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Abstract

The internal microenvironment in peripheral nerves is highly regulated in order to maintain
normal axonal impulse transmission to or from the central nervous system. In humans, this
regulation is facilitated by specialized tight junction (TJ)-forming endoneurial microvascular
endothelial cells, and perineurial myofibroblasts that form multiple concentric layers around nerve
fascicles. The endoneurial endothelial cells come in direct contact with circulating blood, and thus,
can be considered the blood-nerve barrier (BNB). Studies on the molecular and biophysical
properties of the human BNB in vivo or in situ are limited. Owing to the recent isolation of
primary human endoneurial endothelial cells (pHENdECSs) and the development of simian virus 40
large T-antigen immortalized cell lines, data are emerging on the structural and functional
characteristics of these cells. These data aim to increase our understanding of how solutes,
macromolecules, nutrients and hematogenous leukocytes gain access into or are restricted from the
endoneurium of peripheral nerves. These concepts have clinical relevance in understanding
normal peripheral nerve homeostasis, the response of peripheral nerves to external insult and
stresses such as drugs and toxins and the pathogenesis of peripheral neuropathies. This review
discusses current knowledge in this nascent and exciting field of microvascular biology.
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Introduction

Peripheral nerves are responsible for the impulse transmission from the periphery to the
central nervous system (CNS) for processing and transmit output impulses from the CNS
back to the periphery to facilitate effector functions such as locomotion. These impulses are
generated and directed via the sequential process of axonal depolarization and subsequent
repolarization, a process dependent on sodium and potassium channel flux. This process is
crucial for normal human function, thus, the ionic gradients within peripheral nerves must be
tightly regulated to prevent variations in sodium and potassium concentration from altering
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signal transmission [1,2]. Furthermore, solute and macromolecules that could influence the
ionic balance within peripheral nerves require regulated control.

Human peripheral nerves have a multilayered structural organization with an anastomaosis of
blood vessels that supply these layers. Peripheral nerves are divided into an outermost
epineurium, inner perineurium and innermost endoneurium (Figure 1A). The endoneurium
is completely surrounded by the perineurium (forming a nerve fascicle), with several nerve
fascicles embedded within the epineurium. The endoneurium is of critical importance to the
primary function of peripheral nerves as it contains the axons and their supporting Schwann
cells, which either myelinate segments of single axons or envelope clusters of small axons
without myelination [1-4].

The peripheral nerve vascular supply is derived from radial branches of nearby arteries,
forming the vasa nervosum that runs in the longitudinal axis of the nerve in the outer
epineurium. These vessels generate branches that transverse deeper into the epineurium,
forming small arteries and arterioles, eventually resulting in pre-capillary arterioles that run
on the external surface of the perineurium. These vessels subsequently produce branches
that penetrate the concentric multilayered perineurium to enter the endoneurium, forming
capillaries. These capillaries may drain into larger post-capillary venules within the
endoneurium, with venules emerging through the perineurium. Venules and small veins run
longitudinally within the epineurium, eventually joining to form the larger veins that drain
the peripheral nerve into nearby veins via radial branches [1,2,5].

Ultrastructural examination of the human peripheral nerve vascular supply demonstrates
electron-dense rich intercellular TJs between endothelial cells within the endoneurium, with
small 50-100 nm intracellular pinocytic vesicles. These endothelial cells lack fenestrations.
This is in contrast to endothelial cells within the epineurium and perineurium that contain
numerous fenestrations and lack TJs [3,4]. These observational data imply that endoneurial
microvascular cells are specialized endothelial cells, similar to endothelial cells that form the
restrictive blood-brain and blood-testis barriers. These ultrastructural studies also
demonstrate intercellular TJs between adjacent perineurial myofibroblast cells, particularly
within the inner concentric layers [3,4]. These observations indicate that specialized
interfaces within peripheral nerves occur, with expected restrictive barrier-like properties.

The lack of TJs between macrovascular endothelial cells within the epineurium as well as
the presence of fenestrations between these cells suggests that solutes, macromolecules and
other blood-borne substances may “leak™ into the epineurium and constitute its interstitial
fluid [6]. Due to the fact that the epineurium structurally consists of longitudinal arrays of
collagen fibers (needed to maintain the structural integrity of the peripheral nerve), these
substances can freely diffuse within this layer. Thus, the perineurium serves to protect the
innermost layer of peripheral nerves, the endoneurium, from this passive diffusion of
epineurial interstitial fluid components [1-4]. The specialized endoneurial microvascular
endothelial cells come in direct contact with substances in circulating blood, and can be
considered the blood-nerve barrier (BNB).
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Compared to other microvascular endothelial cells, very little is known about human
endoneurial endothelial cells. Understanding the biology of these endothelial cells can
provide insights into how solutes and macromolecules gain access into or are expelled from
the endoneurium, providing cues to the nutritional requirements of peripheral nerves and the
mechanisms of regulated removal of metabolic end-products. Resident macrophages and
mast cells are commonly observed in normal peripheral nerves. These cells could act as
primary responders to endoneurial injury and participate in the innate immune response to
foreign pathogens. Rare T-cells may be seen in normal nerves, hypothesized to be involved
in normal immune surveillance. However, recruitment of hematogenous monocytes and T-
cells is commonly seen following peripheral nerve injury or in immune-mediated peripheral
neuropathies such as Guillain-Barré syndrome, implying that functional and structural
modifications occur at the human BNB [1,2]. In situ observational studies in human and
rodent peripheral nerves imply progressive BNB maturation during fetal and post-natal
development [7,8]. Endoneurial endothelial cell proliferation and restoration of restrictive
barrier function is intuitively expected during peripheral nerve recovery from injury [9,10].
It is important to know whether endogenous or exogenous mitogens participate in these
processes, and their cellular sources.

