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Abstract The endoneurial microenvironment, delimited
by the endothelium of endoneurial vessels and a multi-
layered ensheathing perineurium, is a specialized milieu
interieur within which axons, associated Schwann cells and
other resident cells of peripheral nerves function. The
endothelium and perineurium restricts as well as regulates
exchange of material between the endoneurial microenvi-
ronment and the surrounding extracellular space and thus is
more appropriately described as a blood—nerve interface
(BNI) rather than a blood-nerve barrier (BNB). Input to
and output from the endoneurial microenvironment occurs
via blood—nerve exchange and convective endoneurial fluid
flow driven by a proximo-distal hydrostatic pressure gra-
dient. The independent regulation of the endothelial and
perineurial components of the BNI during development,
aging and in response to trauma is consistent with
homeostatic regulation of the endoneurial microenviron-
ment. Pathophysiological alterations of the endoneurium in
experimental allergic neuritis (EAN), and diabetic and lead
neuropathy are considered to be perturbations of endo-
neurial homeostasis. The interactions of Schwann cells,
axons, macrophages, and mast cells via cell-cell and cell—-
matrix signaling regulate the permeability of this interface.
A greater knowledge of the dynamic nature of tight junc-
tions and the factors that induce and/or modulate these key
elements of the BNI will increase our understanding of
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peripheral nerve disorders as well as stimulate the devel-
opment of therapeutic strategies to treat these disorders.
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Introduction

Vertebrate axons, their associated Schwann cells and other
resident cells of peripheral nerves function within a spe-
cialized milieu interieur—the endoneurial microenviron-
ment. Exchange of material between this intrafascicular
physiological space and general extracellular space is
restricted and regulated by the blood-nerve barrier
(BNB), also known as the blood-nerve interface (BNI),
which consists of endoneurial vascular endothelium and
a multi-layered ensheathment, the perineurium. The rela-
tive impermeability of the BNI to blood-borne material
protects the endoneurial microenvironment from poten-
tially harmful plasma constituents and rapid fluctuations
of plasma solute concentrations, which could adversely
affect Schwann cell and axonal functions. The absence
of lymphatic drainage in the endoneurial space further
emphasizes the protective nature of the BNI, because, apart
from the cerebral microenvironment, this is the only other
physiological space known to lack lymphatic drainage
[169]. The composition of the endoneurial fluid and its
physical properties are regulated by homeostatic mecha-
nisms located at the BNI and in the endoneurial cellular
elements, a concept that was first proposed about 30 years
ago [194, 195].
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Early morphological studies with several tracers
described the permeability of the BNI as either leaky or
impermeant [110], thus downplaying the graded perme-
ability of this interface to solutes of different sizes
demonstrated by subsequent physiological studies [for
review see 108, 186]. In fact, increases in endoneurial
vessel permeability occur without any accompanying
ultrastructural evidence of endothelial cell damage or death
[99, 184], and physiological studies have measured initial
increases and subsequent decreases in endoneurial vessel
and perineurial permeability [191]. Taken together, these
observations do not support a simple passive restrictive
barrier impeding access of hydrophilic solutes to the en-
doneurial microenvironment, but rather the operation of
endoneurial homeostatic mechanisms, much as in the
blood-tissue interfaces of other organs. Thus, for reasons
outlined above and in anticipation of the increasing sig-
nificance of emerging concepts, such as the neurovascular
unit and immunological driven dynamic permeability
changes, it is proposed that the “interface” in BNI repre-
sents the regulatory and dynamic blood—nerve exchange of
various solutes and water much better than the “barrier” in
BNB. In an attempt to support this proposal, this review
will first consider the structural components of the BNI
and the biophysical properties of the endoneurial micro-
environment before examining key variables during
development, aging, trauma, and finally select diseases and
toxic insults to emphasize the relevance of considering
pathophysiological alterations as perturbations of endo-
neurial homeostasis.

Blood—nerve interface

The endoneurial microenvironment of the peripheral ner-
vous system extends from the proximal root attachment
zones of cranial and spinal nerves to the distal sensory and
motor end organs. The BNI defines this microenvironment
and consists of connective tissue and vascular components,
which exhibit some regional variation along the peripheral
neuraxis. The perineurium, which is the connective tissue
ensheathment of nerve fascicles, separates general extra-
cellular space from intrafascicular, endoneurial space,
while the endothelial lining of endoneurial microvessels,
which are derived from the anastomosing plexuses of the
vasa nervorum that travel within and through the perineu-
rium, separates vascular space from endoneurial space.

