harvested at the indicated time points after IV injection of the tracer.  
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3.5.3. Pericytes and pericyte-like cells do not engulf tracers 
We asked if macrophages shared this role with other cell types of the nerve, particularly 

with the other cell types involved in the coverage of the ECs: the pericytes and the 
pericytes-like cells. In the CNS, pericytes have not been reported to take up IV tracers 

in physiological conditions, although there are reports of pericytes exhibiting a pinocytic 
activity after histamine treatment (Majno et al., 1961) or in young mice (Kristensson and 

Olsson, 1973). By EM, we investigated the presence of HRP in the nerves of animals 
harvested 6 hours after the HRP injection, in cell types other than macrophages, defined 

by their characteristic morphology. We could not detect any DAB reaction product in 
pericytes or in pericyte-like cells, even at the latest time points (Fig 3.26). Additionally, 

we investigated if SCs incorporated HRP but found that neither mSCs nor nmSCs took 

up HRP. This shows that in peripheral nerve, only macrophages have the ability to take-
up tracers that penetrate the BNB.  

We further confirmed the cellular identity of the cells containing HRP by immunostaining. 
To do this, we used a commercially available tyramide kit, which uses the peroxidase 

activity of the HRP to catalyse a reaction that leads to the deposition of a fluorophore 
(Alexa Fluor 594, in our case) at the localisation of the reaction. These techniques are 

generally used to detect a primary antibody conjugated to HRP, but we adapted the 
protocol using a lower signal amplification. This allowed visualisation of HRP with light 

microscopy, together with traditional immunostaining protocols. We used this optimised 
protocol and counterstained the tissue with antibodies to F4/80 (macrophage), CD34 

(ECs and pericytes-like cells) and αSMA (pericytes). We observed that the extravascular 

tyramide signal colocalised with the F4/80 marker, confirming the macrophage identity 
of the HRP+ cells (Fig 3.27). Importantly, we did not find that either the pericytes or the 

pericyte-like cells took-up HRP, even when the signal was saturated in the macrophages. 
Overall these results show that only macrophages have the ability to accumulate the 

leaked tracers, indicating that macrophages may have a role in protecting the nerve 
parenchyma from blood borne molecules, in addition to the protection conferred by the 

perineurium and EndoECs. 
 

3.5.4. Macrophages enforce the BNB 

Following our observation that tracers such as dextran and HRP could be observed 
inside macrophages in the sciatic nerve in physiological conditions, we hypothesised that 
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resident macrophages act as a second-line of protection, downstream of the barrier 

conferred by the EndoECs and the perineurium. Indeed, as we observed that EndoECs  
 

 
 

 

 
  
Figure 3.26. Macrophages specifically engulf the IV tracer HRP that penetrates the 
BNB.  
Representative EM images of sciatic nerves of Wild type mice harvested 6 hours after 
HRP injection. Macrophages (*) are labelled black by the HRP whereas pericytes (PC), 
pericyte-like cells (PC-l) myelinating Schwann cells (mSCs) and non-myelinating 
Schwan cells (nmSCs) are not.  
 
 

 

2μm

2μm

2μm

2μm

2μm

2μm

mSC

mSC

nmSC

nmSC

PC

PC

PC-l

PC-l

*
*

*

*

*

*

*

*

*
* *



 126 

 

 
 

 
 

 
 

 
 

 
 

  
 
 
Figure 3.27. Pericytes and pericyte-like cells do not take up leaked HRP. 
Representative light microscopy images of sciatic nerves from Wild type mice injected 
with HRP. The presence of HRP is revealed by the red-fluorescent tyramide reaction 
product. Macrophages (MP) are counterstained with antibodies to F4/80 (white), 
pericytes-like cells (PC-l) with antibodies to CD34 (green, left), and pericytes (PC) with 
antibodies to αSMA (green, right). BV are indicated by a white dashed line. 
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have low transcytosis rates but higher than in the CNS, we hypothesised that the residual 
leakiness of the ECs was compensated for by the ability of resident macrophages to 

“vacuum” leaked material. The barrier function of the PNS would therefore consist of a 
functional perineurium, the barrier formed by EndoECs and resident macrophages. If this 

hypothesis was correct, we postulated that the depletion of macrophages would lead to 
the slow accumulation of the products that leak through the EndoECs into the 

endoneurium of the nerve. 
To test this, we injected HRP in Control and PLX5622 treated mice and harvested the 

sciatic nerves of these mice 6 hours later. First, we processed the nerves for EM, 
performing the DAB reaction to reveal the presence of HRP (n= 4 Controls and 6 

PLX5622 mice). During this protocol, nerves sections are sliced with a vibratome and 

subjected to the DAB reaction, before being osmicated and further processed for EM. 
The DAB reaction product is brown to the naked eye and electron dense. Strikingly, we 

observed (without magnification) a dark brown colouring of the tissue sections of 
PLX5622 treated nerves following the DAB reaction, as opposed to the light brown 

colouring of the Control-treated nerves (Fig 3.28). This suggested that the distribution of 
HRP differed between PLX5622-treated nerves and Control treated nerves, and that 

macrophages play a role in keeping HRP outside of the nerve parenchyma.  
EM analysis showed that in the absence of macrophages, HRP accumulated in the 

extracellular space throughout the endoneurium. The levels were so high that they were 
sufficient to obscure the collagen bundles seen in control nerves in EM images (Fig 3.29). 

Furthermore, we confirmed this finding by light microscopy using the tyramide reaction 

as described earlier, and observed high levels of the tyramide reaction product 
throughout the extracellular space (Fig 3.30.A). We quantified the proportion of the 

parenchyma containing HRP with the following formula: (area of tyramide signal-area of 
blood vessels)/(area of the nerve) and found that the area of HRP staining was 

23.82±8.05% of the total endoneurial area, corresponding to the known 20-25% space 
between the axons (Weerasuriya and Mizisin, 2011), which was consistent with the 

spread of leaked material throughout the endoneurium of the nerve (Fig 3.30.B). 
Importantly, no other cell types were found to functionally compensate for the loss of 

macrophages and take-up the HRP. 

Altogether, this dataset demonstrates that macrophages play an important role in the 
protection of the peripheral nerves against blood borne molecules by providing a 

secondary barrier to enforce the protection provided by the ECs and the perineurium. 
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Figure 3.28. Depletion of macrophages results in the accumulation of HRP in the 
nerve parenchyma.  
Low magnification images of vibratome cross-sections of sciatic nerves from Control or 
PLX5622 fed animals following DAB reaction. The DAB reaction product appears brown 
to the naked eye. 
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Figure 3.29. In the absence of macrophages leaked tracer accumulates in the 
endoneurial extracellular space.  
Representative EM images of sciatic nerves of mice fed with the Control or the PLX5622 
containing diet. The presence of HRP is revealed by the electron dense DAB reaction 
product. In the absence of macrophages, the DAB reaction product is visible in the 
extracellular space of the endoneurium. For a better visualisation of the extracellular 
space, cells have been coloured in brown.  
 
 

 

 
 

 



 130 

 

 
 

 

 
 
 
Figure 3.30. Upon macrophage depletion, the tracer accumulates in the 
endoneurial extracellular space.  
A. Representative light microscopy images of sciatic nerves of mice fed with the Control 
or the PLX5622 containing diet. The presence of HRP is revealed by the fluorescent 
tyramide reaction product (purple). Macrophages are counterstained with an antibody 
against F4/80 (white) and nuclei are counterstained with Hoechst (blue). In the absence 
of macrophages, the tyramide signal is in the extracellular space of the endoneurium. B. 
Quantification of the area occupied by the extravascular tyramide/HRP signal, calculated 
with the following formula: (area of tyramide signal-area of BVs)/(area of the nerve). 
Graph shows mean ± SEM (n= 5 Controls and 6 PLX5622 mice). Mann Whitney p-value 
= 0.0043. 
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3.6. Conclusions, discussion, and future work 
 
3.6.1. Endothelial cells in the PNS resemble those of the CNS but have higher 

levels of transcytosis  
In this chapter, we investigated the barrier phenotype of ECs, focusing on two hallmarks 

of barrier function; transcytosis levels and the tightness of the junctions between ECs 
(Karnovsky, 1967; Reese and Karnovsky, 1967). We found that both these features were 

found in EndoECs, showing that the mechanisms of barrier function at the level of the 
ECs are similar in the CNS and in the PNS. Indeed, we found that the profile of tight 

junctions resemble those described in the CNS, with tight kissing points preventing the 

passage of tracers such as HRP (Sanovich et al., 1995), and we found that the levels of 
transcytosis were dramatically lower in EndoECs than in non-barrier forming BVs. 

However, we found that the levels of transcytosis appeared slightly higher in the nerve 
than in the CNS using similar techniques. Indeed, following injection of HRP in the tail 

vein, studies have reported that very few HRP containing vesicles were found in the 
cytoplasm of BBB-forming ECs (Pulgar, 2019; Reese and Karnovsky, 1967). 

Additionally, Chow and Gu., 2017, quantified this phenomenon in the retina and reported 
a mean vesicular density of 0.4±0.1 vesicle/μm2 in the BRB forming BVs (Fig 3.31) 

(Chow and Gu, 2017), which is approximately 2.5 fold lower than the number we found 
in EndoECs (1.16±0.25 vesicles/μm2) (Fig 3.31). Importantly, the BNB is reported to be 

functionally less stringent than the BBB (Allt and Lawrenson, 2000; Wadhwani and 

Rapoport, 1994; Welch and Davson, 1972). Our data suggests that the increased 
permeability of the BNB compared to its central counterparts, which has important 

implications for drug delivery strategies (Liu et al., 2018),  can be accounted for by more 
permissive transcytosis levels in the vasculature of the PNS. 

It is still unknown which signals and pathway are responsible for the development and 
the maintenance of the barrier phenotype in the PNS. The signals supressing the 

transcytosis rates in the BBB-forming endothelial cells have been investigated in the 
recent years. The lipid transporter Mfsd2a plays a central role in this process (Ben-Zvi et 

al., 2014; Chow and Gu, 2017) by inhibiting the formation of transcytotic vesicles in ECs 
through caveolin1-dependent mechanisms (Andreone et al., 2017). Due to the lack of 

commercially available antibodies against Mfsd2a that can be used in vivo, its detection 

is challenging, and the expression pattern of this lipid transporter in the PNS is unknown. 
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One way to investigate this matter in the absence of efficient antibodies, is to perform a 

transcriptomic analysis of EndoECs and work to attempt this will be discussed in the  
 

 
 

 
 

 
 

 
 
 
Figure 3.31. The transcytosis levels of barrier forming ECs in the PNS are higher 
than those in the CNS. Graph representing the mean (+SEM) of the mean vesicular 
density reported for the PNS in this thesis compared to those reported in Chow and Gu, 
2017. 
 

 
 

 
 

 
 

 

* ***

0

5

4

3

2

1

Endo BV Epi BV P1 Adult

PNS
Retina

Chow et al, 2017

m
ea

n 
ve

si
cu

la
rd

en
si

ty
 (v

es
/μ

m
2 )



 133 

 

 
following chapter.   

 
3.6.2. The structure of the BNB is different from the BBB 

In the CNS, the vascular unit components have been associated with the barrier function 
(Armulik et al., 2011; McConnell et al., 2017; Sweeney et al., 2016). In the brain, the 

vascular unit is composed of ECs, partially covered by pericytes and fully covered by 
astrocyte endfeet (Armulik et al., 2010; Mathiisen et al., 2010). Neurons are in direct 

contact with astrocytes, forming the neuro-vascular unit (Andreone et al., 2015). The 
structure of the vascular unit is essential for the formation and maintenance of the barrier 

phenotype of the ECs (Armulik et al., 2010, 2011; Daneman et al., 2010b; Segarra et al., 

2018). In the retina, the vascular unit is still poorly characterised but is thought to be 
composed of ECs and pericytes in close association with the main glial cells of the eye; 

astrocytes and Müller cells (Das, 2016; Kim et al., 2006; Kubo and Hosoya, 2012), which 
have been shown to induce a barrier phenotype in ECs in vitro (Abukawa et al., 2009; 

Tout et al., 1993). 
We are the first group to characterise the structure of the vascular unit in the PNS. In this 

chapter, we have defined the cellular make-up of the vascular unit to consist of ECs 
partially covered by pericytes, pericyte-like cells, and macrophages. The partial coverage 

of the ECs by pericytes in the PNS appears similar to levels reported for the brain 
(Mathiisen et al., 2010). This suggests that pericytes could have similar roles in 

conferring barrier function in the PNS and in the CNS. However, we found that pericyte 

coverage varied dramatically between the vessels, but as all vessels in the endoneurium 
have a barrier function, it appears that the degree of pericyte coverage of EndoECs does 

not directly correlate with the integrity of the barrier. In addition to their role in conferring 
barrier function, pericytes have important roles in stabilising BVs, both by conferring 

mechanical stability and by participating in the formation of matrix (von Tell et al., 2006). 
We postulate that this function is shared by pericytes in the PNS. It will therefore be 

important to determine whether pericyte coverage correlates with a type of BV, reflecting 
structural differences, or whether pericytes contribute to barrier function in the PNS. To 

test the role of pericytes in the PNS, we examined pericyte coverage when the BNB is 

open (see Chapter 5). Future work using transgenic mice with deficient pericytes-ECs 
interaction (Armulik et al., 2010; Tallquist and Kazlauskas, 2004; Tallquist et al., 2000) 
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will be used to further determine the contribution of pericytes to the permeability of the 

BNB. 
Nevertheless our findings revealed two major differences between the vascular unit in 

the nerve and in the brain: the involvement of different cell types and the extent of 
coverage of barrier-forming ECs. Because the PNS and the CNS host different cell types 

in that there are no astrocytes in the PNS, it was expected that we would find different 
cells involved in the make-up of the vascular unit. However, instead of finding that other 

cells (ie. pericyte-like cells) provided full coverage of the vasculature, we only observed 
a partial coverage.  

Little is known about whether the extent of astrocyte coverage is crucial or not in the 
CNS. There is some evidence that the extent of astrocytes coverage could be important 

for the BBB function, as disruption of these interactions by other cells such as glioma 

cells (Watkins et al., 2014) or oligodendrocytes (Niu et al., 2019) is associated with 
increased BBB leakiness. However, it is unclear if these effects are solely due to the 

decrease of astrocyte coverage, or if these invading cells signal to the ECs. Additionally, 
post-mortem analysis of brains from patients having suffered from Major Depressive 

Disorder (Rajkowska and Stockmeier, 2013), and animal models for depressive 
disorders (Di Benedetto et al., 2016) showed reduced astrocytic coverage of the 

vasculature, and associated this feature with the ability to respond to treatment, 
hypothesising that astrocyte coverage is linked to the permeability of the BBB. 