Knowledge of the human BNB had been limited for many years by difficulties isolating and
culturing endoneurial endothelial cells. Due to functional and phenotypic differences
between microvascular endothelial cells from different tissues and species [11-13], this
work requires human endoneurial endothelial cells. Recent success within the last 4 years
has resulted in the initial characterization of primary human endoneurial endothelial cells
(pHENdECS), also known as peripheral nerve microvascular endothelial cells (PnMECS),
and the development of simian virus 40 large T-antigen (SV40 LTA) immortalized cell
lines, with emerging data on the molecular and biophysical characteristics of the human
BNB invitro, and responses to different substances under normal physiological and
pathophysiological conditions [14-19].

characterization of human endoneurial endothelial cells

pHENdECs have been successfully isolated and purified from the sciatic nerves of recently
decedent individuals. The sciatic nerve is the largest nerve in the human body and provides
sufficient material to isolate endoneurial endothelial cells (constitute <0.1% of the cellular
components of peripheral nerves) using endoneurial stripping, enzymatic digestion and
density gradient centrifugation. These cells have been successfully cultured and expanded
for up to 10 passages in vitro, as well as immortalized via stable transfection with plasmids
containing SV40 LTA , as well as retrovirus vectors containing temperature-sensitive SV40
LTA and telomerase [14-19]. These endothelial cells when grown to confluence, form the
framework for in vitro models of the human BNB (Figure 1B). Immunocytochemistry, flow
cytometry, polymerase chain reaction (PCR) and western blot techniques have been
employed to determine the molecular characteristics of these human BNB-forming primary
and immortalized cell lines.
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Vascular endothelial cell markers

Primary and immortalized human endoneurial endothelial cells bind Ulex Europaeus
Agglutinin-1 (UEA-1), the most sensitive marker of vascular endothelial cells in vitro and in
situ (Figure 1C, D). This indicates a-L-fucose expression by the BNB-forming cells in vitro,
as expected in vivo [14,15,20]. Furthermore, these cells intensely uptake fluorescently-
labeled acetylated low density lipoproteins, indicative of the expression of specialized
scavenger receptors, as expected of microvascular endothelial cells [14,15,17,19]. Von
Willebrand factor (also known as factor V111 related antigen), a large multimeric
glycoprotein that is important for hemostasis and constitutively produced in intracellular
Weibel-Palade bodies [21], is reliably expressed by pHEndECs [14,17] (Figure 1E, F) with
reported loss of expression in plasmid-transfected immortalized cells [15] and retained
expression with retroviral transfected cells [19]. Loss of Weibel-Palade bodies has been
described in immortalized human endothelial cell lines [22], implying that these cell lines
may be less useful for studying mechanisms of hemostasis relevant to endoneurial
microvascular repair in peripheral nerves.

Growth factor ligands/ receptors

pHENdECs reliably proliferate in vitro for at least 8 passages with a doubling of cell
numbers every 48 hours during the early logarithmic growth phase, followed by contact
inhibition [14]. Immortalized endoneurial endothelial cells have been successfully expanded
to 27 passages (>45 population doublings and >80 days in continuous culture) with variable
population doubling time from approximately 28 to 53 hours without contact inhibition in
regular growth medium [15]. Temperature-sensitive SV40 LTA immortalized cell lines
cultured at 33°C have been successfully expanded to 30 passages with a doubling time of
about 3 days (varied between approximately 48 to 96 hours), with loss of proliferative
capacity associated with senescence observed when cultured at 37°C [19]. The full
repertoire of mitogens, co-factors and growth factor receptors required for endoneurial
endothelial cell proliferation are currently unknown.

Culture on surfaces coated with type | rat tail collagen seems to be necessary for in vitro
proliferation and the formation of confluent BNB monolayers. Several mitogens, including
vascular endothelial growth factor (VEGF) are included in specialized media or growth
supplements described to culture primary and immortalized human endoneurial endothelial
cells. PNMECs have been shown to also express VEGF, but not angiopoeitin, basic
fibroblast growth factor (bFGF) or transforming growth factor (TGF)-p1 by western blot
[17]. Endogenous VEGF expression implies a possible autocrine effect in cellular
proliferation. In the embryonic rodent brain, high levels of VEGF receptors, VEGFR1 and
VEGFR?2 have been described during angiogenesis, with low levels observed in the adult
blood-brain barrier endothelium [23]. VEGF is also widely known to modulate mammalian
microvascular permeability; with the formation of adrenal cortex capillary endothelial
fenestrations in vitro [24]. VEGF has also been implicated in altering TJ protein expression
by PnMECs following exposure to advanced glycation end-products (mimicking diabetic
conditions) in vitro [25]. The dose-dependent effects of VEGF and the expression profile of
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its signaling receptors by human BNB-forming endothelial cells in vitro under different
experimental conditions require further investigation.

Glial cell-derived neutrophic factor (GDNF) and nerve growth factor (NGF) were not
expressed by PnMECs in vitro by PCR or western blot, while messenger RNA (mRNA) for
brain-derived neurotrophic factor (BDNF) without protein expression by western blot has
been described [17]. Interestingly, these primary cells express the
glycosylphosphatidylinositol (GPI)-anchored membrane protein receptor for GDNF,
GFRal, suggesting responsiveness to exogenous GDNF [18,26]. In support of this, GDNF
upregulated pHEndEC GFRal expression as a response to diffuse endothelial injury
induced by serum withdrawal in vitro, suggesting a positive feedback loop [26].