Spinal roots
At the subarachnoid angle, the meninges of the central

nervous system (CNS) merge with the connective tissues
ensheathing peripheral nerves (Fig. 1) [41]. Here the dura
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mater blends with the epineurium, while the arachnoid
layer merges with the outer lamellae of the perineurium
[41, 152]. The inner layers of the perineurium derive from
the sheath surrounding the nerve roots. Reminiscent of the
pia mater [42], the outer root sheath contains loosely
arranged cell layers with intermittent junctional contacts,
allowing communication between the subarachnoid and
intercellular spaces [41]. The squamous cells of the inner
root sheath layers are closely opposed [152], with a sur-
rounding basal lamina that is continuous only in the cells in
contact with the endoneurium [41].

Spinal roots traverse the subarachnoid space from the
root attachment zone to the subarachnoid angle (Fig. 1).
The inner root sheath begins as an open-ended tube in the
vicinity of the root attachment zone and merges peripher-
ally with the inner portion of the perineurium at the
subarachnoid angle [42]. In the root attachment zone,
continuity between the subarachnoid space containing
cerebral spinal fluid (CSF) and the endoneurium of the
roots via pial tissue space has been demonstrated ultra-
structurally (Fig. 1) [42] and represents a pressure-driven
egress pathway for CSF, which is a source of endoneurial
fluid. The structural basis for the interface between
parenchyma of the CNS and peripheral nervous system
(PNS) is the glia limitans, which is composed of astrocytic
foot processes that cross each rootlet at its point of
attachment to the spinal cord [for review see 31]. Channels
containing either individual myelinated fibers or groups of
unmyelinated axons perforate these astrocytic foot pro-
cesses. The interpenetration of CNS and PNS tissues in the
rootlets or spinal cord surface forms transition zones with a
length of rootlet containing both tissues [31]. In the tran-
sition zone central to the glia limitans, myelinated fibers
are ensheathed by oligodendrocytes, while peripheral to it,
myelinated and unmyelinated fibers are ensheathed by
Schwann cells. The abrupt change in glial ensheathment at
the glia limitans is in marked contrast to the continuity of
myelinated and unmyelinated axons that cross this surface-
limiting membrane.

The vasculature of spinal roots consists of large, spar-
sely distributed vessels, comparable to those observed in
spinal cord white matter as well as the more distal portions
of the peripheral neuraxis [11]. In line with the greater
metabolic demands of nerve-cell-body-containing nervous
tissue [108], capillary density is greater in sensory ganglia
and spinal cord gray matter [11]. Blood flow in the spinal
cord white matter and roots is about half that measured in
spinal cord gray matter and sensory ganglia [143, 144, 170,
205], reflecting these regional differences in capillary
density. Because of fenestrations in endothelial cells as
well as open interendothelial clefts [109], vessels in spinal
roots are permeable to morphological tracers of various
molecular weights [108].
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Fig. 1 Relationship of the meningeal coverings of the spinal cord to
spinal root and peripheral nerve connective tissue ensheathments. The
outermost meningeal covering, the dura mater (DM), is continuous
with the outermost connective tissue of peripheral nerve, the
epineurium (Epi), while the arachnoid layer (A) merges with the
outer perineurial lamellae at the subarachnoid angle (SA). The inner
layers of the perineurium (Peri) derive from the inner layers of the
root sheath (RS). Inset at upper right shows high-power view of
the transition of connective tissues at the subarachnoid angle. As the
dorsal and ventral spinal roots pass through subarachnoid space (SS),
some of the arachnoid layer is reflected onto the root sheath at the
subarachnoid angle, becoming the outermost layers of this connective