Nevertheless, it is understood that signals emanating from astrocytes are essentials for 
the development and the maintenance of the barrier phenotype in brain ECs (Abbott, 

2002; Abbott et al., 2006; Liebner et al., 2008). In the absence of astrocytes in the PNS, 

and considering that no other cell types are found to fully cover the vasculature like in 
the CNS, it is unclear which cells, if any, provide similar signals in the PNS (see 3.6.4).  

 
3.6.3. Macrophages do not confer the barrier phenotype of endoneurial endothelial 

cells but enforce the barrier function. 
Macrophages are found in close contact with the vasculature in most tissues (Lapenna 

et al., 2018). The nature of the interactions between perivascular macrophages and ECs 
differ between tissues, suggesting that the function of macrophages varies greatly 

depending on the tissue (Abtin et al., 2014; Lapenna et al., 2018; Reddy et al., 1993; 

Stamatiades et al., 2016). However, in many tissues, macrophages are described as 
professional scavengers, clearing tissues of waste and unwanted substances (Mendes-

Jorge et al., 2009; Niemi et al., 1986; Stamatiades et al., 2016). Interestingly, our results 
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suggest that both perivascular and non-perivascular macrophages belong to the same 

population of macrophages in the nerve, as we observed no differences in term of marker 
expression or the ability to take-up intravenous tracers. This resembles the situation in 

the skin, where flow cytometry and imaging techniques showed that perivascular 
macrophages express the same markers as the other macrophages of the tissue, and 

are therefore only defined according to their localisation (Wang et al., 2014). However, 
this is in contrast with the CNS, where the main immune cells of the brain, microglia, 

express different markers than the specialised perivascular macrophages found 
surrounding the major arteries and veins in the meningeal space (Faraco et al., 2017).   

Importantly, we found that macrophages in the PNS are not required for the maintenance 
of the barrier phenotype of EndoECs. This is surprising as there is evidence in vitro in 

co-cultures experiments that macrophages can modulate the permeability of the 

vasculature (Zenker et al., 2003). Furthermore, perivascular macrophages in the cochlea 
(Zhang et al., 2012) and the mesentery (He et al., 2016) have been found to maintain 

the low permeability of the BVs, in that disruption of the macrophage/EC interactions 
enhances vascular permeability in these regions (Zhang et al., 2012; He et al., 2016). 

Nevertheless, we found that depleting macrophages in the nerve does not affect the 
barrier phenotype of the BNB-forming ECs, suggesting that these cells do not have a 

role in the maintenance of the low vascular permeability in the nerve.  
Instead of promoting the barrier phenotype of the ECs, we propose that macrophages 

constitute a secondary line of defence, enforcing BNB function downstream of the 
EndoECs and the perineurium. Although there are reports suggesting the uptake of IV 

tracers by endoneurial macrophages (Arvidson, 1977; Jakobsen et al., 1978), we are the 

first to characterise this process and show that depleting macrophages leads to an 
accumulation of an IV tracer within the nerve.. This has major therapeutic implications, 

as it means that macrophages modulate access of substances to the nerve parenchyma 
downstream of the BNB (EndoECs and perineurium (Langert and Brey, 2018)), and it 

creates opportunities to reshape our understanding on how certain drugs cause side 
effects in the PNS (Addington and Freimer, 2016; Hausheer et al., 2006; Staff et al., 

2017). If a drug gets transported through the BNB, via transporters or via transcytosis, 
its effect on the nerve will depend on the ability of macrophages to uptake and degrade 

the compound. This is important both in to attempt to decrease side-effects of drugs and 

to attempt to better target substances to the nerve parenchyma. This is of particular 
relevance for drugs which are used against life-threatening conditions and whose dose-

limiting factor is the development of peripheral nerves side effects, such as anti-
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tumorigenic drugs (Balayssac et al., 2011; Han and Smith, 2013; Hausheer et al., 2006; 

Schneider et al., 2015; Staff et al., 2017). Furthermore, this could impact drug delivery 
in immunodeficient conditions, as the nerve parenchyma would be more accessible to 

exogenous molecules, as seen in the PLX5622 animals. 
 

3.6.4. Roles of pericyte-like cells in the BNB 
It is still unclear what signals confer the barrier properties of the EndoECs in the nerve. 

In the CNS, ECs interactions with astrocytes and pericytes are crucial for conferring and 
maintaining the barrier phenotype of BBB-forming ECs (Armulik et al., 2010; Daneman 

et al., 2010b; Janzer and Raff, 1987; Segarra et al., 2018; Trost et al., 2016). In the PNS, 
pericytes, pericyte-like cells and macrophages could share some of these functions. 

However, we have found that depleting macrophages does not alter the barrier 

phenotype of EndoECs, and we found that pericyte coverage varies considerably 
between EndoBVs despite all EndoBVs having an intact barrier, which argue against a 

major role for pericytes and macrophages in conferring barrier function to the ECs in the 
nerve. 

Our study has shed light on a poorly understood cell population: the pericyte-like cells 
(tactocytes). There is no consensus regarding the identity and role of these cells (Richard 

et al., 2012) that have been described in several studies as fibroblasts (Hirose et al., 
2003; Joseph et al., 2004), telocytes (Mirancea., 2016), pericyte-like cells (tactocytes) 

(Stierli et al., 2018), and mesenchymal precursor cells (Carr et al., 2019). Regardless of 
the nomenclature, we have observed that these cells have a distinct morphology, with 

many long and thin protrusions and are in direct contact with the basement membrane 

of EndoBVs. Interestingly, these characteristics resemble aspects of astrocyte biology, 
suggesting that pericyte-like cells may share some of their functions. Another line of 

evidence points to a resemblance between pericyte-like cells and glia, in that pericyte-
like cells are thought to be neural crest cells derived (Joseph et al., 2004; Morrison et al., 

1999), which is the origin of other glial cells in the PNS. We postulate that these cells 
may have a role in the development and/or in the maintenance of barrier function. We 

have also observed that pericytes-like cells are in close contact with other cell types such 
as macrophages and SCs, with end-feet like contacts, so it seems likely that pericytes-

like cells have a role in the communication between cells, for example between SCs and 

endothelial cells.  Because of these contacts with other cells, Stierli et al., 2018 proposed 
a new name, tactocytes, to refer to this cell population. Further studies are needed to 

investigate the role of pericyte-like cells in BNB function. 
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To study the role of pericyte-like cells, we will first need to deepen our understanding of 

these cells by further characterising them. For example, analysing their transcriptomic 
profiles would provide us with clues about which biological processes they are involved 

in. Single cell analysis would be ideal, as the markers we have identified for pericyte-like 

cells (p75, CD34, NG2, PDGFRb) lack specificity as they are expressed by other cells of 

the nerve. Comparing pericyte-like cells and astrocyte profiles with regard to the 
pathways that are involved in barrier function (Abbott, 2002; Abbott et al., 2006; Allen 

and Lyons, 2018; Liebner et al., 2008; Segarra et al., 2018) should also shed light on 

possible similarities in function. Furthermore, transcriptomic analysis will provide us with 
potential specific markers that could be later used to manipulate, isolate, or deplete 

pericyte-like cells from the nerve.  
 

3.6.5. Conclusion 
In this chapter, we have defined the vascular unit of peripheral nerves and have shown 

that it differs from the vascular unit of the brain (Fig 5.32). We have also characterised 
the barrier phenotype of the ECs and shown that the BNB relies on the maintenance of 

low levels of transcytosis and of tight junctions between ECs (Fig 5.32). Interestingly, the 
transcytosis levels are higher than those reported in the CNS, in line with previous 

reports of the BNB being leakier than the BBB. Nevertheless, we found that resident 

macrophages are able to compensate for this residual leakage, preventing the 
accumulation of leaked material into the nerve parenchyma (Fig 5.32). Our results show 

that macrophages act as enforcers of the BNB, as their depletion leads to the 
accumulation of injected tracers, which could have important therapeutic applications. 
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Figure 3.32. The structure and function of the BNB differs from the BBB.  
Cartoon representing and comparing the structures of the BBB and the BNB. 
Macrophages provide a second line of defence by engulfing material that “leaks” across 
the ECs, and hence enforce the BNB. 
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Chapter Four. Molecular characterisation of barrier-forming ECs 

 
4.1. Introduction 
In chapter 3, we showed how different cell types cooperate to form the vascular unit, 

which is thought to be essential for efficient barrier function. We have found that barrier 
function is achieved by low levels of transcytosis and tight junctions in EndoECs. 

However, the molecular mechanisms underlying BNB function at the level of EndoECs 
remain unknown. As described in chapter 1, studies in the brain have shown the 

importance of several classes of proteins in barrier function (Daneman et al., 2010a; 
Schlosshauer, 1993), either to restrict the passage of molecules into the parenchyma, or 

to facilitate the influx/efflux of certain substances. First, junction proteins such as 

claudins and cadherins have been shown to be crucial for the formation of tight junctions 
between ECs (Daneman et al., 2010a; Liu et al., 2012). Second, Mfsd2a, a lipid 

transporter, has been described to be important for the development and the 
maintenance of the low rates of transcytosis in the blood retina barrier (Andreone et al., 

2017; Ben-Zvi et al., 2014; Chow and Gu, 2017). Third, influx transporters with high 
specificity such as Glut-1 and SLCO transporters are important for the uptake of specific 

nutrients like glucose and specific ions (Daneman et al., 2010a). Finally, efflux 
transporters with low specificity such as MDR1 are known to be important for proper 

barrier function (Daneman et al., 2010a).  
To further investigate the barrier function of the nerve, we decided to focus on obtaining 

an expression profile of BNB-forming ECs. The use of transcriptomic techniques has 

proved to be a highly successful approach in the brain. Several groups have performed 
RNA sequencing of BBB-forming ECs and these studies have deepened the current 

understanding of the BBB (Daneman et al., 2010a; Kalari et al., 2016; Sabbagh et al., 
2018). Another approach would be to perform a candidate-based analysis, selecting 

promising proteins expressed in CNS ECs, such as Mfsd2a, and asking if these proteins 
are expressed in the PNS ECs. As knowledge of the transcriptomic characteristics of 

BNB forming ECs is currently poor, we first opted to perform a broad characterisation of 
the transcriptomic profile of these cells and then to analyse specific candidates. 

The main technical challenge of this experiment was the requirement of a pure 
population of EndoECs for the analysis. Isolating ECs from the adult mouse is known to 

be challenging per se (van Beijnum et al., 2008; Cheung and Marelli-Berg, 2018; Zhou 

et al., 2014), and the architecture of peripheral nerves adds further complexity to the 
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process. As a reminder, peripheral nerves host two types of blood vessels (BVs): the 

barrier forming endoneurial BVs (EndoBVs) and the non-barrier forming epineurial BVs 
(EpiBVs) (Fig 3.6). Because of the coexistence of these two types of BVs within the 

tissue, the isolation of the BNB forming ECs would require not only the isolation of ECs 
from the peripheral nerves, but also the separation between the BNB forming and the 

non-BNB forming ECs, which is challenging. As explained in the previous chapter, 
EpiBVs provide an ideal control for our comparative analysis. In this chapter, we will 

present the technical advances we have made towards the isolation of EndoECs and 
EpiECs from adult sciatic nerves. 

 

4.2. Use of the Tie2-GFP mouse model to isolate nerve endothelial cells 
In 2010, the research group of Daneman used a mouse model in which ECs express 
GFP to isolate BVs from the brain, the lung and the liver and performed a transcriptomic 

comparison. They identified a set of genes that are specifically enriched in the BBB 
(Daneman et al., 2010a). To be able to perform a similar analysis on nerve ECs, we 

needed to isolate ECs from the nerve, and to separate the EndoECs from the EpiECs.  
To do so, we decided to perform FACS on the same mouse model as used by Daneman 

et al., 2010 (Daneman et al., 2010a) to isolate all ECs from the nerve, and then apply an 
antibody-based selection to differentiate between EndoECs and EpiECs according to the 

differential expression of the glucose transporter Glut1 (only expressed by EndoECs). 
We therefore purchased the Tie2-GFP mouse line (Jackson Laboratory line 003658), 

which expresses GFP under the control of the ECs specific promotor Tie2. Tie2 is the 

gene coding for the tyrosine kinase receptor of angiopoeitin which has been described 
to be expressed by all ECs (Li et al., 2005; Wong et al., 1997), and this mouse model 

has proven useful to study ECs in quiescent adult BVs, independently of their barrier 
function (Wong et al., 1997).  

Before trying to separate EndoECs from EpiECs, we verified that we could isolate ECs 
from the nerves of adult animals using the Tie2-GFP mouse model. Following a protocol 

similar to the one used in Daneman et al., 2010, we prepared a single cell suspension 
from brain and nerve tissue of adult Tie2-GFP animals and performed flow cytometry. 

Briefly, nerves were harvested, diced, and digested in papain for 30 minutes, then further 
mechanically triturated and dissociated to obtain a single cell suspension. As a negative 

control for FACS gating, we performed the experiment using tissues from WT (non-

fluorescent) animals. In the brain sample, we observed a population of GFP expressing 
cells corresponding to 1.48% of all cells (Fig 4.1). Although the presence of this cell  
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Figure 4.1. Few GFP positive cells are detected by flow cytometry of cells isolated 
from Tie2-GFP nerves.  
Representative flow cytometry graph plotting the forward scatter and the GFP channel. 
Gates are defined according to the negative control profiles. Previous gatings (not 
shown) were applied to select cells (FSC/SSC) and exclude doublets (FSC-H/ FSC-A 
and SSC-W/ SSC-A). This experiment was repeated twice. 
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population is clear, this percentage is lower than that described in Daneman et al., 2010 

(5.3%). Importantly, we did not observe a clear GFP positive population of cells in the 
nerve samples, with only 0.41% of the cells within the GFP positive gates (Fig 4.1). As a 

comparison, previous studies from our lab have shown that EndoECs account for 6% of 
the endoneurial cells (Stierli et al., 2018). In addition to endoneurial cells, the cell 

suspension contains perineurial cells (specialised fibroblasts forming the perineurium) 
and epineurial cells (including ECs). Considering this, we estimate that the proportion of 

ECs in cell suspensions from adult nerve would be around 5%. The absence of a defined 
GFP positive population in the nerve samples was surprising and ominous. 