Adherens and tight junction proteins

Intercellular adherens junctions (AJs) and TJs, and their associated binding, signaling/
regulatory proteins are essential characteristics of restrictive barrier-forming microvascular
endothelium [27-30]. Primary and immortalized human endoneurial endothelial cells have
been shown to express mMRNA transcripts or protein for claudin-1, claudin-2, the endothelial
specific claudin-5, claudin-12 and claudin-19, as well as occludin, zona occludens (Z0O)-1,
Z0-2, junctional adhesion molecule-A (JAM-A), vascular endothelial (VE)-cadherin and f3-
catenin [14,17-19,26] (Table 1). However, mRNA or protein expression does not
necessarily imply localization at sites of intercellular contacts required for AJ and TJ
formation. Similarly, contamination of purified human endoneurial endothelial cell cultures
by myelinating Schwann cells (known to form autotypic TJs in non-compacted myelin
components between adjacent membrane lamellae of the same Schwann cell in vivo and in
situ) could confound these assays [31,32]. Immunocytochemistry of confluent cultures has
demonstrated expression of AJ protein VECadherin, and TJ proteins claudin-5 and occludin
and TJ-associated proteins ZO-1 and ZO-2 at sites of cell-to-cell contact [14,19,26].
Interestingly, pHENdECs demonstrated nuclear expression of claudin-1, with perinuclear
claudin-2 and diffuse cytoplasmic JAM-A expression in vitro [14], suggesting that these
molecules may not actively participate in human BNB function under normal conditions.

Conditioned medium from immortalized human peripheral nerve pericyte lines, as well as
bFGF, hydrocortisone and GDNF, has been reported to induce claudin-5 protein levels
(~50% of untreated levels) within 24-48 hours of plating primary or immortalized BNB-
forming endothelial cells at high density without significant changes in occludin [16-18].
Thus, it has been postulated that claudin 5 expression at the BNB is primarily responsible
for its TJ barrier characteristics. However, immunocytochemical evidence demonstrating
increased claudin-5 expression at intercellular contacts is lacking in these reports. In a model
of diffuse endothelial injury of confluent pHEndEC cultures, GDNF at low nanomolar
concentrations that maximally restored barrier function failed to induce mRNA transcripts or
protein expression for B-catenin, VE-Cadherin, ZO-1 or occludin relative to basal untreated
conditions. There was a small increase in total claudin-5 protein (~30% of basal levels),
without significant differences in mMRNA expression, or claudin-5 tyrosine phosphorylation
[26].

J Vasc Res. Author manuscript; available in PMC 2014 July 06.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ubogu

Page 6

Observational in situ immunohistological data from developing and adult human sciatic
nerves demonstrated equivalent endoneurial microvessel claudin-5 expression during
neonatal development (when the BNB is immature and permissive based on rodent work)
when compared to adult nerves [7,8]. Published in vitro immunocytochemistry data has
shown that the GDNF-induced improvement in human BNB TJ barrier function following
serum withdrawal was dependent on “rearranged during transfection” (RET)-tyrosine kinase
signaling pathways (RET is the receptor for members of the GDNF family of extracellular
signaling molecules) associated with F-actin cytoskeletal filament relocation towards
cytoplasmic membranes, resulting in more continuous intercellular AJs and TJs with fewer
non-continuous spaces between adjacent cells [26]. This is congruent with studies in rodent
embryonic brains and neonatal rat sciatic nerves that also demonstrate that TJ barrier
maturation is associated with cytoskeletal rearrangements and disappearance of clefts
between endothelial cells [8,28,33].

Work is needed to deduce the full repertoire of AJ and TJ proteins expressed at the human
BNB, as well as the temporal relationship between protein expression and translocation to
intercellular junctions with resultant restrictive barrier function. Differences in the repertoire
and distribution of AJ and TJ proteins between human and mouse myelinating Schwann
cells in adult peripheral nerves [32] further emphasizes the need to perform expression
profile studies using human pHENdECs for in situ testing on human endoneurial
microvessels in peripheral nerve biopsies. These studies could provide insights into normal
human BNB development and restoration of barrier function following injury such as
hypoxia, trauma or toxic insult. Figure 2 depicts the known and hypothesized AJ and TJ
proteins, and growth factor receptors expressed at the human BNB, and the proposed
relationship between GDNF and actin cytoskeletal reorganization during recovery from
diffuse endothelial injury.

Transporters

As a restrictive microvascular barrier necessary to maintain the internal homeostatic
microenvironment in peripheral nerves, the human BNB is expected to possess specialized
transporters on its luminal and abluminal surfaces to facilitate directional influx of solutes,
nutrients and macromolecules and efflux of waste products of metabolism or xenobiotics.
Current knowledge on BNB transporters has been guided by expectations based on other
restrictive microvascular barriers, such as the blood-brain barrier (BBB), and observations in
the peripheral nerves of other species [34-47]. In vivo human data, in situ data from human
peripheral nerve biopsies and data from non-cultured human BNB-forming endothelial cells
are generally lacking. Hypothesized BNB transporters based on in vitro data from cultured
human endoneurial endothelial cells can be classified as ionic, nutrient and xenobiotic
transporters (Table 2).

Alkaline phosphate (AP) is an enzyme that can be considered a capillary endothelium ionic
transporter, as it can transfer phosphate groups, as well as serve as a membrane pump or cell
adhesion molecule, in addition to the hydrolysis of phosphate esters [48-51]. AP is
specifically expressed on capillary endothelial cells in several tissues and in mammalian
peripheral nerves, it has been shown to discriminate between endoneurial and epineurial
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vessels [5]. AP expression has been demonstrated on primary and immortalized human
endoneurial endothelial cells in vitro. Loss of AP expression was observed with
immortalized human endoneurial endothelial cells at higher passages [14,15]. It is
hypothesized that other ionic transporters that may maintain ionic concentrations within the
endoneurium are expressed at the BNB. The putative monovalent and divalent adenosine
triphosphate (ATP)-dependent and independent transporters present on the BNB are
currently unknown.