DRG and other ganglia

A connective tissue capsule continuous with the epi-peri-
neurial ensheathment of peripheral nerves surrounds
sensory and autonomic ganglia. The perineurial cellular
lamellae of ganglia are bounded by basal laminae on both
sides and have numerous tight junctions and desmosomes,
as well as occasional gap junctions [6, 108]. Interposed
between the cellular layers are collagen-containing extra-
cellular spaces. The 2-4 cellular lamellae of the
perineurium of the superior cervical ganglion act as a dif-
fusion barrier, with the innermost layers preventing
transperineurial movement of larger molecular weight
tracers [6]. In contrast to the perineurium and the endo-
neurial vessels of the distal nerve trunk, the endoneurial

tissue ensheathment. At the root attachment zone of dorsal and ventral
roots, the pia mater (PM) of the spinal cord is reflected onto the spinal
root and merges with the outer layers of the root sheath, while the glia
limitans (GL) continues across the attachment zone to form the
interface between the central and peripheral nervous systems. The
innermost layers of the root sheath terminate on the spinal root side of
the glia limitans. At the root attachment zones, continuity between the
subarachnoid space and the endoneurium (Endo) has been demon-
strated ultrastructurally (arrows). Inset at upper left illustrates a high-
power view of the dorsal root attachment zone, associated spinal cord
white matter (WM) and underlying gray matter (GM). Modified from
[42, 69]

vasculature of cranial, spinal, and autonomic ganglia is
permeable to a variety of low- and high-molecular weight
tracers [6, 45]. As in the spinal roots, blood-borne tracer is
extravasated through vessels with fenestrated endothelia
and open inter-endothelial clefts within minutes of injec-
tion [6].

Peripheral nerves

As noted above, the epineurium and perineurium comprise
the connective tissue ensheathment of nerve trunks. The
epineurium surrounds mono-fascicular nerves or loosely
binds fascicles of multi-fascicular nerves together. Epi-
neurial vasculature is an anastomosing plexus fed by
radicular vessels that connect to the extrinsic component of
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Fig. 2 Vasa nervorum. The microcirculation of peripheral nerve
derives from regional extrinsic vessels (EV) off of which branch
radicular vessels (RV) that supply the intrinsic circulation of the vasa
nervorum. The intrinsic circulation consists of longitudinally oriented
vessels that course through epineurium (Epi), descend to the

the vasa nervorum, the segmental regional vessels
approaching the nerve trunk at multiple levels (Fig. 2) [76].
The large longitudinally oriented epineurial arterioles and
venules are evident superficially in the nerve trunk as well
as in the deeper regions between the fascicles. Extravasa-
tion of a variety of morphological tracers has been
observed in epineurial vasculature and attributed to diffu-
sion through both open interendothelial clefts and
fenestrated vessels [108].

The perineurium surrounds the endoneurium in con-
centric cellular layers, each one cell thick (Fig. 3). In larger
nerve fascicles, the perineurium consists of as many as 15
cellular layers, with fewer layers in smaller fascicles and
only one cell layer in the vicinity of motor and some
sensory end organs (Fig. 3a—c). Interposed between peri-
neurial cell layers are collagen fibers arranged in circular,
longitudinal and oblique bundles along with occasional
elastic fibers [108, 115], which likely provide the peri-
neurium with its passive compliance properties. Perineurial
cells are flattened squamous cells initially considered to be
epithelial cells [152, 153], but later shown to have a
fibroblast origin [18]. As in the root sheath and ganglia,
perineurial cells lack a polarized architecture and are
bounded on both sides by basal or external laminae [107,
157]. As well as abundant caveolae, filaments and dense
bodies, attributes of contractile cells, have been observed in
the perineurial cells of mouse sciatic [141] and cat peroneal
nerves (Fig. 3d), and possibly represent the structural basis
for the active compliance properties of the perineurium.
Within a perineurial sleeve, tight junctions join cells
together, while tight junctions, desmosomes or gap
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perineurium (Peri) and ultimately join with vessels in the endoneu-
rium (Endo) via transperineurial connections (arrow). Extensive
anastomotic connections are present at all levels of the intrinsic
circulation. Modified from [76]

junctions are occasionally observed linking cells in adja-
cent layers together (Fig.3b) [19]. Tight junctions,
particularly those of the innermost perineurial sleeves,
provide a barrier to the diffusion of various large molecular
weight tracers, as well as restrict diffusion of low mole-
cular weight tracers [110, 162].