To further investigate why we could not detect a fluorescent significant signal by flow 
cytometry, we tested the expression of the GFP protein by immunostaining. To avoid 

missing a low GFP signal, we enhanced the GFP signal by using a primary antibody 

against GFP and detected it with a secondary antibody coupled with Alexa Fluor 488. 
Doing this, both the endogenous and the amplified fluorescence are measured in the 

green channel. Additionally, we performed a counterstaining with an antibody to CD31 
to identify ECs. We compared the GFP expression in several tissues (brain, nerve and 

liver, as well as lung, kidney and spleen (not shown) in adult Tie2-GFP animals and 
found that BVs were positive for GFP in all tissues analysed except the endoneurium, 

were almost all BVs were negative for GFP (Fig. 4.2.A). However, GFP was expressed 
by most EpiECs, with some BVs showing a stronger signal than others, which is probably 

associated to their identity (veins VS arteries) (Fig 4.2.B). As we observed that the GFP 
construct was not expressed in endoneurial BVs in the Tie2-GFP mouse model, both by 

immunofluorescence and flow cytometry, we decided against attempting to use this 

mouse model as a tool to isolate EndoECs from adult sciatic nerves.  
 

4.3. Use of conjugated-fluorescent antibodies to isolate nerve endothelial 
cells 
As an alternative strategy, we decided to isolate EndoECs from the adult nerve by 
fluorescence associated flow cytometry (FACS). We designed a panel of antibodies that 

would (1) identify the ECs amongst the other cells present in the nerve such as SCs, 
macrophages, pericytes and pericyte-like cells and (2) distinguish between Endo and 

EpiECs. To do so, we needed antibodies that recognise antigens expressed by ECs, 

and/or are differentially expressed between Endo and EpiECs. We decided to use CD31,  
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Figure 4.2. Tie2-GFP is not expressed by endoneurial endothelial cells.  
A. Representative confocal images of cross sections of sciatic nerve, brain, and liver in 
theTie2-GFP mouse model. BVs are stained with an antibody against CD31 (red) and 
nuclei are marked with Hoechst (blue). The endogenous GFP fluorescence is enhanced 
by the use of an antibody against GFP (green).  
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B. Representative confocal images of a cross section of a sciatic nerve of adult Tie2-
GFP mice. BVs are stained with an antibody against CD31 (red) and nuclei are marked 
with Hoechst (blue). The endogenous GFP fluorescence is enhanced by the use of an 
antibody against GFP (green). The dotted line shows the perineurium. Arrows point to 
Tie2-GFP positive EpiECs and arrowheads point to Tie2-GFP negative EndoECs. 
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Glut-1 and VE-cadherin. CD31 is a pan-endothelial cell marker. Antibodies recognising 

this protein are available commercially as fluorescent-conjugates from a wide range of 
species. Antibodies against CD31 are used routinely to detect endoneurial and epineurial 

BVs in immunostaining, including in nerves (Carr and Johnston, 2017; Liu et al., 2012; 
Stierli et al., 2018; Vanzulli et al., 1997). Glut-1 is a glucose transporter expressed by 

barrier forming structures such as brain and nerve ECs and the perineurium (Daneman 
et al., 2010a). EpiECs do not express Glut-1 (Weerasuriya and Mizisin, 2011). Because 

we needed more than one positive marker for each cell population, we also included VE-
cadherin in the panel, which is a junctional protein expressed by all ECs (Vestweber, 

2008). With this panel, we aimed to stain EndoECs with CD31, Glut-1 and VE-cadherin 
and EpiECs with CD31 and VE-cadherin. We tested the commercially available 

conjugated antibodies by performing an immunostaining on adult sciatic nerves sections. 

Because the antibodies were already conjugated with different fluorophores, secondary 
antibodies are not required. We tested VE-cadherin conjugated to BV421, CD31 

conjugated to several fluorophores including PE and Glut-1 conjugated to AF647 (Fig 
4.3). We found this panel of antibodies suitable for our experiments, as all ECs were 

identified with CD31 and VE-cadherin, with Glut-1 differentially marking EndoECs and 
not EpiECs. Of note, using this panel, perineurial cells are positive for Glut-1 and VE-

cadherin but negative for CD31. In light of this immunostaining, we concluded that this 
panel is a potentially useful tool for isolating EndoECs, EpiECs, and perineurial cells for 

molecular analysis. In addition to these markers, we included a viability stain, FVS 780 
(not shown). 

The presence of myelin debris in cell suspensions causes difficulties in FACS 

experiments, both because myelin can be auto-fluorescent and because antibodies can 
bind to it non-specifically (Pfenninger et al., 2007; Tham et al., 2003), thereby decreasing 

the signal to noise ratio. Before testing our panel of antibodies on cells from adult sciatic 
nerves, we therefore decided to optimise the quality of the cell suspension by pre-

clearing the myelin. We tested a myelin removal kit from MACS-Miltenyi. This kit uses 
magnetic beads that bind to myelin and magnetic columns to separate the bound myelin 

from the rest of the solution. To test if the myelin removal kit was cleared the cell 
suspension of myelin debris, we prepared a cell suspension from adult sciatic nerves 

and split the cell suspension in two. One half of it was subjected to the myelin removal 

procedure, following the manufacturer’s instructions, while the other half was kept on ice. 
We then compared the flow cytometry profiles of these two conditions. We found that the  
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Figure 4.3. Panel of antibodies used to isolate endoneurial endothelial cells by 
flow cytometry. 
Representative confocal images showing (A) an endoneurial BV and (B) an epineurial 
BV. Conjugated-antibodies were used to detect CD31 (green), VE-cadherin (blue) and 
Glut-1 (red). EndoECs are positive for all three markers, while EpiECs are negative for 
Glut-1. Perineurial cells are negative for CD31. 
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removal of myelin debris from the cell suspension was helpful, as seen by an increase 

in the proportion of cells amongst total events from approximately 15-25% to 
approximately 50-60% (Fig 4.4). Having determined the panel of antibodies to use and 

having improved the quality of the cell suspension by myelin clearance, we performed 
FACS experiments on adult sciatic nerves to isolate EndoECs and EpiECs. We prepared 

single cell suspensions from a minimum of 10 nerves for each preparation (5 mice), 
applied the myelin removal procedure, and incubated the cells with the fluorescent 

antibodies. Following this incubation, we analysed the FACS profile of these cells. We 
encountered several technical difficulties during these experiments. First, the number of 

cells obtained was extremely low. To compensate for this, we started including brachial 
nerves in the cell preparations, and increased the number of animals to 8 animals per 

experiment (16 sciatic and 16 brachial), but despite this, our cell numbers remained low 

(often <1 million of cells per prep). Second, we found that the antibody staining was not 
efficient and/or specific enough (Fig 4.5.A), and that changing the concentrations of the 

antibodies (1/100 - 1/1000) did not solve this issue. Mostly, we failed to observe 
convincing discrete populations of cells of differentially labelled cells but instead 

observed either no binding of the antibodies, or a big shift in the fluorescent profile of the 
entire cell populations (Fig 4.5.A). Finally, our experiments were extremely variable. 

Despite efforts to reproduce the protocol, we found a high variability in the efficiency of 
the cell preparation, the myelin removal, and the antibody staining. Although some 

antibodies sometimes showed promising results (Fig 4.5.B), we did not succeed in 
obtaining reliable results from this protocol, nor in observing populations positive for 

more than one marker (Fig 4.5.C) (n>10 repeats).  

In line with the challenges mentioned above, we observed that the MACS-Miltenyi kit to 
clear the myelin debris from the cell suspension was suboptimal. Indeed, we found that 

this step of the protocol was the step during which many cells were lost, as the number 
of cells in the cell suspension was greatly reduced after the use of this kit, with a barely 

detectable cell pellet at the end of the protocol (starting material >10 nerves). We 
hypothesised that this was due to a loss of cells, particularly of SCs, as they might be 

“sticking” to the myelin debris and hence be lost during the myelin removal step. To test 
this hypothesis, we prepared a cell suspension from nerves of P0-Cre Ai9 mice. These 

animals express tdTomato in SCs, via the expression of the Rosa26-tdTomato locus and 

the expression of the Cre recombinase under the control of the SC specific promoter P0 
(Feltri et al., 1999; Madisen et al., 2010). To test if the myelin removal kit was depleting 

SCs, we prepared a cell suspension from sciatic nerves and split the cell 
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Figure 4.4. Cells are enriched in cells suspension cleaned by the MACS-Miltenyi 
myelin removal procedure.  
Representative flow cytometry pseudocolor-graphs plotting the side scatter (y) and the 
forward scatter (x) of samples subjected to myelin removal (right panel) or not (left panel). 
Cells and debris can be distinguished by their typical morphology. The gate shows the 
events that present a typical viable cells morphology. The density of events is color-
coded from blue (low density) to red (high density). 
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Figure 4.5. FACS experiments show high variability and low specificity/efficiency. 
Pseudo-color graphs of FACS experiments performed after myelin removal. For all 
panels, gates are defined according to the profile of samples without antibodies. 
Unshown previous gatings were applied to select cells (FSC/SSC) and exclude doublets 
(FSC-H/ FSC-A and SSC-W/ SSC-A). The density of event is color-coded from blue (low 
density) to red (high density). The graphs show the side scatter, CD31 PE, VE-cadherin 
BV421, and Glut-1 AF647 channels. A. Representative example of a flow cytometry 
experiment where no clear population of ECs was observed.  
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B. Representative example of a flow cytometry experiment where a population of ECs 
was observed. C. Graphs from the same experiment shown in (B) plotting Glut-1 AF647 
against VE-cadherin BV421 and Glut-1 AF647 against CD31 FITC. Although populations 
positive for a single marker were observed, we did not identify populations positive for 
both Glut-1 and VE-cadherin or Glut- and CD31, showing that the aim of the experiment 
was not achieved. 
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suspension in two. One half was subjected to the myelin removal procedure while the 
other half was kept on ice. We then compared the FACS profiles of these two conditions, 

specifically the proportion of fluorescent SCs. We found that the population of tdTomato 
positive SCs accounted for approximately 60-70% of all cells in the Control condition, 

which is in line with the previously reported proportion of SCs in the nerve (Stierli 2018). 
However, this proportion was greatly reduced after myelin removal (10-15%) (Fig 4.6). 

This experiment was repeated three times on P0-Cre Ai9 animals and more than five 
times on PLP-eGFP animals, another mouse strain in which SCs express eGFP, which 

gave similar results (not shown). This confirms the myelin removal kit depletes SCs. 

Although we were not attempting to isolate SCs for the experiments presented in this 
chapter, we discarded the use of this kit, as these results suggest that the kit was not 

performing as claimed by the manufacturer. Furthermore, we were not obtaining 
satisfactory results with this kit in combination with our panel of antibodies, so we decided 

to test another method to clear the cell suspension from debris: the debris removal kit 
from Macs-Miltenyi. 

This kit uses a gradient, probably Percoll-based, to separate the debris, including myelin, 
from the rest of the solution. To test the efficiency of this kit, we prepared a cell 

suspension from sciatic nerves of adult P0-Cre Ai9 mice and split the cell suspension in 
two. The first half was subjected to the debris removal kit while the other half was kept 

on ice. We then compared the FACS profiles of these two conditions. Similar to the 

myelin removal kit, using the debris removal kit depleted a good proportion of the FACS 
events corresponding to debris, confirming the success of the protocol (Fig 4.7.A). 

However, as opposed to the myelin removal procedure, we found that the debris removal 
protocol maintained the proportion of tdTomato positive SCs, suggesting that this 

protocol does not deplete SCs from the cell suspension (Fig 4.7.B). We therefore decided 
to apply this protocol of debris removal for all further experiments.  

Having improved the quality of our cell suspension by removing debris, we applied the 
antibody panel described above to debris-cleared preparations. Unfortunately, we 

observed the same difficulties with this protocol as with the previous one, with unreliable 
binding of antibodies (Fig 4.8).  We failed to observe convincing populations of ECs, and 

instead observed either no staining, suggesting no binding of the antibodies, or a big 

shift in the fluorescent profile of entire cell populations, suggesting aspecific binding.  
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Figure 4.6. The myelin removal procedure depletes SCs from the cell suspensions.  
Representative flow cytometry density-graphs plotting the forward scatter and tdTomato 
channel of samples subjected to myelin removal (right panel) or not (left panel). Gates 
are defined according to the profile of Wild type samples. Previous gatings were applied 
to select cells (FSC/SSC) and exclude doublets (FSC-H/ FSC-A and SSC-W/ SSC-A) 
(not shown). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Myelin removalNo myelin removal

FS
C

tdTomato

FS
C

FS
C

tdTomato

%%



 153 

 
 
 
 
 
 

 
 
 
Figure 4.7. The debris removal procedure clears the cell suspension of debris 
without depleting SCs. 
Representative flow cytometry pseudocolor-graphs plotting the side scatter, the forward 
scatter, or the tdTomato channel of samples subjected to debris removal (right panel) or 
not (left panel). Cells can be gated because they can be distinguished from debris by 
their typical morphology. The density of events is color-coded from blue (low density) to 
red (high density). A. Graph showing the increased proportion of cells in a preparation 
cleared with the debris removal kit. B.  Graphs showing the maintenance of tdTomato + 
SCs in a cell preparation cleared with the debris removal kit. Gates are defined according 
to the profile of Wild type samples. Previous gatings were applied to select cells 
(FSC/SSC) and exclude doublets (SSC-W/ SSC-A) (not shown).  
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Figure 4.8. FACS experiments show high variability and low specificity/efficiency 
using the debris removal kit.  
Representative example of a flow cytometry experiment where no clear population of 
ECs was observed. Pseudocolor-graphs plotting the side scatter and CD31 FITC, VE-
cadherin BV421, and Glut1 AF647 channels. Gates are defined according to the 
negative control profiles. Previous gatings were applied to select cells (FSC/SSC) and 
exclude doublets (FSC-H/ FSC-A and SSC-W/ SSC-A) (not shown). The density of event 
is color-coded from blue (low density) to red (high density). 
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4.4. Conclusions, discussion, and future perspectives 
 

4.4.1. Endoneurial endothelial cells are a challenging population to isolate.  
In this chapter, we presented different strategies that we tried in order to obtain pure 

populations of EndoECs and EpiECs for RNA sequencing analysis. However, none of 
our approaches were successful. There were several technical challenges. First, ECs 

are known to be difficult to isolate from nervous tissue (van Beijnum et al., 2008; Cheung 
and Marelli-Berg, 2018; Zhou et al., 2014). This is partly due to the low proportion of the 

cells that they represent compared to neurons and glial cells. Second, nervous tissue is 
challenging to manipulate, as the myelin debris hinder the quality of the cell suspension 

(Pfenninger et al., 2007; Tham et al., 2003). Third, nerves host two populations of ECs. 