Nutrient transporters are presumed to facilitate the transport of glucose, amino acids and
lipids from the blood circulation into the endoneurium. Glucose transporter-1 (GLUT-1), the
major glucose transporter in the body, is highly expressed by human endoneurial endothelial
cells, including serially passaged immortalized cells [14,15]. GLUT-1 has been described in
situ on adult and developing sciatic nerve endoneurial capillaries by indirect
immunofluorescence [52].This implies an important role for facilitated transport of D-
glucose into the endoneurium as a source of energy under normal conditions [35].
Monocarboxylate transporter-1 (MCT-1), a major transporter for monocarboxylic acids such
as L-lactate, is similarly expressed by primary and immortalized human endoneurial
endothelial cells [14,15], implying a role as an influx transporter, bringing in L-lactate from
the bloodstream for energy utilization during periods of starvation or as an efflux
transporter, removing lactate from the endoneurium as an aerobic metabolic by-product or
following anaerobic metabolism following axonal or Schwann cell injury [53]. Creatine
transporter (CRT) transports creatine (required for the temporary storage of high energy
phosphate groups) across vascular endothelium. Creatine provides a high energy phosphate
reservoir needed for ATP generation during periods of high metabolic activity [40]. CRT
expression has been demonstrated on human primary and immortalized BNB-forming
endothelial cells [14,15], implying that creatine transport into the endoneurium may be
necessary for normal peripheral nerve function.

The Na+-independent L-type amino acid transporter 1 (LAT-1), which forms a heterodimer
with 4F2 cell-surface antigen heavy chain is known to preferentially transport neutral and
aromatic amino acids, such as L-phenylalanine and L-tryptophan [47,54]. LAT-1 is
expressed by primary and immortalized human endoneurial endothelial cells [14,15],
implying an important role as an influx transporter for this class of amino acids for energy
utilization within peripheral nerves. y-glutamy! transpeptidase, a known transporter of amino
acids across restrictive barrier-forming endothelium [36,41,51,55], that also functions as an
enzyme that catalyzes the transfer of the y-glutamyl moiety of glutathione to an acceptor
(amino acid, peptide, or water), is expressed by these cells [14,15], providing another means
by which amino acids can be transported across the BNB. Its catalytic function could also
provide a pathway for drug and xenobiotic detoxification in peripheral nerves.

Xenobiotic transporters demonstrated thus far to be expressed by primary or immortalized
human endoneurial cells include members of the ATP-binding cassette (ABC) or multi-drug
resistance and organic anion transporter families. ABC transporters include P-glycoprotein
(also known as multi-drug resistance gene 1a; MDR1a), a major efflux transporter for
chemotherapeutic drugs such as vincristine, and multi-drug resistance protein-1 (MRP1), an
efflux transporter with significant substrate overlap with P-gp [14,15,19]. MRP-1 may
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transport a broader range of xenobiotics used as antineoplastic or therapeutic agents
including folate-based antimetabolites, anthracyclines, vinca alkaloids, anti-androgens, and
numerous glutathione (GSH) and glucuronide conjugates of these compounds as well as
organic anions and heavy metals. MRP1 also transports diverse physiological substrates
such as folates, GSH and GSH disulfide (GSSG), as well as sulphate-, GSH- and
glucuronide-conjugates of steroids, leukotrienes and prostaglandins [47,56,57]. The
activities of P-gp and MRP1 may be important for the protection of peripheral nerves from
toxic insult as well as in normal cellular processes such as export of endogenous metabolic
intermediates [47,56-58].

Immortalized human endoneurial endothelial cells express organic anion transporters
organic anion transporting polypeptide-C (OATP-C) and organic anion transporter 3
(OAT-3) at similar levels to immortalized brain microvascular endothelial cells that form the
BBB [15]. OATP-C is a member of a family of solute carriers that function as Na+ and
ATP-independent transporters for amphipathic organic compounds such as steroids, thyroid
hormones, anionic peptides, drugs (such as 3-hydroxy-3-methyl-glutarylcoenzyme A
reductase inhibitors) and xenobiotics [47,59,60]. OAT-3 involved in the transport and
excretion of drugs such as benzyl penicillin, methotrexate, ciprofloxacin, indomethacin and
cimetidine, and toxic organic ions. OAT-3 also functions as an organic anion exchanger,
coupling the uptake of one organic anion molecule with the efflux of one endogenous
dicarboxylic acid molecule [47,61,62]. It is speculated that these organic anion transporters
serve as efflux transporters may protect axons and Schwann cells within the endoneurium
from the toxic effects of these organic molecules and compounds.

Further work is needed to determine the full repertoire of transporters expressed at the
human BNB. Studies may be focused on elucidating their cellular membrane localization
(luminal or abluminal, or both) and influx and efflux kinetic characteristics for a variety of
substrates and decipher what adaptations may occur to maintain normal substrate transport.
This information should result in detailed comprehension of the metabolic requirements of
peripheral nerves in health, during starvation and at times of stress, as well as provide
insights into targeted drug delivery into peripheral nerves and the prevention of drug-
induced toxicities. Figure 3 illustrates the currently known transporters expressed at the
human BNB in vitro and their hypothesized cellular localization.