Anastomotic connections between the epineurial and
the perineurial circulation occur at various levels in the
perineurium, with the longitudinally oriented vessels obli-
quely penetrating the cellular layers to connect with
endoneurial vessels (Figs. 2, 3a) [95]. Single perineurial
layers accompany penetrating vessels entering the endo-
neurium and represent focal continuities between the
epineurial and the endoneurial spaces [19]. Edema-induced
increases in endoneurial hydrostatic pressure (EHP) leave
obliquely penetrating perineurial vessels vulnerable to
compression [95]. The endoneurial and transperineurial
vessels comprise a sparsely distributed network of arteri-
oles, capillaries, and venules that remains intact when an
individual fascicle is isolated [76]. As might be expected,
nerve blood flow is comparable to that measured in spinal
cord white matter and roots, which is about half that of
flow in spinal cord gray matter and sensory ganglia [143,
149, 170, 205]. The diameters of the continuous, non-
fenestrated capillaries are larger than those of capillaries in
adjacent skeletal muscle (6-10 vs. 3-6 pm) [11]. In con-
trast to leaky endoneurial vessels in new-borne mouse
sciatic nerve, tight interendothelial junctions in adult
endoneurial vessels represent the structural basis for
restricted permeability to vascular tracers of various
molecular weights [61, 105, 106, 109], while occasional
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Fig. 3 Perineurial ensheathment of peripheral nerve. a A transperi-
neurial vessel in a sural nerve biopsy from diabetic patient has
penetrated the outer perineurial lamellae on its way from the
epineurium (left) to the endoneurium (right). b Common peroneal
nerve biopsy from a diabetic cat showing a portion of fascicle with
four perineurial lamellae. Arrow indicates junctional contact between
the inner two concentric perineurial cell layers. ¢ Dermal nerve in

open interendothelial gaps differentiate these vessels from
the consistently tight vessels in most regions of the brain [11].

Sensory and motor end organs

As nerve fascicles become smaller and approach sensory and
motor end organs, the number of concentric perineurial
layers decreases (Fig. 3c). Whether individual myelinated or
unmyelinated fibers are surrounded by perineurium as they
reach sensory and motor end organs has been a controversial
subject and seems to be dependent on the particular end
organ. Some maintain that a complete perineurial investment
is continuous with the capsules of sensory organs, such as
Meissner, Krause, and Pacinian corpuscles, and also covers
the motor endplate [152, 153]. Others have provided ultra-
structural evidence that the perineurial layer ends just before
reaching the motor endplate, providing an open-ended
termination with continuity between epineurial and endo-
neurial space [19]. While ultrastructural evidence is lacking,
there is likely an open-ended perineurial sleeve for simple
sensory nerve formations and arborizations ending in con-
nective tissue, as well as the naked nerve endings of intra-

glabrous skin of rat hind paw ensheathed by a perineurium with only
two lamellae. d Perineurium in a common peroneal nerve biopsy from
a diabetic cat. Note filaments (black arrows) and dense bodies (white
arrow), which are attributes of contractile cells. Bar 6.36 pum in (a),
0.69 um in (b) 2.00 pm in (¢) and 0.27 pm in (d). Electron
micrograph in a kindly provided by HC Powell

epidermal innervation, and glomus and Merkel complexes
[80, 152]. Open-ended perineurial sleeves provide distal
continuity of the endoneurial microenvironment with the
surrounding extracellular tissue space and may ensure
maintenance of proximo-distal endoneurial fluid flow by
providing distal drainage sites (see below).

Nerve microenvironment

Myelinated and unmyelinated nerve fibers are the major
constituent of the endoneurium, a uniquely regulated
microenvironment that, unlike most extracellular tissue
spaces, lacks a lymphatic circulation and is under positive
hydrostatic pressure. Blood—nerve exchange and convec-
tive endoneurial fluid flow, which is driven by a proximo-
distal hydrostatic gradient, are the major sources of input
to and output from the endoneurium. Because homeostatic
mechanisms regulate this internal space, pathophysiologi-
cal alterations of the nerve microenvironment can be
viewed as the consequence of altered endoneurial
homeostasis.
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Fig. 4 Cellular constituents of
the endoneurial
microenvironment in peripheral
nerve. A small nerve fascicle
ensheathed by perineurium
(Peri) surrounded by epineurial
collagen fibrils is shown with
myelinated (MF) and
unmyelinated (UMF) fibers, a
single endoneurial vessel

(V) and scattered fibroblasts
(F) embedded in the loose
connective tissue of the
endoneurium. Not shown are
pericytes, resident macrophages
and masts cells. Modified from
[76]