Because this is poorly characterised, we do not possess many markers to differentiate 
these two populations, the most reliable one being the glucose transporter Glut-1 that is 

solely expressed by EpiECs. Fourth, nerves are not as dense as other tissues, so the 
number of cells obtained from each nerve preparation was low. Altogether, these 

challenges made this experiment challenging and ambitious. To address this, we have 
tried a variety of different approaches.  

It was surprising that the Tie2-GFP mouse model was unsuccessful, as it has been used 
in the past in the brain (Daneman et al., 2010a). However, it is likely that we are not the 

only group to encounters difficulties with this mouse model, as it has been used less 
frequently in recent years. It is unclear if the issue arises from poor transgene expression 

in our mouse line, or if EndoEC expression of Tie2 is reduced compared to other tissues. 

The transcriptional analysis of these cells, once we will successfully isolate them, will 
address this issue. Following the Tie2-GFP experiments, we have attempted to isolate 

EndoECs and EpiECs by FACS, using a panel of antibodies that recognise ECs and that 
can differentiate endoneurial from epineurial populations. However, we failed to isolate 

these cell populations using this technique. Of note, we also tried other approaches, not 
described in this chapter, such as the use of beads coated with an antibody recognising 

CD31 or immunopanning techniques. However, these techniques were unsuccessful.   
Apart from the transgenic expression of GFP, what our attempts have in common is the 

use of antibodies to isolate the ECs.  Although we have tried a variety of different 
antibodies and clones, at different concentrations, we failed to find optimal and reliable 

antibodies for this application. It is unclear why that is the case, considering that these 

commercially antibodies perform well in immunostaining, and have been used 
successfully in FACS applications by other groups (Assis-Nascimento et al., 2016; 
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Crouch and Doetsch, 2018; Jayachandran et al., 2018). However, these studies isolated 

ECs from tissues other than nerves. During the course of this thesis, we have prepared 
cell suspensions from several tissues (not shown), and we have observed that nerves 

require much harsher digestion protocols than other tissues, with longer digestion and 
stronger mechanical trituration, probably because nerves contain a lot of matrix protein 

(Barros et al., 2011), making them difficult to dissociate.  Importantly, the antibodies that 
we use for this experiment recognise extracellular epitopes of surface proteins. These 

epitopes are therefore susceptible to damages during the digestion of the tissue. 
Because the steps following the tissue digestion were performed at 4°C, they should not 

damage the epitopes, but it is likely that the digestion of the tissue, which is achieved by 
both enzymatic digestion and mechanical trituration, is the critical step from which the 

high variability of our results arose.  

 
4.4.2. Single cell RNA sequencing analysis to unravel the molecular properties of 

the BNB 
To overcome these difficulties, we decided to adopt another approach that does not rely 

on the antibody labelling of the cell suspension. Instead of isolating pure populations of 
ECs to investigate the transcriptomic profile of EndoECs and EpiECs, we will perform 

single cell RNA sequencing (scRNAseq) on sciatic nerve single cell suspensions. As 
presented in this chapter, we have optimised a protocol to rapidly obtain a single cell 

suspension from sciatic nerves of adult mice. We will therefore use this protocol and 
combine it with scRNAseq. This technique has become increasingly reliable over the 

past few years (Hwang et al., 2018; Shin et al., 2019; Vanlandewijck et al., 2018; Wirka 

Robert C. et al., 2018). In fact, the neuroscience field, including research on the PNS, 
has been moving towards single cells approaches more recently (Hammond et al., 2019; 

Ofengeim et al., 2017; Saunders et al., 2018; Tiklová et al., 2019). However, despite 
recent publications on nerves (Carr et al., 2019), no full data set of uninjured nerve is 

currently available. In addition to uninjured nerve, we aim to perform scRNAseq on 
nerves in which the BNB is open, such as following injury or in the P0-RafTR animals. 

These experiments will provide further insights into how the BNB phenotype is 
maintained and regulated at the level of the ECs. 

Persevering to obtain the transcriptomic profile of Endo and EpiECs is of crucial 

importance for our understanding of the BNB. In previous chapters, we have discussed 
the importance of the cells in contact with the vasculature in forming the barrier, but little 

is known about the molecular characteristics of the BNB. Our study should reveal the 
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molecular signature of BNB forming ECs, which will enable us to compare them with 

EpiECs, with CNS ECs and with ECs from non-barrier organs such as the liver or the 
lung. A more candidate-based approach targeting proteins that are expressed in the BBB 

(Daneman et al., 2010a) is hindered by the lack of efficient antibodies commercially 
available. For example, our previous data suggested that BNB functions at the level of 

the ECs somewhat similar to the BBB, in that it relies on the maintenance of limited rates 
of transcytosis and tight junctions, but differs from the BBB by the presence of residual 

transcytosis levels in the ECs. It would be interesting to understand if the signals 
regulating the transcytosis levels in the brain ECs, such as Mfsd2a, are active in 

EndoECs, but there are no commercially available reliable antibodies against this 
protein. Interestingly, we are also starting to explore these candidates using in situ RNA 

hybridisation. Additionally, we still have a very poor understanding of which influx and 

efflux transporters are involved in the barrier function in the PNS, and only a wide 
transcriptomic analysis can determine this. It is tempting to speculate that these will 

partially differ from the ones found in the CNS, as the PNS does not show the same 
sensibility to drugs as the CNS. Typically, chemotherapy agents are known to cause 

PNS side effects without affecting the CNS, which may reflect a difference in efflux 
transporters such as MDR1 (Balayssac et al., 2011; Hausheer et al., 2006; Windebank 

and Grisold, 2008). Additionally, by studying the transcriptomic profiles of ECs in 
conditions where the BNB is disturbed such as after injury or in the P0-RafTR mouse 

model, we aim to unravel the molecular mechanisms by which ECs communicate with 
the other cells of the nerve. 

There is a transcriptomic dataset of nerve ECs available (Palladino et al., 2017). 

However this study compared post mortem human ECs (dissected from archival slides), 
with human ECs cultured in vitro (Palladino et al., 2017). However, these conditions are 

not expected to reflect the transcriptomic profiles of EndoECs in vivo, as this analysis 
does not account for the rapid transcriptional changes occurring during long sample 

preparations (processing of human remains) and in vitro culture (Kitsis and Leinwand, 
1992; Soukas et al., 2001). This study concluded that post mortem and cultured ECs are 

similar but did not discuss their findings in the context of other tissues such as the CNS. 
Of note, they do not report that Mfsd2a is expressed in these cells (Palladino et al., 2017). 

Therefore, despite the availability of this dataset, and considering we have optimised a 

protocol to obtain a single cell suspension from sciatic nerves of adult mice, we believe 
that performing scRNAseq analysis will be a valuable contribution to the field and will 

shed light on many important molecular aspects of the BNB. 
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In addition to broadening our understanding of the BNB, these results will enable us and 

others to set-up in vitro and ex vivo models to study the regulation of the BNB. Indeed, 
as seen in the BBB field (Helms et al., 2016) in vitro modelling of barrier function can be 

useful tool, but requires an in-depth knowledge of the in vivo features of the components 
of the barrier. Because in vitro systems need to recapitulate aspects of the BNB, it is 

crucial to first find out which key proteins are involved in the BNB function in vivo, and a 
broad transcriptomic analysis would help provide this information. Currently, the few 

studies that have used in vitro systems to study the BNB (from the group of Prof Ubogu 
in humans and Prof Kanda in rodents) have failed to validate the use of their models 

(Kanda, 2013; Kanda et al., 1997; Palladino et al., 2017; Sano et al., 2007; Shimizu et 
al., 2008, 2011; Wevers et al., 2018; Yosef et al., 2010). 

To conclude, we will use the protocol that has been optimised during the course of this 

thesis to perform scRNAseq on a cell suspension from sciatic nerves. By comparing 
EndoECs with EpiECs, CNS EC, and ECs from other tissues, we will unravel the 

molecular determinants of the BNB. This will also allow us to investigate the 
transcriptomic profile of the perineurium and of pericyte-like cells (tactocytes). 

Additionally, by performing the same analysis in conditions where the BNB is 
compromised, it will enable us to address how SCs and other cells may signal to ECs as 

the barrier is opened.  
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Chapter Five. Regulation of the BNB by Schwann cells 

 
5.1. Introduction 
Glial cells are known to regulate blood neural barriers in the CNS (Alvarez et al., 2013; 

Prat et al., 2001). Astrocytes are implicated both in the development and the 
maintenance of the barrier in the brain and in the retina (Abbott, 2002; Abbott et al., 2006; 

Yao et al., 2014). In addition, oligodendrocytes have been suggested to influence the 
BBB, as inappropriate localisation of these cells around the vasculature leads to a 

physical disruption of the interactions between astrocytes and ECs and to an increase in 
the permeability of the vasculature to both inflammatory cells and blood-borne molecules 

(Niu et al., 2019). 

In the PNS, SCs are implicated in the development of the perineurium as a result of Dhh 
signalling (Parmantier et al., 1999). Moreover, previous studies from our lab have shown 

that SCs are able to modulate the barrier function as part of their response to the 
activation of their reprogramming ERK signalling pathway (Napoli et al., 2012). This was 

shown using the P0-RafTR mouse model, in which a sustained signal through the ERK 
pathway can be induced in mSCs. This mimics the injury situation, leading to a switch in 

their transcriptional programme to a progenitor-like state and triggers a non-cell 
autonomous injury-like response in peripheral nerves. As part of this non-cell 

autonomous response, a strong inflammatory response is triggered together with the 
breakdown of the BNB (Napoli et al., 2012). The ability to reversibly open the BNB in the 

absence of trauma provides a powerful model to understand both how the barrier can be 

regulated, and the mechanisms by which SCs elicit this response.  
The aim of the work in this chapter was to characterise how SCs regulate the BNB by 

first investigating which aspects of the BNB are regulated by SCs, and then to dissect 
the pathways responsible for the regulation of the BNB downstream of the ERK signalling 

pathway.  
 

5.2. The barrier function of the perineurium is intact following Schwann cell 
activation 
The barrier function of the PNS is at the level of the perineurium and endoneurial 
endothelial cells (EndoECs) (Fig 1.17) (Weerasuriya and Mizisin, 2011). We first 

investigated which of these structures was responsible for the leakage of tracers from 
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the blood circulation following the opening of the barrier in the P0-RafTR mice (Napoli et 

al., 2012).  
On first examination of the perineurium, we did not detect substantial differences in the 

morphology of the perineurium between Control and P0RafTR animals (Fig 5.1). Also, 
Dr. Ilaria Napoli performed immonostaining against junctional proteins such as ZO1, 

occludin and VE-cadherin and observed that these proteins remained expressed at 
similar levels in the perineurial layer when the barrier function was lost in P0-RafTR mice 

(not shown).  
We further investigated the permeability of the perineurium in TMX-treated Control and 

P0-RafTR mice (these experiments were performed and analysed by Dr Ilaria Napoli). 
Briefly, nerves were harvested at Day 10 following the first TMX injection and then 

incubated in a solution containing fluorescein dextran for 15 minutes, without immersing 

the extremities of the nerves. As a positive control, the contralateral nerves were pre-
incubated for 10 minutes in 10% NaCl, as this has been shown to disturb the tight 

junctions between perineurial cells and thereby disrupt the barrier function of the 
perineurium (Rittner et al., 2012). Analysis of the nerves showed no differences between 

Control and P0-RafTR mice (Fig 5.2), showing that the barrier function of the perineurium 
remains intact although the BNB is breached, suggesting that SCs do not regulate the 

BNB by modulating the permeability of the perineurium.  
 

5.3. Blood vessels change morphology following Schwann cell activation 
Since the breakdown of the BNB is not due to a disruption of the perineurium, it 

suggested that the BNB phenotype of the P0-RafTR mice was due to a disruption of the 
EndoEC barrier. We therefore addressed how the BVs were altered following the 

activation of SCs. We first investigated the morphology of the BVs, as the tightness of 
BVs has been correlated with morphological changes (T. I. Fortoul, 2012). For example, 

BBB vessels in the cortex (which has the tightest barrier of the body) have been 
described to have ECs with a thin cytoplasm and few luminal protrusions, as opposed to 

ECs in the liver that exhibit multiple luminal protrusions (De Leeuw et al., 1990; 
Kobayashi et al., 2005). In addition, the vasculature of the olfactory bulb of aged mice 

has been shown to have increased permeability, and this is associated with a thickening 
of the BV walls and an increase in luminal protrusions (Ueno et al., 1998). 

We therefore investigated the morphology of EndoBVs in TMX-treated Control and P0-

RafTR mice at Day 10 by EM and found that EndoBVs in the P0-RafTR mice had a 
different morphology compared to Controls, in that the EndoBVs in the P0-RafTR mice 
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Figure 5.1. The structure of the perineurium is not affected by Schwann cell 
activation.  
Representative EM images of the perineurium of Control and P0-RafTR mice at Day 10 
following the first TMX injection. The structure of the perineurium appears similar in both 
groups of mice. 
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Figure 5.2. The barrier function of the perineurium is not compromised following 
Schwann cell activation. 
A. Representative images of transverse sections of sciatic nerves from Control and P0-
RafTR mice at Day 10 following TMX treatment and Control nerves pre-treated with 10% 
NaCl. The isolated nerves were incubated in a solution of 40KDa Dextran for 15 minutes 
after harvesting. Note the tracer (green) only permeates into the endoneurium of the 
NaCl-treated nerves. Nuclei are labelled with Hoechst (blue). B. Quantification of (A) 
showing the intensity of the green fluorescent signal in the endoneurium of Control, P0-
RafTR and Control NaCl-treated nerves (n= 5, 6, and 4 animals respectively). 
Experiments performed and analysed by Dr Ilaria Napoli. A one-way ANOVA with 
Bonferroni post-test was performed (p-values= 0.0067 and 0.0189). 
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Extended Data Figure 6. The barrier function of the perineurium is not compromised when the 
BNB is open. 
a, Representative images of transverse sections of sciatic nerves from Control and P0-RafTR nerves 
at Day 10 following tamoxifen treatment and Control nerves treated with 10% NaCl. The isolated 
nerves were incubated in a solution of 40KDa Dextran for 15 minutes after harvesting. Note, the tracer 
(green) only permeates into the endoneurium of the NaCl-treated nerves. Nuclei are labelled with 
Hoechst. b, Quantification of (a) showing the intensity of the green fluorescent signal in the endoneu-

rium of Control, P0-RafTR and Control NaCl-treated nerves (n= 5, 6,and 4 animals respectively). 
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appeared more swollen, and quantification of their cytoplasmic volume revealed an 

increased thickness of the ECs (Fig 5.3). Additionally, the BVs appeared less smooth, 
contained more vesicles/lysosomes/organelles, and their luminal surface was less even. 