Cellular adhesion molecules and chemokines

Hematogenous leukocyte trafficking across microvascular endothelium is an evolutionally
conserved characteristic required for normal tissue immunosurveillance, as well as response
to injury, inflammation or infection, proving an essential link between the innate and
adaptive immune response. Aberrant leukocyte trafficking has been described as a
pathological hallmark of autoimmune neuropathies. Leukocyte trafficking is a coordinated,
sequential process that involves the interaction of selectins and their carbohydrate
counterligands with properties similar to C-type lectins (e.g. sialyl Lewis x), chemokines
and other chemoattractant molecules and their receptors, integrins interacting with specific
cell adhesion molecules (CAMSs) and matrix metalloproteinases that facilitate extravasation
across endothelial basement membranes [63-66].
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pHENdECs express E- and P-selectin at early passages (<8) in vitro [14,67], as well as
CD34, a transmembrane sialomucin glycoprotein that is expressed on vascular endothelial
cells, particularly capillaries, and is known to mediate L-selectin dependent T-cell homing
into high endothelial venules in lymph nodes [14,68,69]. These cells also express
intercellular adhesion molecule-1 (ICAM-1: interacts with a8, and apf, integrins), JAM-
A (interacts with a B», and implicated in leukocyte adhesion and migration in some models
of inflammation) [70], vascular cell adhesion molecule-1 (VCAM-1) and the alternatively
spliced fibronectin variant called fibronectin connecting segment-1 (FN CS-1), which
contains the conserved LDV peptide sequence required for integrin binding [14,67]. The
latter two CAMs interact with a4f1 integrin. Platelet endothelial cell adhesion molecule
(PECAM-1), also known as CD31, a major component of endothelial cell intercellular
junctions that may participate in angiogenesis, integrin activation and leukocyte migration
[70,71], has been demonstrated on immortalized PNMECs [19].

Following physiological pro-inflammatory cytokine treatment of confluent cultures for up to
48 hours in vitro, there was a time-dependent increase in E-selectin, P-selectin, ICAM-1,
VCAM-1 and FN-CS1 without change in JAM-A expression, reaching maximum levels by
24 hours [67]. These data imply a role for these adhesion molecules in the recruitment of
hematogenous leukocytes under normal and inflammatory conditions. In support of this,
apB2 integrin-ICAM-1 interactions have been shown to mediate the adhesion and
transmigration of pathogenic mononuclear leukocytes derived from patients with Guillain-
Barre syndrome at the human BNB in vitro using a flow-dependent model that mimics
capillary hemodynamics [67].

Chemokines, or chemotactic cytokines are small 8-14 kDa molecules that attract leukocytes
across concentration and haptotactic gradients in vitro and in vivo, signaling via G-protein
coupled receptors. Chemokines are classified into four subfamilies based on the organization
of two positionally conserved cysteine residues near the N-terminus: the CXC (a), CC (B),
CX3C (8), C (y) subfamilies. Chemokines are also involved in embryogenesis, normal
neuronal-glial interactions, neuronal protection from toxins, and synaptic transmission,
reflecting their importance in development and homeostasis in addition to inflammation
[72-74]. Using an in vitro chemokine antibody array, confluent pHEndECs were shown to
constitutively express CXCL1-3, CXCL5, CXCL7, CXCL8, CXCL10, CCL4, CCL5,
CCL22, CCL23, CCL24, and CCL26, suggesting homeostatic roles for these chemokines
(e.g. immune surveillance) at the human BNB [67].

Physiological doses of pro-inflammatory cytokines induced de novo cytoplasmic expression
of CCL2, CCL20, CCL27, CXCL9 and CXCL11 at the BNB in vitro, as well as a 5.8-fold
increase in CXCL2-3, 4.4-fold increase in CXCL8 and 2.5-fold increase in CXCL10
expression. Less than 2- fold increases in CCL4, CCL5, CCL23, CXCL5 and CXCL7 were
also observed. CCL26 was reduced to 0.9-times its basal levels, without significant change
in CCL22 and CCL24 expression. These observations suggest potential activation of the
innate (i.e. neutrophil dependent: CXCL2-3, CXCLS interacting with chemokine receptors
CXCR1 and CXCR2; monocyte-dependent: CCL2 interacting with CCR2) and adaptive (i.e.
T-cell-dependent: CXCLJ9, 10 and 11 interacting with CXCR3 on CD4+ T-helper 1 (Th1)
cells, CCL20 interacting with CCR6 on CD4+ T-helperl7 (Th17) cells and CCL27
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interacting with CCR10 on activated Tcells) immune signaling pathways at the human BNB
at the early stages of inflammation [67].

Further work is needed to decipher which chemokines are most relevant for specific
leukocyte subpopulation recruitment into the peripheral nerve endoneurium across the BNB
during immunosurveillance and in inflammatory states. It is currently unknown which
chemokine receptors are expressed by endoneurial endothelial cells, as this may shed further
light into directional angiogenesis during peripheral nerve development and recovery from
injury. Figure 4 demonstrates the currently known array of cell adhesion molecules
expressed by the human BNB and the effect of physiological pro-inflammatory cytokine
exposure in vitro.

Biophysical characterization of the in vitro human blood-nerve barrier

Based on mammalian in vivo studies, the BNB is second only to the BBB in terms of
restrictive endothelial barrier properties in the body [1,6,42,75-78]. Electron-dense
intercellular contacts, consistent with TJs, have been demonstrated between human
endoneurial endothelial cells in situ and in vitro [3,4,14]. Primary and immortalized human
endoneurial endothelial cells have been cultured to confluence in transwell systems or
specialized tissue culture plates to ascertain their biophysical properties as TJ-forming
barriers in vitro. Endothelial biophysical properties may be divided into transendothelial
electrical resistance (TEER), solute permeability and hydraulic conductivity.