Endoneurium

The BNI defines a specialized microenvironment designed
to support myelinated and unmyelinated fibers carrying
sensory afferent input to and motor efferent output from the
spinal cord and brain (Fig. 4). In rats, these fibers occupy
about 75% of the endoneurial area of sciatic or tibial nerves
[30, 88, 131]. Though more numerous, the smaller unmye-
linated fibers inhabit only a small fraction (approximately
4%) of the total endoneurial space occupied by nerve fibers
[88]. Schwann-cell-derived basal or external laminae sur-
round all myelinated and unmyelinated fibers, which are
embedded in a network of collagen fibrils within a pro-
teoglycan-containing ground substance. The extracellular
space of the nerve microenvironment occupies about
20-25% of endoneurial area, with collagen fibrils taking up
twice as much area as “structureless” extracellular space,
which presumably reflects the space filled by ground sub-
stance [8, 88]. Nerve fibers, fibroblasts, and other cells are
nourished by an intrinsic vasculature (Fig. 2) that occupies
just 1% of endoneurial area [88], which, in rat sciatic
nerve, equates to an approximate density of 68 blood
vessels/mm” [20]. While present in the epineurium, the
endoneurium lacks a lymphatic circulation [169]. With a
few important exceptions that may be a consequence of the
absence of lymphatic capillaries, entry into and exit from
the nerve microenvironment is tightly regulated.
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Early workers observed that surgically breaching the
perineurium resulted in the immediate herniation of
underlying nerve fibers [168] that, over time, underwent
focal demyelination and remyelination [163]. The hernia-
tion of endoneurial contents through a perineurial window
highlights several important characteristics of the nerve
microenvironment. Unlike other extracellular connective
tissue spaces, the perineurium-contained endoneurium is
under positive pressure. Subsequent studies have estab-
lished that normal EHP in peripheral nerves is in the range
of 2-3 mmHg [72-74, 87, 97-100] and that the compliance
of the perineurium is greater when responding to small
increases in endoneurial volume than when faced with
large increases [70]. Thus, the nerve microenvironment
accommodates small increases in endoneurial volume
without a corresponding increase in EHP, a consequence of
the buffer provided by a compliant perineurium.

Endoneurial fluid

The endoneurial water content of the sciatic nerve of adult
rats is about 70% [53, 84, 184, 191], with water distributed
between the intracellular and extracellular compartments.
As noted, the extracellular space within a nerve fascicle is
about 20-25% of the total endoneurial volume and water in
this compartment is either free or part of the hydrated gel-
like ground substance. In rats, the electrolyte content of
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endoneurial fluid has been assessed by performing energy
dispersive spectrometry on picoliter samples obtained after
making a small perineurial window [85, 87, 90-92].
Although subsequent studies report electrolyte levels that
are more isotonic to their serum counterparts [85, 87, 90,
91], initial studies [92] suggested that endoneurial fluid
sodium, chloride, and potassium were hypertonic to serum
levels of these electrolytes, as reported in a much earlier
study employing different analysis methods [63]. Using an
elution procedure and subsequent immunoblotting, endo-
neurial fluid was determined to have 3.6% of total
endoneurial protein, with albumin the dominant protein
[120]. However, plasma levels of albumin, which is pro-
duced in the liver [116], are higher than those in
endoneurial fluid, in line with albumin’s role as a major
determinant of vascular oncotic pressure.

In terms of fluid dynamics, the endoneurial contents
consist of a non-compressible aqueous solution and a
somewhat compressible cellular content constrained by a
compliant perineurial sheath. Hence, the volume of the
endoneurial contents and the compliance of the perineu-
rium determine EHP. Fluid flow to and from the
endoneurium occurs across the walls of the endoneurial
vasculature and by convective proximo-distal endoneurial
fluid flow (see below). Fluid does not normally enter the
endoneurium across the perineurium, given the slight
positive EHP. Thus, endoneurial fluid exchanges material
with blood directly across the endoneurial vascular endo-
thelium and, in some instances, indirectly across the multi-
layered perineurium, while being turned over by convec-
tive proximo-distal endoneurial fluid flow.

Under typical conditions, electrolyte content of aspi-
rated endoneurial fluid is, for the most part, iso-osmotic
with serum concentrations of sodium, chloride, and
potassium ions [87, 88, 90, 91] and not likely to exert an
interstitial osmotic pressure. In contrast, endoneurial
albumin can be calculated to exert an interstitial oncotic
pressure of about 3 mmHg [65]. The normal EHP of
2-3 mmHg will oppose endoneurial oncotic pressure and
thus minimize net fluid filtration from the endoneurial
vasculature. However, this balance of oncotic and hydro-
static forces can be disturbed if the capillary permeability
to albumin increases slightly, allowing the endoneurial
albumin concentration to rise and thus draw more fluid
from the vascular compartment into the endoneurial
interstitium. The resulting endoneurial edema together with
the low compliance and hydraulic conductivity of the
perineurium will elevate EHP. Net fluid gain by the
endoneurial space will cease when a new equilibrium is
established among the hydrostatic and oncotic pressures of
the endoneurial and vascular compartments. It is quite
likely that this is the mechanism of edema formation
observed in experimental diabetic and lead neuropathy, as