We quantified the number of protrusions projecting into the lumen of the BVs and found 
an increased number of protrusions in the P0-RafTR animals, reflecting the 

“disorganised” appearance of these BVs (Fig 5.3). As a thin cytoplasm together with low 
numbers of protrusions of ECs are associated with barrier-forming ECs (Bors et al., 2018; 

Salameh et al., 2016), this is consistent with the barrier function of EndoECs being 
modified by activated SCs.  

 

5.4. Schwann cells regulate the levels of transcytosis of endoneurial 

endothelial cells 
In Chapter 3, we showed that the barrier function of EndoECs is conferred by low levels 
of transcytosis and the presence of tight junctions between the cells. To investigate 

whether these properties were altered by activation of SCs, we injected HRP into the 
blood circulation of TMX-treated Control and P0-RafTR animals at Day 10 after the initial 

TMX injection, harvested the sciatic nerves and processed them for EM. 
We quantified the levels of transcytosis as described in Chapter 3 and found a large 

increase (3 fold) in the number of HRP+ transcytotic vesicles in the P0-RafTR mice, 
indicating that activated SCs could open the BNB by increasing the levels of transcytosis 

in EndoECs (Fig 5.4.A-B). We previously observed a thickening of the BVs (Fig 5.3). To 

test if the increased number of HRP+ vesicles is solely caused by the increased area of 
cytoplasm, we calculated the mean vesicular density and found that this parameter was 

also increased (1.11±0.06 vesicles/μm2 of cytoplasm VS 1.66±0.15 vesicles/μm2 of 
cytoplasm), showing that transcytosis levels are actively increased in EndoECs (Fig 

5.4.C-D). The increased transcytosis in EndoECs was further confirmed by Dr Ilaria 
Napoli, using BSA-FITC as an IV tracer. Analysis of immunofluorescence images 

revealed a >2 fold increase in the number of BSA-FITC+ vesicles in the cytoplasm of 
EndoECs in the RafTR animals (Fig 5.5). 

In contrast, we did not detect any changes in the penetration of the tight junctions when 
the BNB was opened, with the vast majority of tight junctions showing no penetration of 

the dye in either condition (Fig 5.6). Consistent with that finding, immunostaining 

performed and analysed by Dr Ilaria Napoli showed no differences in the expression of 



 164 

 
 
 
Figure 5.3. The morphology of endoneurial blood vessels is disrupted following 
opening of the BNB. 
A. Representative EM images of EndoBVs in Control and P0-RafTR mice at Day 10 
following the first TMX injection (the BNB is open in the P0-RafTR mice). B. Graph shows 
mean (±SEM) of the cytoplasmic area of EndoBVs in Control and P0-RAFTR mice (n= 
3/4 mice). C. Graph shows mean (±SEM) of the number of luminal protrusions per 
EndoBV in Control and P0-RafTR mice (n= 6 animals). Quantifications in (C) were 
performed by Dr Ilaria Napoli. A t-test has been applied to data in B and C (p-values = 
<0.001 and 0.0202). 
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Figure 5.4. The levels of transcytosis in endoneurial blood vessels are increased 
when the BNB opens.  
A. Representative EM images of Control and P0-RafTR mice treated with TMX and 
injected with HRP at Day 10. Transcytotic vesicles containing HRP are marked with 
arrows. Note the increased thickness of the cytoplasm of the ECs and the increased 
number of HRP+ vesicles in the P0-RafTR vessels. 
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B. Graph shows the average (± SEM) of the number of HRP+ vesicles per BV (n= 3 WT 
and 4 P0-RafTR). t test p-value =0.0028.  C. Graph shows the average (± SEM) mean 
vesicular density in WT and P0-RafTR mice (n= 3 WT and 4 P0-RafTR). t test p-value = 
0.0331. D. Graph shows cytoplasmic area of ECs plotted against the number of HRP+ 
vesicles in TMX treated control and P0-RafTR animals at Day 10. Each dot represents 
an individual BV (n= 73 and 60 BVs from 3 and 4 mice). 
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Figure 5.5. Transcytosis levels increase when the BNB is opened.  
A. Representative confocal images of EndoBVs from Control and P0-RafTR (Day 10) 
mice injected with BSA-FITC before sacrifice and counterstained for CD31. BSA-FITC+ 
vesicles (green) are visible in the ECs (red). B. Graph shows mean (±SEM) of the 
number of BSA+ vesicles per BV (n= 4 mice). Experiment performed and analysed by 
Dr Ilaria Napoli. t-test p-value = 0.003. 
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Extended Data Figure 8. Endoneurial blood vessels have increased transcytosis rates when 
the BNB is open. 
 d, Representative confocal images of endoneurial blood vessels from Control and P0-RafTR (Day 
10) animals injected with BSA-FITC and counterstained with CD31. BSA-FITC+ vesicles are visible 
in the endothelial cells. e, Quantification of  (d) (mean±SEM, n=4 animals). 
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junctional proteins such as ZO1, VE-cadherin, and Claudin V (not shown). Together, 

these results show that the mechanism by which activated SCs open the BNB is by 
specifically increasing the levels of transcytosis in EndoECs.  

 

5.5. Structure of the vascular unit in the P0-RafTR animals 
Studies in the brain have shown that the barrier phenotype of ECs is conferred by their 

environment (Hayashi et al., 1997; Helms et al., 2016; Janzer and Raff, 1987; Stewart 
and Wiley, 1981). In Chapter 3, we defined the vascular unit in sciatic nerve as consisting 

of ECs partially covered by pericytes, and further associated with macrophages and 
pericyte-like cells. The P0-RafTR mouse model provides a powerful tool to investigate 

whether there is any change in the vascular unit associated with the opening of the 

barrier through an increase in the transcytosis levels, which might then give further 
mechanistic insight into how the BNB is modulated by SCs. 

Because barrier function has been directly correlated with the level of pericyte coverage 
in the CNS, with decreased pericyte coverage associated with increased transcytosis 

levels (Armulik et al., 2010; Daneman et al., 2010b), we first asked if the activation of 
SCs led to a decrease in pericyte coverage of the sciatic nerve vasculature. As 

previously, we quantified pericyte coverage in EM images. Surprisingly, we found no 
difference in the degree of pericyte coverage between Control and P0-RafTR animals at 

Day 10 when the barrier is open (Fig 5.7). Both conditions showed a similar high 
variability in pericyte coverage, with some BVs being fully covered (>90%) and with some 

others being barely covered (<30%). These results indicate that the barrier function can 

be modulated in the nerve independently of the degree of pericyte coverage. 
We then determined if the other components of the vascular unit were affected by the 

opening of the barrier by SCs. We analysed the presence of pericyte-like cells associated 
with the BVs on immunostainings performed with antibodies to CD31 and CD34 (Fig 

5.8.A). Napoli et al., 2012, described that sciatic nerves from P0-RafTR animals have 
increased cellular density compared to WT because of increased cell proliferation of all 

cell types and an influx of inflammatory cells. We found that the pericyte-like cells also 
proliferated following SC activation (Fig 5.8.B). However, when we quantified the 

proportion of pericyte-like cells that were in contact with the vasculature, we did not find 
a difference, with approximately 30% of pericyte-like cells in contact with the vasculature 

on the plane analysed (Fig 5.8.C). Considering that we did not observe a difference in 

the vascular density following SC activation, the increase in pericyte like cells in the  
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Figure 5.6. Functional tight junctions are preserved between endoneurial 
endothelial cells when the barrier is opened in the P0-RafTR mice.  
A. Representative EM images of tight junctions between EndoECs of Control or P0-
RafTR mice, Day 10 after the first TMX injection. L indicates the lumen and arrows point 
to the level of penetration of the tracer into the tight junctions. B. Graph shows the 
penetration of the tracer into the tight junctions (n= 3 and 4 animals, 73 and 73 BVs and 
212 and 241 junctions for WT and P0-RafTR mice, respectively).  
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Figure 5.7. Pericyte coverage of endoneurial blood vessels does not change when 
the BNB is opened in P0-RafTR mice. 
A. Representative EM images showing examples of EndoBVs in Control and P0-RafTR 
mice at Day 10 following the first TMX injection that illustrate the similar variability in 
pericyte coverage in both genotypes. B. Graph shows the quantification of (A) showing 
the relative frequencies of EC coverage by pericytes (n= 3/4 animals, 72/119 BVs). 
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Figure 5.8. Pericyte-like cells are associated with the EndoECs in the P0-RafTR 
animals. 
A. Representative confocal images of transverse sections of sciatic nerve showing 
examples of CD34+ pericyte-like cells (red) associated with EndoBVs identified by the 
CD31+labelling of ECs (green) in Control and P0-RafTR mice at Day 10. B. Graph shows 
the mean (±SEM) number of pericyte-like cells/field in Control and P0-RafTR mice at 
Day 10 (n= 4 animals per condition). t-test p-value=0.0066. C. Graph shows the mean 
(±SEM) percentage of pericyte-like cells (PC-L) that are associated with BVs. Note that 
pericyte-like cells remain associated with BVs when the barrier is open (n= 4 animals per 
condition). t-test p-value=0.1401 
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nerve following SC activation could be associated with increased coverage of the 

vasculature. Further analysis is needed to determine if this is the case.  
Finally, we quantified the association of macrophages with the vasculature. As described 

in Napoli et al., 2012, activation of SCs in the P0-RafTR mice triggers a strong 
inflammatory response in the nerve that is associated with a sharp increase in the 

number of inflammatory cells including macrophages, similarly to what is observed 
following injury (Napoli et al., 2012; Stierli et al., 2018). This can be visualised by 3D 

immunostainings with antibodies to CD31 and Iba1 (Fig 5.9.A). Importantly, despite this 
increase in macrophage number, we observed that the proportion of the CD31+ 

vasculature that colocalised with Iba1+ macrophages was decreased when the BNB was 
opened in the P0-RafTR mice (Fig 5.9.B), showing that the macrophages were less 

associated with the vasculature when the barrier is opened (Fig 5.9.C). These 

experiments were performed and analysed by Dr Ilaria Napoli.  
Together, our experiments suggest that activated SCs not only signal to EndoECs, but 

also to pericyte-like cells and macrophages. We observed that both these cell types 
proliferated following SC activation, but only macrophages moved away from the BVs. 

The coverage by pericyte seemed unaffected by SC activation.  
 

5.6. Role of SCs c-jun in the regulation of the BNB  
We have described that the ERK signalling pathway can reprogramme SCs to a 
progenitor-like state (Napoli et al., 2012), and that these cells have non-cell autonomous 

effects such as the opening of the BNB. In this chapter, we have shown that the 

increased permeability of the blood vessels is associated with increased transcytosis 
levels, but the mechanism remains obscure. A strong candidate for a role in mediating 

these signals is the transcription factor c-jun, which has been shown to be important for 
regulating SC signalling following injury (Jessen and Mirsky, 2016). C-jun is an 

oncogenic transcription factor that forms homo and heterodimers with c-fos and ATF 
(activating transcription factor) via leucine zippers to form AP1 transcriptional complexes 

(Kouzarides and Ziff, 1988; Landschulz et al., 1988). AP1 complexes regulate various 
essential processes such as proliferation, differentiation and cell death (Angel and Karin, 

1991; Mechta-Grigoriou et al., 2001). The importance of c-jun has been demonstrated 
by the lethality of c-jun deficiency in animal models (Johnson et al., 1993).  

C-jun has been closely associated with changes in SC differentiation state (Jessen and 

Mirsky, 2016). While expressed during development, and following injury, c-jun 
expression in the adult nerve is mostly undetectable in SCs, with the exception of some  
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Figure 5.9. Macrophages move away from the vasculature following SC activation. 
A-B. Representative 3D confocal projection (iDisco protocol) showing the localisation of 
macrophages in the endoneurium of sciatic nerves, Day 10 following the first TMX 
injection. Nerves were immunostained to detect macrophages (Iba1, green) and BVs 
(CD31, red). (A) shows all macrophages whereas (B) has had the macrophages that are 
not associated with the BVs removed. C. Graph shows the mean (±SEM) percentage of 
BVs coverage by macrophages (n= 4 mice per condition). Mann-Whitney test p-
value=0.0286. Data of Dr Ilaria Napoli. 
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nmSC (Jessen and Mirsky, 2005). This is because c-jun provides a negative signal for 

myelination (Parkinson et al., 2003) and high levels of c-jun are therefore incompatible 
with a differentiated myelinating state in SCs (Parkinson et al., 2008). In fact, c-jun is 

sufficient to inhibit myelination and promote dedifferentiation of SCs in vitro (Parkinson 
et al., 2008), and in vivo in a mouse model, overexpression of c-jun in SCs leads to a 

hypomyelinated phenotype (Fazal et al., 2017). 
Importantly, as an early response gene (Sng et al., 2004), c-jun is rapidly and efficiently 

upregulated and activated in both neurons and SCs following nerve injury (Jessen and 
Mirsky, 2016; Raivich et al., 2004). In neurons, c-jun is essential for promoting axonal 

regeneration, but not for neuronal survival, as seen by the impaired regeneration 
following nerve injury in mice deficient for axonal c-jun (Raivich et al., 2004; Ruff et al., 

2012). Consistent with the poor ability of CNS axons to regenerate compared to those in 

the PNS, only a minimal proportion of CNS neurons upregulate c-jun following injury 
(Broude et al., 1997), and increased c-jun upregulation in CNS axons is associated with 

more efficient regeneration in peripheral nerve grafts experiments (Anderson et al., 
1998). In SCs, c-jun is one of the earliest genes to respond to injury, being 

phosphorylated only minutes after trauma, and upregulated in less than one hour (Blom 
et al., 2014). SCs maintain high levels of c-jun for up to 3 weeks (Herdegen et al., 1991; 

Jenkins and Hunt, 1991; Shy et al., 1996), until axonal contact provides a negative signal 
for c-jun expression, and that this causes the downregulation of c-jun to basal levels at 

the end of the regeneration process. 
In 2012, two independent groups demonstrated the importance of c-jun in SCs as a 

modulator of the regeneration process in the PNS (Arthur-Farraj et al., 2012; Fontana et 

al., 2012). Both these papers used a P0-Cre c-junfl/fl mouse model, in which c-jun is 
specifically depleted from SCs during embryonic development. The mutant animals do 

not suffer any observable phenotype, suggesting that the nerves undergo normal 
development in the absence of c-jun. Remarkably, they found that c-jun deficient mice 

had impaired nerve regeneration, associated with the failure of SCs to dedifferentiate 
and trigger the repair programme. For example, myelin genes failed to be sufficiently 

downregulated following injury in absence of c-jun. In addition to mediating the switch in 
differentiation state in SCs, they found that c-jun in SCs promotes neuronal survival 

during nerve regeneration, through the production of neurotrophins such as GDNF, 

BDNF and Artmenin. Both papers describe incomplete functional recovery in the 
absence of cjun in SCs (Arthur-Farraj et al., 2012; Fontana et al., 2012). Additionally, it 

is possible that c-jun in SCs mediates some aspect of the inflammatory response upon 
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injury. Fontana et al., 2012, described a decrease in the recruitment of macrophages 

within the distal stump of c-jun deficient nerves, compared to controls (Fontana et al., 
2012). However, Arthur Farraj et al., 2012, did not reproduce this result, but they did 

show that the autophagy response of SCs was c-jun dependent, and that myelin 
clearance was delayed in the absence of c-jun (Arthur-Farraj et al., 2012). Finally, it has 

been observed that aged mice fail to upregulate c-jun in SCs following an injury to the 
same levels as young mice and this could be associated with the reduced regenerative 

capacities of older animals (Painter et al., 2014). Together, these studies placed the 
transcription factor c-jun as an important mediator of the SCs response to injury (Jessen 

and Mirsky, 2016; Jessen et al., 2015). Because c-jun is a known target of ERK (Leppä 
et al., 1998; Vinciguerra et al., 2004), c-jun is a strong candidate to mediate some of the 

cell-autonomous and non-cell autonomous effects of dedifferentiated SCs following Raf 

activation in the P0-RafTR model or following injury.  
 