Transendothelial electrical resistance

The human BNB TEER in vivo is currently unknown, but estimated to be similar to the
BBB. Using transwell systems, published mean in vitro TEER values vary between ~20-35
Q.cm? [16-19] and ~110-180 Q.cm? [14,15,26,67] depending on the experimental
conditions, and whether primary or immortalized endothelial cells were studied. Using
continuous electrical cell impedance sensing, TEER values > 250 2 have been observed
(unpublished observations). Several factors have been shown to influence human BNB
TEER invitro, including seeding density at the time of initial plating, constitution of the
extracellular matrix used to culture endothelial cells, co-culture with astrocyte and
immortalized human brain and peripheral nerve pericyte-conditioned media and several
mitogens including GDNF, bFGF, TGF-B1 and hydrocortisone (in a concentration-
dependent manner), cyclic adenosine monophosphate (cAMP), and time after initial plating
[14-19,26]. Based on observations with pHEndECs, TEER may peak and plateau 5-12 days
after initial plating [14,15,26]. The significant discrepancy between published in vitro
human BNB TEER values may reflect differences in initial seeding density and the time
when TEER was measured after initial plating on transwell systems (> 3 million cells/cm?
and 1-2 days associated with lower TEER values [16-19], compared to 250,000 cells/cm?
and 5-12 days with higher TEER values [14,15,26]), as shown in Table 3.

The human BNB is unlike the BBB which has a glia limitans surrounding its microvascular
endothelial cells. The glia limitans is formed by astrocyte and microglia foot processes that
contribute to barrier function [27,28,36,79,80]. Due to ultrastructural changes in intercellular
junctions observed in peripheral nerve microvessels once they cross the inner perineurial
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layer into the endoneurium [3], it is hypothesized that cellular or molecular components
restricted to the endoneurium are important for maintaining the specialized BNB
characteristics. It is unknown whether peripheral nerve pericytes, which share a common
basement membrane with endoneurial endothelial cells directly contribute to barrier function
in vivo or secrete mitogens as described by immortalized cells in vitro [17,18].

Following diffuse endothelial injury mediated by serum withdrawal in vitro, GDNF potently
induced human BNB TEER recovery within 48 hours at low nanomolar concentrations (0.03
nM), dependent on RET-tyrosine kinase signaling pathways, independent of maximal
concentrations of other mitogens (TGF-p1, bFGF and hydrocortisone) that were capable of
restoring TEER, albeit less efficiently and at higher molar concentrations within the
nanomolar range (suggesting redundancy that may be essential for normal biologic function
invivo) [26]. Schwann cells are glial cells present in the peripheral nervous system [81] that
are restricted to the endoneurium and are known to secrete GDNF in vitro [82]. Increased
Schwann cell GDNF expression has also been described following rat sciatic nerve injury
and human nerve root avulsion in vivo [83,84]. The potential role of Schwann cells in BNB
development during embryogenesis and post-natal maturation, maintenance of BNB
function and BNB recovery following injury has yet to be elucidated.

Increased leukocyte trafficking has been described in inflamed nerves, implying
compromise or “breakdown” to the BNB. Claudin-5 downregulation and altered ZO-1
localization has been described in endoneurial microvessels from peripheral nerves obtained
from patients with chronic inflammatory neuropathies [85]. Thus, it is feasible that reduced
TEER as a consequence of BNB compromise may occur. However, physiological pro-
inflammatory cytokine treatment of confluent pHENdEC cultures grown on transwell inserts
for 24 hours did not reduce TEER compared to untreated cultures [67], supporting the
hypothesis that leukocyte trafficking at the BNB is an active rather than passive process, as
described with the multi-step paradigm. Based on initial in vitro flow-dependent studies,
leukocyte trafficking at the human BNB predominantly occurs via the paracellular route
[67], suggesting that real-time alterations in TEER occur during inflammation. The effect of
shear forces and the dynamic changes that may occur during leukocyte extravasation and
their effects on BNB TEER are yet to be established.

Solute permeability

Studies evaluating the permeability of the human BNB to some solutes and macromolecules
(as a measure of barrier function) have been performed in vitro [14,15,17]. The permeability
for any given solute or macromolecule across a restrictive microvascular barrier will depend
on its size, polarity, lipophilicity, and ability to undergo facilitated receptor-mediated
transcytosis [30,47]. It can be hypothesized that smaller, non-polar, highly lipophilic
molecules with specific influx transporters may demonstrate the highest permeability across
the BNB. Permeability coefficients (PC) are commonly used to quantify solute permeability
invitro [30]. PC is dependent on the ratio of the concentration of the solute that is
transported to the input concentration, the volume of the receiving well that collects the
solute following transport, the endothelial surface area through which the solute undergoes
transport and the assay time [86].
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Mean PC values for the in vitro human BNB under resting conditions reported or calculated
for sodium fluorescein (molecular weight 376 Da), radioactive inulin (molecular weight
~4.5 kDa) and high molecular weight fluoresceinated dextran (molecular weight 70 kDa) are
~20 x 1073 cm/min, ~10 x 1073 cm/min and ~1.6-2.8 x 10~3 cm/min respectively
[14,15,17], demonstrating an inverse relationship between molecular weight and PC that is
reportedly more pronounced at lower molecular weights [30]. A recent study using
temperature-sensitive SV40 LTA-immortalized PNMECs surprisingly demonstrated a mean
lower PC for low molecular weight fluorescently labeled dextran (molecular weight 4 kDa:
0.34 x 1073 cm/min) than sodium fluorescein (0.60 x 1073 cm/min) [19]. Technical
differences in endothelial cell plating and assay times, model transwell systems, solute input
concentrations and sampling of transported solute at pre-defined time points may account
for these differences (Table 3).

It is unknown how these PC values compare to the human BNB in vivo. Converting the
mean PC of high molecular weight fluoresceinated dextran to a PC-surface area product
would yield a value of approximately 3—6-fold higher than the measured PC-surface area
product for transferrin (molecular weight 80 kDa) in rat sciatic nerves [42]. The effects of
capillary shear forces and the extracellular matrix, as well as Schwann cells, perineurial cells
or pericytes (or combination thereof) in enhancing BNB function in vivo are currently
unknown, although it is hypothesized that shear forces could enhance TEER and reduce
permeability to multiple solutes in vitro as observed with a flow-dependent in vitro BBB
model [80,87].