well as early Wallerian degeneration (see below). On the
other hand, the edema present in galactose-induced neu-
ropathy is not vasogenic but due to the presence of an
excess of endoneurial fluid electrolytes [87, 90, 91, 187].

Routes of blood—nerve exchange

Both direct and indirect routes are available for exchange
of material across the BNI. The direct pathway is across the
endothelium separating endoneurial vascular space from
the endoneurium. The indirect route requires a movement
from epineurial vascular space through the relatively leaky
epineurial capillaries into extracellular space and then
across the perineurium into the endoneurium. The follow-
ing observations implicate the direct pathway as the major
route of blood—nerve exchange. Endoneurial capillaries are
permeable to lanthanum, while the perineurium is imper-
meable to this ionic tracer [6, 77, 153]. Histamine increases
the permeability of endoneurial capillaries but not the
perineurium to macromolecular tracers [135, 164]. Intra-
vascular perfusion with a hyperkalemic solution inactivates
peripheral nerve much more rapidly than bathing nerve
with the same solution [62]. Endoneurial capillaries are two
orders of magnitude more permeable to radiolabeled
albumin than the perineurium [164, 185, 188, 193-195;
Weerasuriya, unpublished observations]. In spite of about a
fourfold increase in perineurial permeability during Wal-
lerian degeneration, the PS, (permeability coefficient
surface area product) of the frog sciatic nerve decreases by
more than 60%, reflecting the greater sensitivity of PS, to
capillary permeability [184]. In leprosy, endoneurial blood
vessels become permeable to ferritin, whereas the peri-
neurium remains impermeable [13]. Strictly speaking, BNI
permeability to a given solute is slightly higher than the
endoneurial capillary permeability to that same solute, with
the difference due to the minor contribution of the rela-
tively impermeable perineurium.

On the basis of the permeability measurements to
hydrophilic solutes of various sizes and before the avail-
ability of adequate structural evidence, physiologists
postulated that the capillary endothelium contained both
small and large hydrophilic pores [39, 112]. The ratio of
small to large pores, though variable, seems to be in the
range of about 30,000:1 [51, 138]. Recent evidence sug-
gests that the structural basis of small pores are the inter-
endothelial clefts [56], which have a width of about 20 nm
and occupy about 0.4% of the capillary surface area [17].
Because of their rarity, the identity of large pores is less
certain. Potential candidates are transendothelial channels
formed by the fusion of plasmalemmal invaginations,
shuttling by pinocytotic vesicles, widened endothelial
intercellular junctions and/or fenestrae [139]. Pinocytotic
uptake of horseradish peroxidase and the appearance of this
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tracer in phagosomes of perivascular macrophages have
been observed in normal rats and mice [47, 158, 159],
supporting transendothelial movement of large molecules.
Properties of the small- and large-pore pathways are
exhaustively reviewed elsewhere [22, 140, 171]. In contrast
to endothelia, perineurial cells do not display an apicobasal
polarity. Thus, the major route for transperineurial passage
of material is a paracellular pathway, regulated by belts of
intercellular tight junctions that are arranged in series when
the perineurium is multilayered. A recent report of the
presence of VE-cadherin in perineurial cells [161], as well
as the presence of tight junction proteins, zonula occlu-
dens-1 (ZO-1), occludin and claudins (claudin-1 and -3 in
the perineurium and claudin-5 in the endothelium), in both
perineurial and endoneurial endothelial cells [134, 175] is
consistent with similar mechanisms regulating permeabil-
ity at these sites (see below).