5.6.1. Generation of the mouse models 
To investigate the role of c-jun downstream of Raf in mSCs, we generated a new mouse 

model P0-RafTR-c-junΔSC by crossing the P0-RafTR mice to (1) the P0-Cre mouse in 
which Cre recombinase is constitutively expressed under the control of the SC-specific 

promoter of P0. This construct is expressed in both mSCs and nmSCs from embryonic 
day 13.5 (Pellegatta et al., 2013) or 14.5 (Feltri et al., 1999) and to (2) the c-junfl/fl mouse 

in which the unique exon of c-jun is flanked by two loxP cassettes in the same direction 
(Behrens et al., 2002). The floxed allele of c-jun can be excised by Cre 

recombinase. This crossing results in the generation of a new mouse model in which 

mSCs express the inducible RAF construct and both mSCs and nmSCs are deficient for 
c-jun. As expected, there was no detectable phenotype in these mice before TMX 

injection. Because mice heterozygous for c-jun have been reported to be comparable to 
WT animals (Arthur-Farraj et al., 2012; Fontana et al., 2012), we often used mice 

heterozygous for c-jun as Controls. When this was the case, it is stated in the figure 
legend.  

We validated the efficiency of c-jun knock out in SCs by immunostaining to detect c-jun. 
As c-jun is not normally expressed in SCs of adult mice, we compared the expression of 

c-jun in conditions in which c-jun is induced. First, we compared c-jun expression 

between nerves from Control and a c-junΔSC animals, 2 days after sciatic nerve trans-
section. Consistent with the literature, we found an induction of c-jun in Control mice 1.5-
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2 days after nerve injury which was greatly decreased in nerves from c-junΔSC mice (Fig 

5.10).  
We further verified the efficiency of c-jun deletion by comparing c-jun expression 

between P0-RafTR and P0-RafTR- c-junΔSC mice, Day 4 after the first TMX injection (Fig 
5.11.A). We found a large difference in the total number of cells expressing c-jun, with 

approximately 60% of the cells expressing c-jun in P0-RafTR animals and only 20% in 
c-jun deficient mice (Fig 5.11.B). Additionally, when we quantified the proportions of SCs 

that expressed c-jun, as identified by their S100 expression, we found a strong decrease 
in the c-jun depleted animals. However, identifying SCs in these nerves according to 

their S100 staining was challenging due to the lack of specificity of the antibody, and the 
potential overestimation of SCs. Hence, our quantification were not of a satisfactory 

standard, and we decided to further validate the mouse model (Fig 5.11.B).   

To validate the specificity of the recombination, we crossed a fourth strain into this mouse 
line: the Ai9 strain. This strain has a tdTomato cassette inserted into the Rosa26 locus, 

and has been shown to be a powerful Cre-recombination reporter line (Madisen et al., 
2010). Using this model, we could verify the specificity of Cre recombination to SCs, as 

off-target Cre recombination would be visible in cells other than SCs expressing the 
tdTomato cassette. Importantly, tdTomato expression was found in all myelinating (p75-

) and non-myelinating (p75+) SCs (Fig 12.A), but was absent from all macrophages 
(F4/80+) (Fig 12.B) and ECs (CD31+) (Fig 12.C). TdTomato expression was also absent 

from pericyte-like cells recognised as p75+ cells, that do not have a SC morphology and 
are not associated with axons (Fig 12.A). Because P0-Cre is expressed from E 13.5-

E14.5 in SC precursors (Feltri et al., 1999; Pellegatta et al., 2013), this shows that 

pericyte-like cells do not derive from SC precursors. This mouse model confirmed the 
specificity of the P0 promoter in our colony, and hence the Cre recombinase expression 

pattern, and the high efficiency of recombination in SCs.  
 

5.6.2.  C-jun is not required for the RAF-induced mSCs dedifferentiation  
As c-jun has been described to modulate the reprogramming of mSCs to a progenitor-

like state (Jessen and Mirsky, 2016), we first performed a preliminary analysis of nerves 
from TMX injected P0-RafTR-c-junΔSC mice by light microscopy. A remarkable feature of 

the P0-RafTR mouse model is the increased cellular density of the sciatic nerve following 

TMX injection, as a result of the recruitment/proliferation of inflammatory cells and the 
proliferation of dedifferentiated SCs. To determine whether loss of c-jun led to major 

changes in the cellular response following injury, we initially determined the nuclear  
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Figures 5.10. Validation of the efficiency of c-jun recombination in sciatic nerves.  
A. Representative confocal images of maximum projections showing immunostaining 
using an antibody against c-jun (red) on nerve transverse sections performed 2 days 
after nerve injury. Nuclei are counterstained with Hoechst (blue). Scale bar is 10µm. A 
strong induction of c-jun is visible in the control condition after injury and is strongly 
decreased in c-jun deficient animals. B. Graph shows the quantification of c-jun 
immunostainings performed on sciatic nerve longitudinal sections 1.5 days following 
injury. Graph shows mean (± SEM) (n= 3 mice of each genotype). A two-way ANOVA 
test was performed with a Sidak multiple comparison (p-value= 0.0011 and 0.4167).  
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Figure 5.11. Validation of the efficiency of recombination in the sciatic nerve 
following SCs activation.  
A. Representative confocal image showing an immunostaining against c-jun (red) at Day 
4 after the first TMX injection in P0-RafTR and P0-RafTR-cjunΔSC mice. Nuclei are 
counterstained with Hoechst (blue) and SCs are counterstained with an antibody against 
S100 (green). Scale bar is 10µm. Arrows indicate mSCs. P0-RafTR are heterozygous 
for c-jun B. Quantification of (A). Graphs show the mean (± SEM) of the proportion of c-
jun+ cells amongst all cells (left) or amongst S100+ cells (right). t- test p-values are 
0.0286 and 0.0262. 
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Figure 5.12. Generation of the P0-cre tdTomato mouse model. 
 A. Representative confocal images showing the tdTomato signal (red) in sciatic nerves 
of P0-cre-Ai9 mice. Nuclei are counterstained with Hoechst (blue) and nmSCs are 
counterstained with an antibody against p75 (green). Arrows point at myelinating SC, 
asterisks show nmSCs, and the arrowhead points at a pericyte-like cells. p75 positive 
cells are tdTomato positive, with the exception of pericyte-like cells. B.  Representative 
confocal images showing Tdtomato signal (red) localisation within the sciatic nerve of 
P0-Cre Ai9 mice. Nuclei are counterstained with Hoechst (blue) and ECs are 
counterstained with CD31 (green). Arrowhead points at an EC, which is tdTomato 
negative. C.  Representative confocal images showing the tdTomato signal (red) 
localisation within the sciatic nerve of P0-cre-Ai9 mice. Nuclei are counterstained with 
Hoechst (blue) and macrophages are counterstained with F4/80 (white). Arrowhead 
points at a macrophage. Macrophages are tdTomato negative. Scale bar is 10µm. 
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density in sciatic nerves deficient for c-jun following Raf activation. We quantified the 

nuclear density (Hoechst+ nuclei/ area) at Day 10 after the first TMX injection in Control, 
P0-RafTR and P0-RafTR c-junΔSC animals. Surprisingly, we found a similar increase in 

the nuclear density following Raf activation in the presence and absence of c-jun, with 
65.84±4 and 58.91±3.35 cells per field (10000μm2) in the P0-RafTR and P0-RafTR-c-

junΔSC mice compared to 26.42±2.96 in the Controls (Fig 5.13). This is surprising as it 
suggests that the proliferative state of SCs and/or the inflammatory response induced by 

SCs was not dependent on c-jun. 
To further investigate the role of c-jun in mSCs dedifferentiation, we performed RTqPCR 

to compare the expression levels of myelin genes (Myelin Basic Protein and Myelin 
Protein Zero) and Periaxin, a gene that encodes a protein that stabilises the myelin 

sheath (Gillespie et al., 1994), Day 4 after the first TMX injection. Interestingly, we found 

no differences between Control and c-jun deficient mice. Similar to what was described 
in Napoli et al., 2012, we observed a strong decrease in the RNA levels of the mSC-

specific genes following Raf activation in mSCs, and importantly the expression of these 
genes was similarly decreased in the P0-RafTR-c-junΔSC mice (Fig 5.14). This was a 

surprising result as c-jun has been shown to negatively regulate the expression of myelin 
genes in vitro, and is considered a major regulator of the reprogramming process in SCs 

(Parkinson et al., 2008; Arthur-Farraj et al., 2012; Fontana et al., 2012; Jessen and 
Mirsky, 2016). We also analysed the expression levels of two genes that are expressed 

by nmSCs in the adult, and are induced in dedifferentiated SCs following injury. These 
genes are p75, which is the low-affinity-receptor for NGF, and Krox 24, a transcription 

factor associated with the dedifferentiated state of SCs (Topilko et al., 1997). As 

expected, we observed an increase in the mRNA levels of these genes following Raf 
activation, similar to what was described in Napoli et al., 2012 (Fig 5.15). Interestingly, 

we also found that the increase in both genes was observed in the absence of c-jun (Fig 
5.15), further suggesting that the switch in the transcriptional programme following Raf 

activation in mSCs can occur independently of c-jun.  
As p75 is also expressed by pericyte-like cells (Stierli et al., 2018), we cannot be sure 

that the increase in p75 mRNA levels observed in Fig 5.15 was the result of the 
dedifferentiation of SCs. To confirm that the increase in the RNA levels of p75 are the 

results of the dedifferentiation of SCs, we performed an immunostaining against p75 in 

Control, P0-RafTR, and P0-RafTR-c-junΔSC animals, Day 4 after the first TMX injection. 
Importantly, we could observe that the expression of p75, which is restricted to nmSCs  
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Figure 5.13. The increase in cell number in sciatic nerve following activation of 
Schwann cells is independent of c-jun.  
A. Representative images of sciatic nerve transverse sections counterstained with 
Hoechst (blue), Day 10 after the first TMX injection in Control, P0-RafTR and P0-RafTR-
c-junΔSC mice. Scale bar is 20µm. In these experiments, Control and P0-RafTR mice are 
heterozygous for c-jun. B. Graph shows mean (± SEM) of the number of nuclei per 104 
μm2 in Control, RAFTR and RAFTR c-junΔSC mice (n=6 per condition). One-way Anova, 
Tukey’s post-test p-value <0.0001. 
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Figure 5.14. The downregulation of mSC markers is independent of c-jun.  
Graphs representing the mean (± SEM) of the relative mRNA levels of induced genes, 
normalised to B2M, in sciatic nerves of Control, P0-RafTR, c-junΔSC and P0-RafTR-c-
junΔSC mice, Day 4 after the first TMX injection, analysed by RTqPCR. All conditions are 
normalised to Control (n= 4, 6, 5, 5 for Control, P0-RafTR, c-junΔSC and P0-RafTR-c-
junΔSC, respectively). In these experiments, Control and P0-RafTR mice are 
heterozygous for c-jun. A one-way ANOVA test was performed with a Bonferonni 
multiple comparison (p-values = 0.0012 and 0.0090 (MBP), <0.0001 and 0.001 (MPZ) 
and 0.0024 and 0.0044 (periaxin). 
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Figure 5.15. The upregulation of Schwann cell dedifferentiation markers is 
independent of c-jun.  
Graph representing the mean (± SEM) relative mRNA levels of indicated genes, 
normalised to B2M, in sciatic nerve of Control, RAFTR, c-junΔSC and RAFTR c-junΔSC, 
Day 4 after the first TMX injection, analysed by RTqPCR (n= 4, 6, 5, 5 for Control, 
RAFTR, c-junΔSC and RAFTR c-junΔSC mice, respectively). In these experiments, Control 
and RAFTR mice are heterozygous for c-jun. A one-way ANOVA test was performed 
with a Bonferonni multiple comparison (p-value=0.0027). 
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and pericyte-like cells in Control nerves, was found in approximately 2/3rd of the 

dedifferentiated SCs, as defined by their doughnut-shaped morphology and S100 
expression, in both P0-RafTR and P0-RafTR-c-junΔSC animals (Fig 5.16), showing that 

the increase observed at the RNA levels is due to increased expression of p75 in 
dedifferentiated SCs. 

Together, these results suggest that the switch in the dedifferentiation state of mSCs 
following the activation of the Raf/MEK/ERK signalling pathway occurs independently of 

the transcription factor c-jun. This result was surprising as c-jun has been proposed as 
the major transcription factor mediating the switch of SCs towards a dedifferentiated  

state following injury (Jessen and Mirsky, 2016).  
 