Kinetic studies of solute, drug and macromolecular permeability using human in vitro BNB
models should provide some insights into the regulation of internal microenvironment of
peripheral nerves and adaptations during stress or injury. How these substances are restricted
from, permeate into or retained within the endoneurium following interactions with the BNB
could enhance therapeutic strategies for peripheral neuropathies and neuropathic pain, or to
prevent toxic neuropathies, e.g. secondary to chemotherapeutic drugs such as vincristine or
organic molecules such as alcohol and toluene.

Hydraulic conductivity

Hydraulic conductivity (or transendothelial volume flow) can be described as a measure of
the permissivity of water transport across a vascular barrier [30,88]. The specialized
microenvironment of peripheral nerves is maintained by regulated blood-nerve fluid
exchange directly across the endoneurial vascular endothelium and, in some instances,
indirectly across the multilayered perineurium and turnover of endoneurial fluid by
proximo-distal convective fluid flow [2]. This fluid exchange is vital for the maintenance of
endoneurial physiological parameters including blood flow, oxygen tension, pH, oncotic
pressure, hydrostatic pressure, and ion concentrations [2]. Endoneurial edema is a well
known consequence of peripheral nerve injury and inflammation in vivo, implying
dysfunction of, or limitations in the adaptive capacity of the BNB to increased endoneurial
fluid production in these disorders. There is currently no information on the hydraulic
conductivity of the human BNB in vitro. Evaluating the determinants and mechanisms by
which endoneurial endothelial cells transport water should provide further insights relevant
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to understanding fluid homeostasis within peripheral nerves and adaptations that may occur
in peripheral nerve disease, particularly inflammatory neuropathies.

Conclusions

This review summarizes current knowledge of the human BNB, driven predominantly by in
vitro observations of primary and immortalized endoneurial endothelial cells. The relative
dearth in healthy human peripheral nerve specimens and difficulties in performing
functional, mechanismdriven assays to evaluate BNB function in healthy individuals could
limit the confirmation of these initial observations with the BNB in situ and in vivo.
Nonetheless, these cell lines provide an avenue to increase our understanding of the
molecular and biophysical characteristics of the human BNB, elucidate the determinants and
signaling pathways relevant to BNB formation, maturation and adaptation under normal
physiological and pathophysiological states and initiate the process of enhancing or
restricting drug delivery into peripheral nerves. Scientific investigation with these human
cell lines should foster the growth of this nascent and exciting field of microvascular
biology.
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Figure 1. Peripheral nerve anatomy and characteristics of primary endoneurial endothelial cells
A digital photomicrograph of an axial cryostat section of human sciatic nerve stained with

fluoresceinated UEA-1 demonstrates the multilayered anatomical organization of peripheral
nerves, with blood vessels (BV) within the epineurium and endoneurium indicated (A). A
digital phase contrast photomicrograph demonstrates confluent, spindle-shaped pHEndECs
six days after being cultured on rat tail collagen-coated CellBIND® tissue culture plates at
the onset of a flow-dependent leukocyte trafficking assay (B). Proliferating pHENdECs
strongly bind UEA-1, as expected for human vascular endothelial cells (C) with more
intense perinuclear staining seen at higher magnification (D), as shown by these direct
immunocytochemistry digital photomicrographs of fixed cells cultured on rat-tail collagen
coated glass coverslips. Intracellular VWF expression, another marker of vascular
endothelial cells, is demonstrated on fixed, permeabilized proliferating pHEndEC cultures
grown on rat-tail collagen coated glass coverslips (E), with intracellular perinuclear
expression verified at higher magnification (F), based on these digital indirect
immunocytochemistry photomicrographs. Scale bars 100 um for 1A-C and 1E, 5 um for 1D
and 1F.
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Figure 2. Human BNB intercellular junctional complex
This figure illustrates the known AJ and TJ proteins expressed by the human BNB in vitro,

and their accessory or regulatory proteins and their membrane localization guided by
knowledge of other restrictive barrier forming endothelial cells. There is
immunocytochemistry evidence for ZO-1, ZO-2, claudin-5, occludin and VVE-Cadherin
expression at intercellular contact sites, without direct evidence for claudin-12 and
claudin-19. pHENdEC B-catenin expression has been demonstrated by PCR and western
blot. GFRal, the receptor for GDNF, complexed with RET, is expressed by pHEndECs, and
mediates recovery of restrictive barrier characteristics at the human BNB in vitro following
serum withdrawal, dependent on RET-tyrosine kinase mediated signaling. There is
preliminary evidence that the Ras-MAPK signaling pathway acts downstream of RET, with
the net effect being cytoskeletal reorganization of F-actin filaments, with relocation towards
the cytoplasmic membrane and intercellular contact sites, providing the scaffold for more
continuous AJ and TJ and fewer intercellular clefts. Cyclic adenosine monophosphate
(cAMP), acting via protein kinase A (PKA) has been shown to play a minor role in this
process, independent of GDNF, with a mild additive effect observed when multiple
mitogens are administered to induce pHENdEC recovery from diffuse endothelial injury.
Schwann cells and pericytes are potential cellular sources for GDNF in peripheral nerves.
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Figure 3. Human BNB transporters
This figure depicts the known transporters and their putative cellular localization and actions

at the BNB based on PCR, western blot, flow cytometry and immunocytochemical studies
performed with primary and immortalized human endoneurial endothelial cells in vitro. The
influx transporters are shown on the luminal side, while efflux transporters are shown on the
abluminal side. It is hypothesized that MCT-1 may a dual role as an influx and efflux
transporter dependent on endoneurial energy requirements and the presence of toxic
metabolites. Adherens and tight junctions should prevent paracellular transport of small
polar molecules from the bloodstream into the endoneurium. Weibel-Palade bodies (WPB),
known to contain vVWF and P-selectin, are also shown.
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Figure 4. Hunan endoneurial endothelial cell adhesion molecules and effect of proinflammatory
cytokines