BNI transporters, enzymes and receptors

Given the relative impermeability of the BNI, it is not
surprising that exchange of several solutes depends on the
presence of specific pumps, transporters, enzymes and
receptors designed to meet the metabolic, ionic and other
requirements of nerve [for review see 5]. The endoneurial
microenvironment, unlike the cerebral microenvironment,
does not require a moment-to-moment regulation of
nutrients and oxygen. The earlier radioisotopic demon-
stration of facilitated transport of p-glucose [137], have
been complemented by reports on the presence of GLUT-
1 in both endothelial cells and perineurial cells [32, 33,
79]. In keeping with the earlier postulate that the peri-
neurium is a specialized connective tissue, the above
studies did not demonstrate an apicobasal polarity of
GLUT-1 transporters in perineurial cells, suggesting that
the role of perineurial GLUT-1 transporters is the nour-
ishment of these ensheathing cells. In nerve, Nat, K*-
ATPase is present in both luminal and abluminal plasma
membranes of endothelial cells as well as the innermost
perineurial cells [113, 125], with no apparent polarity at
either site, which is in contrast to the predominately
abluminal expression in brain endothelial cells [12] and
implies that maintenance of the ionic microenvironment
of nerve is less critical than that in brain [5]. Alkaline
phosphatase, which is found on both the luminal and
abluminal surfaces of brain endothelial cells, is absent
from perineurial cells but is found on endoneurial endo-
thelial cells, where it transports phosphate ions and esters,
and hydrolyzes phosphorylated metabolites [83, 176].
The L-type amino acid transporter (LAT-1), which pre-
ferentially transport neutral amino acids, the creatine
transporter, which moves the creatine necessary for
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storage of high-energy phosphate groups, as well as the
monocarboxylate acid transporter (MCT-1), which
transports monocarboxylates such as lactate, have been
demonstrated in nerve and brain endothelia in vitro and/or
in vivo [57, 104, 148]. More recently, LAT-1, creatine
transporter and MCT-1 were detected in primary endo-
neurial endothelial cell cultures [204]. The transferrin
receptor (OX-26 antigen), which the transports ferric ions
required as co-factors supporting oxidative and other
metabolism, is present in only trace amounts in endo-
thelial cells and perineurium [111]. An important efflux
transporter of toxins and xenobiotics, p-gp or multidrug
resistance gene la, has also been demonstrated in the BNI
[147]. While expression of GLUT-1, alkaline phospha-
tase, and OX-26 antigen in the brain endothelia is
astrocyte-dependent, it is unclear what factors regulate
expression of these and other key molecules in the BNI,
although Schwann cell signaling via desert hedgehog has
recently been implicated in the development of the peri-
neurium [113] and more recently in the induction and
maintenance of the BNI [154]. Moreover, recent in vitro
experiments suggest that pericytes modify BNI function
and junctional molecules through secretion of a variety of
soluble factors [156].

Proximo-distal endoneurial fluid flow

In addition to the blood—nerve exchange discussed above,
another putative source of input to and output from the
endoneurium is convective endoneurial fluid flow. The
presence of a proximo-distal flow of fluid was first dem-
onstrated in rat and guinea pig sciatic nerve, using
endoneurial injections of dyes, crystals, and radioactive
mineral salts as indices of fluid movement and with con-
clusions based on the comparisons of proximo-distal spread
of indicators in dead and living tissue [197]. The use of
relatively large (100 pL) injection volumes and small
hydrophilic tracers that could have migrated down the
nerve by entering the vascular compartment and later
reentering the endoneurial space precluded the calculation
of a precise rate of convective fluid flow, but suggested an
approximate rate of 3 mm per hour, similar to results
obtained studying traumatized chicken sciatic nerves [82].
Using another approach, convective fluid flow was calcu-
lated to be 4-8 mm per hour by injecting 10 pL of
tetrodotoxin into the endoneurium and monitoring the rate
and spread of inactivation [71]. More recent experiments
using intraneural microinjections of **Na show a distribu-
tion pattern of this radiotracer along the length of the nerve
at three different survival times that is consistent with a
progressive proximo-distal movement of the isotope
(Weerasuriya, unpublished observations).
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With respect to the driving force of proximo-distal fluid
flow, descriptive studies on EHP [126] are consistent with
CSF pressure in the spinal cord being the pressure head
for the proximo-distal flow of endoneurial fluid. Hydro-
static pressure is about 10 mmHg in spinal cord, about
3-5 mmHg in dorsal root ganglia, and about 2-3 mmHg in
peripheral nerves [100]. The presence of this pressure
gradient from the interstitial spaces of the spinal cord to the
endoneurial interstitium of peripheral nerves, as well as the
continuity between the spinal subarachnoid space and the
endoneurial space at the root attachment zone (Fig. 1) [41,
81], supports the contention that CSF pressure is the main
propulsive force of the endoneurial fluid. However, this
contention is not without theoretical limitations. For
example, the fate of CSF pressure-driven endoneurial fluid
at the distal ends of sensory nerves lacking open perineurial
sleeves is not clear [69]. One possibility is that the peri-
neurium in such nerves is more permeable distally than
proximally to allow for a transperineurial dissipation of
endoneurial fluid. If not, then one has to postulate a slower
turnover of endoneurial fluid at the distal end of some
sensory nerves lacking open perineurial sleeves, which
could account for the greater vulnerability sensory nerves
to pyridoxine toxicity [60].