5.6.3. The inflammatory response triggered by activated mSCs is independent of 

c-jun 
Activation of the ERK signalling in mSCs triggers a strong inflammatory response 

comparable to what happens after injury (Napoli et al., 2012). In both the P0-RafTR 
mouse model and the injury situation, several inflammatory cell types have been 

reported to be recruited to the inflamed site, such as mast cells, neutrophils and T-cells 
(Lindborg et al., 2017; Napoli et al., 2012). Additionally, a strong increase in macrophage 

number was reported in both the P0-RafTR and the injury situation. Following injury, the 
increase in macrophage number arises from both the proliferation of resident 

macrophages and the recruitment of monocytes from the blood circulation (Stratton et 
al., 2018). It has been suggested that in addition to controlling the differentiation state of 

SCs, c-jun plays a role in the inflammatory response following nerve injury. Indeed, in 

nerve injury studies, Fontana et al., 2012, reported a decreased recruitment of 
macrophages within the distal stump (Fontana et al., 2012), and Arthur Farraj et al., 

2012, observed a delay in myelin clearance that is reported to be at least partially 
dependent on macrophages (Arthur-Farraj et al., 2012; Gomez-Sanchez et al., 2015). 

To investigate the role of c-jun in the inflammatory response induced in the P0-RafTR 
mouse model, we first analysed the levels of the mRNAs for the inflammatory markers 

TIMP1 and MCP1. TIMP1, or TIMP metallopeptidase inhibitor 1, is a glycoprotein highly 
expressed by SCs in injured nerve (Kim et al., 2012). MCP1 or Monocyte chemotactic 

protein 1, also known as CCL2, is a chemokine that recruits monocytes/macrophages 

and basophils to the site of injury. Both have been reported to be induced in SCs 
following activation of the ERK signalling pathway and in SCs following injury (Fischer et 

al., 2008; Napoli et al., 2012). MCP1 has been reported to be expressed in other cell  
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Figure 5.16. C-jun is not required for mSCs to dedifferentiate and express p75.  
A. Representative images of immunostaining using an antibody against p75 (green) and 
S100 (red) in Control, P0-RafTR and P0-RafTR-c-junΔSC mice, Day 4 after the first TMX 
injection. Nuclei are counterstained with Hoechst (blue). Scale bar is 20µm. Arrows point 
to examples of dedifferentiating mSCs expressing p75. Asterisks show examples of 
mSCs that do not express p75. B. Graph showing the mean (± SEM) percentage of p75+ 
mSCs amongst S100+ doughnut-shaped mSCs. In these experiments, Control and P0-
RafTR mice are heterozygous for c-jun. Kruskal-Wallis p-value = 0.05. 
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types such as ECs in other tissues, and it is unclear if its expression is restricted in mSCs 

within the nerve (Deshmane et al., 2009).  
Using RTqPCR analysis of mRNA levels in the P0-RafTR mice, Day 4 after the first TMX 

injection, we found a strong similar increase in the RNA levels of both TIMP1 and MCP1, 
both in the presence and in the absence of c-jun (Fig 5.17), indicating that the 

upregulation of these inflammatory mediators by mSCs upon Raf activation does not rely 
on c-jun expression.  

Following this result, we investigated the role of c-jun in mediating the inflammatory 
response in the P0-RafTR animals. To do this, we quantified the number of macrophages 

present in sciatic nerves, Day 10 after the first TMX injection. As expected, there was a 
large increase in the number of macrophages following Raf activation in SCs, however 

we found no significant difference between the P0-RafTR and the P0-RafTR-c-junΔSC 

mice (Fig 5.18), further demonstrating that c-jun in mSCs is not required to mediate the 
inflammatory response.  

Because c-jun deficiency in SCs has been suggested to be associated with a delay in 
the inflammatory response following injury (Arthur-Farraj et al., 2012), we also 

investigated earlier time points. Therefore, we performed immunostainings, on Control, 
P0-RafTR and P0-RafTR-c-junΔSC mice (n=3, 3 and 2, respectively), Day 4 and Day 5 

after the first TMX injection. We found that, although these early time points showed a 
greater variability in the number of macrophages between animals, both the P0-RafTR 

and the P0-RafTR-c-junΔSC animals showed a similar increase in the number of 
macrophages in the endoneurium at these early time points (Fig 5.19). This showed that 

there appears to be no delay in the inflammatory response triggered by activated SCs in 

the absence of c-jun. 
The increase in macrophage number in the nerve can result from the enhanced 

proliferation of resident macrophages and/or from the recruitment of blood monocytes 
and their differentiation into tissue macrophages, suggesting that any loss of recruitment 

may be compensated for by an increase in the proliferation of the resident macrophages. 
This would not be the case for other inflammatory cells such as neutrophils, which are 

absent from the nerve in physiological conditions and are only recruited from the blood 
circulation upon inflammatory stimulation. To test if mSCs were able to trigger the 

recruitment of neutrophils from the blood circulation in the absence of c-jun, we quantified 

the number of neutrophils in the nerves of Control, P0-RafTR and P0-RafTR-c-junΔSC 
mice, Day 5 after the first TMX injection. Although our attempts to identify these cells by 

immunostaining was unsuccessful, neutrophils are easily recognised by EM by virtue of  
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Figure 5.17. C-jun does not mediate the upregulation of inflammatory mediators in 
mSCs following Raf activation.  
Graph representing the mean (± SEM) of the relative mRNA levels of MCP1 and TIMP1, 
normalised to B2M, in sciatic nerve from Controls, P0-RafTR, c-junΔSC and P0-RafTR-c-
junΔSC mice, Day 4 after the first TMX injection, analysed by RTqPCR (n= 4, 6, 5, 5 for 
Controls, P0-RafTR, c-junΔSC and P0-RafTR-c-junΔSC mice, respectively). In these 
experiments, Control and P0-RAFTR mice are heterozygous for c-jun. A one-way 
ANOVA test was performed with a Bonferonni multiple comparison (p-value = 0.0243, 
0.0017 and >0.999 (MCP1) and 0.0003, <0.0001 and >0.999 9 TIMP1). 
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Figure 5.18. mSCs c-jun is not required for the SC-mediated increase in 
macrophage number.  
A. Representative images of immunostaining to detect macrophages with an antibody 
against Iba1 (red) counterstained with Hoechst (blue) of sciatic nerves of Control, P0-
RafTR, c-junΔSC and P0-RafTR-c-junΔSC mice. Scale bar are 20µm (upper row) and 10 
microns (lower row). In these experiments, Control and P0-RafTR mice are 
heterozygous for c-jun. 
 

A

P
0-

R
af

TR
P

0-
R

af
TR

-c
ju

nΔ
S
C

C
on
tro
l

 c
ju

nΔ
S
C

Hoechst Iba1 



 189 

 

 
 

 
 

 
 

 
 
B. Graph shows the mean (± SEM) of the number of macrophages per field (30486 μm2) 
(n = 6,6,3, and 6 for Control, P0-RafTR, c-junΔSC and P0-RafTR c-junΔSC mice, 
respectively). Bonferonni’s P-value<0.0001 for P0-RafTR and P0-RafTR c-junΔSC.  
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Figure 5.19. The inflammatory response is not delayed in the absence of c-jun in 
SCs. 
 A. Representative confocal images of macrophages (Iba1, red) in the sciatic nerve of 
Control, P0-RafTR and P0-RafTR c-junΔSC mice, Day 4 and Day 5 after the first TMX 
injection. In these experiments, Control and RAFTR mice are heterozygous for c-jun. 
Scale bar is 20µm. B. Graphs show mean (± SEM)  of the number of macrophages per 
field (30486 μm2) in the sciatic nerve of Control, P0-RafTR and P0-RafTR c-junΔSC 
animals Day 4 and Day 5 after the first TMX injection (n= 3,3 and 2 respectively at both 
time points). Kruskal-Wallis and Dunn’s post-test performed (p-values = 0.6907 (Day 4) 
and 0.0417 and 0.7907 (Day 5)) 
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them being polynucleated and that they contain many electron dense granules 

(Robinson et al., 1999) (Fig 5.20.A). To quantify neutrophil recruitment, we acquired high 
resolution EM images using the MIA function of the ITEM software, that allowed us to 

acquire larger fields at a high resolution. We quantified the number of neutrophils and 
normalised to the area of the fascicle on the MIA image. We found that neutrophils were 

recruited similarly following Raf activation both in the presence and in the absence of c-
jun (Fig 5.20.B). Together, our results suggest that ERK signalling in mSCs is sufficient 

to trigger a potent inflammatory response, including the recruitment of inflammatory cells 
from the blood circulation, and that this is independent of c-jun.  

 
5.6.4. The regulation of the BNB by mSCs is dependent on c-jun 

So far, we have found that c-jun in SCs does not mediate the cell autonomous effects of 

the ERK signalling pathway on cellular reprogramming, neither does it regulate the non-
cell autonomous inflammatory response. To complete our understanding of the role of 

c-jun in regulating the non-cell autonomous effects downstream of Raf, we investigated 
if c-jun was involved in the regulation of the BNB. To do so, we injected tracers in the 

blood circulation of P0-RafTR animals in the presence and in the absence of c-jun and 
analysed their localisation within sciatic nerves.  

We first injected Evans blue-BSA in the blood circulation Day 5 and 10 after the first TMX 
injection. When the BNB is functional, the dye is restricted to EndoBVs and the 

perineurium. In P0-RafTR animals, the Evans Blue signal is uniformly present throughout 
the nerve parenchyma at Day 10, whereas the BNB function was more variable at Day 

5, with some animals presenting a leaky BNB and some animals presenting a BNB 

similar to controls (Fig 5.21). Importantly, in the P0-RafTR-c-junΔSC conditions, the barrier 
failed to open following activation of ERK signalling pathway in the mSCs. This result 

shows that the BNB breakdown downstream of Raf activation in SCs is mediated by c-
jun (Fig 5.21).  

To obtain a quantitative assessment of BNB function, we injected 40KDa dextran-
fluorescein into the blood circulation of mice, Day 10 after the first TMX injection, and 

analysed the fluorescein signal by confocal microscopy and performed counterstaining 
for blood vessels. In agreement with the Evans blue results, we found that BNB 

breakdown required c-jun in mSCs, as extra-vascular fluorescent dextran was observed 

in the nerves of P0-RafTR mice to a significantly greater extent than in mice deficient for 
c-jun (Fig. 5.22). In the absence of c-jun, although we observed a slight increase in the 

dextran signal, we found no significance differences in the amount of fluorescent dextran  
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Figure 5.20. C-jun in SCs is not required for the recruitment of neutrophils 
following RAF activation.  
A. Representative image of the distinct morphology of neutrophils by electron 
microscopy. Scale bar is 2µm. Electron dense granules can be observed, and the nuclei 
are coloured blue. B. Graph representing the mean (± SEM) of the density of neutrophils 
in sciatic nerves of (neutrophils/ 104 μm2) (n= 3, 5 and 5 Control, P0-RafTR and P0-
RafTR-c-junΔSC mice, respectively) at Day 5 after the first TMX injection. Graphs shows 
mean (±SEM). A Kruskal-Wallis and Dunn post-test was performed (p-value = 0.0337). 
In these experiments, Control and P0-RafTR mice are heterozygous for c-jun. 
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Figure 5.21. mSCs fail to open the BNB in the absence of c-jun.  
Representative images of the Evans blue signal (white) in sciatic nerves of animals 
injected (IV) with Evans Blue/BSA. Left panel shows animals harvested at Day 5 after 
the first TMX injection. Right panel shows animals harvested at Day 10 after the first 
TMX injection. Scale bar is 50µm. A normal BNB restricts the dye at the level of EndoBVs 
and the perineurium. In P0-RafTR animals, the BNB opens and the dye is found in the 
nerve parenchyma. In the absence of c-jun, BNB opening is prevented. In these 
experiments, Control and P0-RafTR mice were heterozygous for c-jun. 
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Figure 5.22. c-jun in mSCs is required for the opening of the BNB following RAF 
activation.  
A. Representative images of the dextran-fluorescein signal (green) in sciatic nerves of 
Control, P0-RafTR, c-junΔSC and P0-RafTR-c-junΔSC mice, Day 10 after the first TMX 
injection. Blood vessels were stained in red by an antibody against CD31 or Glut1. Scale 
bar is 20µm. In these experiments, Control and P0-RafTR mice were heterozygous for 
c-jun. Arrows point to extravascular dextran. 
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B. Graph shows Mean (± SEM) of the dextran 40KDa-fluorescein signal outside of the 
blood vessels, normalised to controls (n=5,4,3,3 for Control, P0-RafTR, c-junΔSC and P0-
RafTR-c-junΔSC, respectively). One-way anova with Bonferonni post-test p-values are 
0.0016, 0.0037 and 0.0448.  
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found outside of the blood circulation following SC activation. We also injected 70KDa 

dextran in the same conditions and found similar results (not shown). These results 
further confirmed that c-jun is downstream of Raf in mSCs, and that it mediates the 

regulation of the BNB downstream of ERK signalling. 
Because we have shown that the increased permeability of the BNB in the P0-RafTR 

mouse model is associated with increased transcytosis rates in the EndoECs (Fig 5.4 
and Fig. 5.5), we investigated the rates of transcytosis in the c-jun deficient mice. To do 

so, we injected HRP in the blood circulation of mice and harvested the sciatic nerves 
after 5 minutes of circulation. We performed this analysis at Day 10, when the Evans 

blue and Dextran experiments showed that the barrier function was disrupted in all P0-
RafTR animals, but maintained in c-jun deficient mice. Importantly, we found that 

whereas P0-RafTR mice had increased number of HRP+ vesicles compared to Controls, 

as previously observed in Fig 5.4, mice deficient for c-jun had transcytosis levels similar 
to Control mice (Fig 5.23.A). Interestingly, we observed that mice heterozygous for c-jun 

showed intermediate levels of transcytosis, which suggests a gene dosage effect (Fig 
5.23.A). Consistently, we found that the increase in mean vesicular density observed 

following SC activation only occurs in the presence of c-jun (Fig 5.23.B-C). 
Using three different tracers, we have shown that the breakdown of the BNB upon TMX-

mediated activation of the Raf pathway in mSCs is mediated by c-jun. These results 
indicate that c-jun regulates a factor that mediates the non-cell autonomous signalling 

from SCs responsible for the control of transcytosis rates in EndoECs. This exciting result 
provides new insights into the BNB regulation by SCs. 

 

5.7 Conclusions, discussion, and future perspectives 
 
5.7.1. Schwann cells regulate the function of the BNB 
In this chapter, we used the P0-RafTR mouse model to investigate how SCs regulate 

the BNB in adult mice. Activation of the ERK pathway in mSCs mimics the cell 
autonomous and non-cell autonomous effects normally observed following injury, without 

the need of an injury. Characterisation of these mice has shown that SCs are able to 
trigger a breakdown of the BNB (Napoli et al., 2012).  