The constitutive expression of CAMs by the human BNB in vitro is depicted in the upper
image, with a time-dependent increase in cytoplasmic protein expression observed following
exogenous treatment of confluent cultures with 10 U/mL TNF-a and 20 U/mL IFN-y over
48 hours. CD31 and CD34 expression have been described, but the effect of cytokine
treatment on their expression has not been evaluated. Cytoplasmic JAM-A expression by
pHENdECs has been described in vitro, but its expression was not regulated by
proinflammatory cytokine treatment (not shown in figure). Using a flow-dependent in vitro
BNB-leukocyte trafficking model, ICAM-1 significantly contributed to pathogenic
peripheral blood mononuclear cell adhesion and transmigration, dependent on interactions
with apBo integrin, rather than its more ubiquitously expressed counterligand, a3, integrin.
Video microscopy shows that these mononuclear cells firmly arrest and congregate at
contact sites between confluent endothelial cells, with a subset of leukocytes slowly
migrating across the BNB via the paracellular route without significant retraction of
neighboring endothelial cells from each other during the course of a 30-minute assay with
estimated in vivo capillary flow rates based on red blood cell velocities (refer to published
supplementary data for reference [61] for videos). Further studies are needed to determine
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whether transcellular trafficking occurs at the human BNB in vitro and in vivo, as observed
in other microvascular transmigration model systems.
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Human blood-nerve barrier transporter expression in vitro.

Table 2

PROTEIN CELL LINE mRNA Protein ICC
(WB/FACS)
Alkaline Phosphatase pHENdEC (14) + + +
THENdEC (15) + + N/A
GLUT-1 pHENdEC (14) + + +
THENdEC (15) + N/A N/A
FH-BNB (19) + + N/A
MCT-1 pHENdEC (14) + N/A N/A
THENdEC (15) + + N/A
CRT pHENdEC (14) + N/A N/A
THENdEC (15) + + N/A
LAT-1 pHENdEC (14) + N/A N/A
THENEC (15) + + N/A
v-glutamyl transpeptidase | pHEndEC (14) + + +
THENdEC (15) + + N/A
P-glycoprotein/ MDR1a pHENdEC (14) + + +
THENdEC (15) + + N/A
FH-BNB (19) + + N/A
MRP-1 | FH-BNB (19) | + N/A N/A
OATP-C | THENdEC (15) | N/A | + N/A
OAT-3 | THENdEC (15) | N/A | + N/A

Page 24

Key: pHENdEC: primary human endoneurial endothelial cells, THEndEC: SV40 large T-antigen immortalized human endoneurial endothelial cells,
FH-BNB: conditionally immortalized human peripheral nerve microvascular endothelial cells, MRNA: messenger RNA, WB: western blot, FACS:

fluorescent activated cell sorting, ICC: immunocytochemistry, +: detected, N/A: not assessed. Parentheses represent reference numbers.
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Table 3

Biophysical properties of the human in vitro blood-nerve barrier

Page 25

transwell inserts, 0.4 pm pore size

Blood-nervebarrier Culture conditions Assay time TEER Solute Permeability (Tracer/ value)

Endothelial cell (after (&2 .cm?)

line plating,

in days)

pHENdEC (14, 26, 67) 250,000 cells/cm?, Rat tail collagen- 5-7 ~110-1302 | 70 KDa Dextran-FITC (<5% input @
coated transwell inserts, 3 um pore size 10-12 ~140-160 | 15min)

70 KDa Dextran-FITC (0.7% input @
15 min)

THENdEC (15) 250,000 cells/cm?, Glutaraldehyde- 7 ~180 Sodium-FITC (4.84% input @ 15
crosslinked Rat tail collagen-coated min) 70 KDa Dextran-FITC (0.39%
transwell inserts, 3 um pore size input @ 15 min)

PnMEC (17,18) 3,000,000 cells/cm?, Rat tail collagen- 2 ~20-35P | [Carboxyl-14C] inulin (10-15 uL @
coated transwell inserts, 0.4 pm pore size 20 min)

DH-BNB/ FH-BNB (16) | 3,000,000 cells/cm?, Rat tail collagen- 1-2 ~20-30¢ | N/A
coated transwell inserts, 0.4 pm pore size

DH-BNB/ FH-BNB (19) | 30,000 cells/ cm?, Rat tail collagen-coated 1-2 ~30-40 Sodium-FITC (0.60 x 10-3 cm/min

over 1 h) 4 KDa Dextran-FITC (0.34
x 10-3 cm/min over 1 h)

Key: pHENdEC: primary human endoneurial endothelial cells, THEndEC: SV40 large T-antigen immortalized human endoneurial endothelial cells,
PnMEC: peripheral nerve microvascular endothelial cells, DH-BNB/ FH-BNB: conditionally immortalized human peripheral nerve microvascular

endothelial cells,

aEnhanced by GDNF>TGFB1>bFGF>HC>cAMP/PKA following diffuse endothelial injury. Not affected by physiological doses of TNF-a and

IFN-y;

bEnhanced by co-culture with astrocyte, immortalized brain and peripheral nerve pericyte-conditioned media, and GDNF;

c .
Enhanced by hydrocortisone, N/A: not assessed. Parentheses represent reference numbers.
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