Because it is known that SCs regulate the development of the barrier function of the 

perineurium during embryogenesis via the Dhh signalling pathway (Parmantier et al., 
1999), we first asked whether the regulation of the BNB via the ERK signalling pathway 

occurred at the level of the perineurium or at the level of EndoECs. Interestingly, we  
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Figure 5.23. The regulation of endothelial transcytosis rates is mediated by mSCs 
c-jun.  
A. Graph shows mean (± SEM) of the number of HRP+ vesicles per blood vessel in 
Control, P0-RafTR c-junWT, P0-RafTR-c-junhet and P0-RafTR-c-junΔSC mice harvested at 
Day 10 after the first TMX injection (n= 4,4,7, and 7 animals and 41,37,82 and 96 blood 
vessels, respectively). One-way ANOVA with Tukey’s post-test. For more clarity, P0-
RafTR cjunhet are not plotted in the other panels of this figure. In these experiments, 
Control mice are heterozygous for c-jun. B. Graph shows mean (± SEM) of the mean 
vesicular density (number of vesicles/ area of cytoplasm) in Control, RAFTR c-junWT, and 
RAFTR c-junΔSC mice harvested at Day 10 after the first TMX injection (n=4,4 and 7 
animals respectively). One-way ANOVA with Tukey’s post-test. C. Graph shows the 
number of HRP+ vesicles plotted against the area of cytoplasm (total area- (area lumen 
+ area nucleus)) of each endoneurial blood vessel quantified. Each dot represents a 
blood vessel (n= 41,37, and 96 blood vessels). 
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found that the function of the perineurium was unaffected by SC activation, suggesting 

that SCs have an important role in regulating the BNB at both levels and that different 
molecular pathways are involved.  

Importantly, we describe that the control of the permeability of the endoneurial 
vasculature by SCs is achieved by a regulation of the transcytosis levels of EndoECs, 

and that tight junctions remain intact in nerves with a leaky BNB. This shows that BNB 
leakage can occur without disruption of tight junction barrier function. Interestingly, this 

resemble the situation in mouse models with deficient EC/pericyte interactions, in which 
increased transcytosis in BBB-forming BVs has been described (Armulik et al., 2010; 

Daneman et al., 2010b).  
 

5.7.2. The barrier can be open without a loss of pericyte coverage 

In the CNS, pericyte coverage of the vasculature has been correlated with the formation 
and the maintenance of the barrier function (Armulik et al., 2010; Daneman et al., 2010b). 

Interestingly, our data suggest the situation might be different in the PNS. Indeed, we 
found that, similarly to the brain and to what has been previously observed, EndoECs 

were partially covered by pericytes (Bell and Weddell, 1984; Weerasuriya and Mizisin, 
2011). However, we found that the pericyte coverage varied greatly between BVs. 

Furthermore, we found that when the barrier was opened and transcytosis rates are 
increased in the P0-RafTR mice, pericyte coverage is not decreased, suggesting an 

uncoupling of the pericyte coverage and barrier function.  
This suggests that the role of pericytes in the PNS might differ from their CNS 

counterparts. Importantly, pericytes are a highly heterogeneous cell type, encompassing 

different mural cells but defined by being embedded in the basement membrane of the 
BVs (Attwell et al., 2016). The different populations of pericytes have different biological 

roles. For example, only a subpopulation of pericytes (also known as vascular smooth 

muscle cells) have a contractile function, mediated by the expression of aSMA (Attwell 

et al., 2016; Bandopadhyay et al., 2001; Hill et al., 2015; Nehls and Drenckhahn, 1991). 
These cells are responsible for functions such as the regulation of the blood flow (Hall et 

al., 2014; Hill et al., 2015; Peppiatt et al., 2006). Because all pericytes in the PNS express 

aSMA, it is possible that their main role in the nerve is more a structural role as opposed 
to a role in modulating barrier function. Further in vivo experiments with genetically 

modified pericytes are needed to understand the role of pericytes in the BNB. 
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5.7.3 Schwann cells regulate the morphology of the BNB 

We have found that pericyte coverage is not decreased upon SC activation. However, 
we observed that macrophages move away from the vasculature in the P0-RafTR mice.  

It is unclear if the movement of macrophages away from the vasculature is caused by a 
loss of interactions between ECs and macrophages, or it is merely due to the 

demyelination causing an increased burden on macrophages, with macrophages moving 
closer to activated SCs. Interestingly, we still observed that leaked material was engulfed 

by macrophages in the P0-RafTR mice (not shown), suggesting that macrophages still 
enforce the BNB when they are less in direct contact with the vasculature. It further 

suggests that perivascular and non-perivascular macrophages in the PNS belong to the 
same population as is observed in the skin (Wang et al., 2014). Of note, all our analysis 

is performed in fixed tissue, but macrophages, not unlike microglia, are a highly motile 

cells, and their protrusions are dynamic (Flannagan et al., 2010; Nimmerjahn et al., 
2005). Live imaging would allow us to better understand the nature of EC/macrophages 

interactions and the behaviour of macrophages upon inflammatory stimulation.  
We have previously described that in addition to pericytes and macrophages, EndoBVs 

are partially covered by pericyte-like cells. Upon SC activation, these cells proliferate, 
not unlike macrophages, but in contrast stay in close contact with the vasculature. In 

fact, considering that BV density appears similar in Control and P0-RafTR animals, and 
that the number of pericyte-like cells is increased in P0-RafTR mice, it is possible that 

relative BV coverage by pericyte-like cells is increased in the P0-RafTR animals. 
However, we have not yet addressed this parameter in our quantifications, and so further 

analysis is needed to address this issue.  

The role of pericyte-like cells is not yet understood. Because of their morphology, we 
hypothesise that they have a role in communication between cells, and the maintenance 

of EC/ pericyte-like cells interactions when the barrier is opened further suggests that 
these interactions are important for barrier function. In fact, by being in close contact with 

both SCs and ECs, it is possible that these cells are involved in the regulation of the BNB 
by SCs. As described in chapter 4, we intend to perform scRNAseq on cells isolated from 

Control and P0-RafTR mice. Analysis of the transcriptional changes occurring in 
pericyte-like cells following SC activation may provide some insight into this potential 

mechanism.  
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5.7.4. c-jun in Schwann cells mediates the regulation of the BNB. 

In this chapter, we have found that c-jun acts downstream of ERK in SCs and mediates 
the regulation of the BNB. Indeed, SCs deficient for c-jun failed to open the BNB following 

Raf activation. This shows that c-jun mediates this important non-cell autonomous effect 
in an injury-like situation. Importantly, SC c-jun has been shown to mediate the 

production of neurotrophic factors that promote neuronal survival following nerve injury, 
which is another important non-cell autonomous effect of dedifferentiated repair SCs 

(Arthur-Farraj et al., 2012; Fontana et al., 2012).  
However, despite the role of c-jun in SCs in the regulation of the BNB, we found that c-

jun was not mediating the dedifferentiation of SCs to a progenitor-like state, neither was 
it mediating the influx/proliferation of inflammatory cells. This goes against the current 

view that c-jun is the major transcription factor that is responsible for the switch in 

differentiation state of SCs, and all the non-cell autonomous effects of dedifferentiated 
SCs (Arthur-Farraj et al., 2012, 2017; Fazal et al., 2017; Fontana et al., 2012; Gomez-

Sanchez et al., 2015; Jessen and Mirsky, 2016). Importantly, these conclusions were 
drawn from experiments in nerve-injury models, whereas we use an injury-free system. 

This is important because (1) there are no damaged axonal signals in the P0-RafTR 
mouse model and (2) only mSCs express the Raf construct and are activated following 

TMX injection. Therefore, instead it is possible that P0-RafTR mouse model allows us to 
dissect the specific contribution of mSCs to the regeneration process in a cleaner 

environment. Nevertheless, it is interesting to note that there are inconsistencies 
regarding the role of SC c-jun in SCs dedifferentiation and in their potential to modulate 

the inflammatory response, as both groups investigating the matter used c-jun deficient 

dedifferentiated SCs for in vitro experiment, while claiming c-jun deficient SCs cannot 
dedifferentiate, and Arthur-Farraj et al., 2012, did not reproduce the inflammatory deficit 

described in Fontana et al., 2012 (Arthur-Farraj et al., 2012; Fontana et al., 2012).  
Combined, our data and the published results regarding the role of c-jun in SCs suggests 

that c-jun downstream of ERK is not required for SCs dedifferentiation and the trigger of 
the inflammatory response but is important for the regulation of the BNB and the 

promotion of neuronal survival. In addition to the experiment described in chapter 4, we 
aim to perform a scRNAseq analysis on P0RafTR mice in the presence and absence of 

c-jun, comparing it to the injury situation, to investigate in further details the role of mSCs 

and nmSCs in the regeneration process.  
 



 201 

5.7.5. The inflammatory response is regulated independently of vascular 

permeability 
From studies in the CNS, it is believed that the barrier function of the BBB and the 

inflammatory response are tightly coupled, in that the BBB provides a barrier against the 
passage of peripheral inflammatory molecules and cells into the brain parenchyma 

(Sonar and Lal, 2018), with microglia providing immunosurveillance of the CNS 
(Nimmerjahn et al., 2005). In fact, the breakdown of the BBB described in several 

pathologies such as Alzheimer’s disease is accompanied by increased expression of 
adhesion molecules by brain ECs and an influx of inflammatory cells (Liebner et al., 

2018; Zenaro et al., 2016). Consistently, inflammatory pathologies exhibit BBB 
dysfunction as one of the early hallmarks, suggesting the opening of the barrier may be 

sufficient for inflammatory cells to enter the CNS (Rosenberg, 2012; Zhao et al., 2015).  

However, during the course of this thesis, we have observed that the influx of 
inflammatory cells in nerves can occur without opening of the BNB, as seen in the P0-

RafTR c-junΔSC mice. This suggest that the regulation of the BNB function and of the 
inflammatory response can be uncoupled in the PNS. It is known that inflammatory cells 

can sometimes pass through the cytoplasm of the ECs (Feng et al., 1998), and although 
this route of entry is probably less frequent than para-cellular diapedesis (Cernuda-

Morollón et al., 2010; Feng et al., 1998; Sage and Carman, 2009) it has been reported 
that in the brain and the retina, that invasion of inflammatory cells can occur with no 

perturbations of the tight junctions (Feng et al., 1998; Wolburg et al., 2005). Our data 
shows that in the PNS, the influx of inflammatory cells can occur without breakdown of 

the tight junctions, but importantly, it also shows that the influx of inflammatory cells can 

occur without breakdown of the BNB. 
This result is important because it shows that in the PNS, permeability of ECs and 

infiltration of inflammatory cells are independent processes regulated by independent 
pathways. In addition to the therapeutic applications of this finding, it also shapes our 

understanding of the BNB. Indeed, it consolidate the concept that instead of being a 
simple barrier, the BNB is in fact a complex interface between three environments 

(endoneurium, epineurium and blood), with many independent facets that cooperate 
together to provide the cells in the endoneurium with the appropriate milieu for their 

optimal function. 
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Chapter Six. Concluding remarks 
Our findings provide the first in-depth characterisation of the structure, function, and 

regulation of the BNB. In this thesis, we have defined the cellular composition of the 
vascular unit of the PNS and shown it consists of EndoECs partially covered by pericytes, 

with more loosely associated pericyte-like cells and macrophages. We also 
demonstrated that the barrier function of EndoECs is conferred by low levels of 

transcytosis and the presence of specialised tight junctions between EndoECs. 
Furthermore, we have described an important role for macrophages as a secondary line 

of defence, enforcing the BNB downstream of the perineurium and EndoECs. We have 
also refined our understanding of the mechanisms by which SCs regulate BNB function 

showing that activated mSCs open the BNB, in a c-jun dependent manner, by increasing 

the levels of transcytosis in EndoECs without affecting their tight junctions or the 
permeability of the perineurium.  

While these findings describe important aspects of the structure and regulation of the 
BNB, many questions remain. One of these relates to the barrier function of the 

perineurium. Our experiments have focused on the function of EndoECs, however little 
remains known about the structure and barrier function of the perineurium (Burkel, 1967; 

Muona et al., 1993; Piña-Oviedo and Ortiz-Hidalgo, 2008; Reina et al., 2000, 2003). Our 
preliminary and unpublished lineage analysis indicates a complex structure with different 

layers of the perineurium expressing different barrier-related proteins such as 
transporters and junctional proteins. Future studies are needed to define the structure of 

the perineurium and identify the underlying mechanisms of exchange across this 

structure. 
Whilst our work has characterised the structure of the vascular unit in the PNS, how 

these cellular interactions confer barrier function remains unclear. In particular, the role 
of pericytes and pericyte-like cells remains unknown. In contrast to studies in the CNS, 

our results suggest that barrier function does not correlate with the degree of pericyte 
coverage (Armulik et al., 2010; Daneman et al., 2010b). Similarly, the role of pericyte-

like cells still remains unclear. These interstitial cells have been given different names 
depending on the context in which they were studied, but no specific role has been 

attributed to them in homeostatic conditions (Joseph et al., 2004; Mirancea, 2016; Stierli 
et al., 2018). We found these cells are in close contact with EndoECs and the 

perineurium (not shown).  Moreover, the morphology of pericyte-like cells suggests a 

role in cell-cell communication, and shares some features with astrocytes, such as the 
presence of end-feet like structures at the end of their long and thin protrusions. We 
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therefore postulate that these cells play a role in the barrier function of the PNS, for 

example as regulatory cells. We aim to start addressing these questions through co-
culture experiments and a scRNAseq analysis, which will provide a transcriptional profile 

of these cells and allow the identification of specific markers.  
Finally, we have shown that SCs can regulate the transcytosis rates in EndoECs, and 

that c-jun mediates this process, but which factors downstream of c-jun are responsible 
and how they act on ECs remain unknown. To identify these factors, we will initially 

extend the scRNAseq analysis to injured/ P0-RafTR nerves in the presence and absence 
of c-jun. Furthermore, this analysis will unravel which signalling pathways in EndoECs 

are responsible for the maintenance of the low rates of transcytosis and tight junctions. 
Because they are the guardians of nervous system homeostasis, it is important to better 

understand blood neural barriers, but the complexity of these processes makes their 

study challenging. Decades of research on the BBB/BRB have provided the field with an 
understanding of important biological concepts regarding barrier function in the nervous 

system. However and despite the many clinical implications, little had been done to 
tackle the study of the BNB. The results presented in this thesis provide the groundwork 

on the nature and regulation of the BNB, that will support and fuel future research in this 
emerging field.  
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