Endoneurial fluid turnover

The albumin content of desheathed human sural nerve is
8.7 pg/mg~" of dry weight [118]. Assuming the endo-
neurial wet/dry weight ratio is 3.0, endoneurial albumin is
extracellular and free, and endoneurial extracellular space
is 25%, the albumin content per nerve dry weight can be
converted to an albumin concentration of 11.6 mg/mL ™"
in endoneurial fluid. Based on this endoneurial fluid
albumin concentration, a plasma albumin concentration
of 33.1 mg/mL_1 [118] and the PS A to albumin [189], the
calculated rate of blood—nerve albumin transfer is about
1.2 mg/g~'/day™". At this rate of transfer, and assuming
relatively constant albumin concentrations in endoneu-
rium and plasma, about 30% of the endoneurial albumin
is turned over each day. By comparison, CSF and its
constituents are turned over about 3-4 times each day
[55].

The rate of albumin removal from the endoneurium is
comparable to the rate of blood—nerve albumin transfer
calculated above. In non-neural tissues, lymphatic drainage
plays a role in clearing interstitial albumin, while CSF and
perivascular drainage are sinks for extracellular albumin in
the CNS [135]. In peripheral nerve, in the absence of both
lymphatics and an active CSF circulation, the route of
removal of albumin and other macromolecules remains to
be identified. The metabolic breakdown of albumin to
supply amino acids to axons and glia is one possibility.

Another possibility is the proximo-distal convective flow of
endoneurial fluid discussed above.

Endoneurial homeostasis

In order to maintain the constancy of the milieu interieur,
multicellular organisms employ complex homeostatic
mechanisms directed at stabilizing different regulated
variables. Highly specialized and protected extracellular
microenvironments are maintained via interfaces with
vascular and extracellular spaces that are essential for the
compartmentalization of specialized milieux interieurs. A
nerve fascicle, the cylindrical, perineurial-delimited struc-
tural entity encompassing axons, glial cells and other
attendant satellite cells (Fig. 4), is the relevant physiolog-
ical functional unit for the peripheral nervous system. The
specialized microenvironment of peripheral nerve fibers is
maintained by regulated blood—nerve exchange across the
BNI and turnover of endoneurial fluid by convective fluid
flow, which is vital for the maintenance of endoneurial
physiological parameters including blood flow, O, tension,
pH, oncotic pressure, hydrostatic pressure, and ion con-
centrations. Some of these physiological parameters have
been measured: PS5 to [14C] sucrose [138, 150], [14C]
glucose [137] ['251] albumin [188], and 22Na, *’K and *°Cl
[182, 184, 187]; endoneurial blood flow [75, 94, 96, 144];
EHP [74, 97]; and ion concentration in endoneurial fluid
[71, 85, 87, 90, 91, 92, 187, 189]. Other parameters have
been described only qualitatively or not at all: endoneurial
concentration of H™ and Ca2+; rate of convective endo-
neurial fluid flow; volume of endoneurial extracellular
space; perineurial permeability to macromolecules; and
tortuosity of the endoneurial extracellular contents. The
above list is neither exhaustive nor does it relate to all the
pathophysiological alterations associated with the endo-
neurial microenvironment. Nevertheless, changes in
parameters, such as endoneurial water content, EHP and
the PS, of various solutes, reflect osmotic imbalances that
can be monitored for evidence supporting homeostatic
regulation of the nerve microenvironment. Thus, it is hoped
that discussion of these few variables in the context of
development and aging, recovery from nerve trauma, and
the responses to disease and toxic insults will support the
notion that developmental or pathophysiological changes
of the nerve microenvironment elicit endoneurial homeo-
static responses.

Development and aging

During normal development, the nerve microenvironment
of juvenile animals is more exposed to macromolecules of
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vascular origin than that of adult animals, as shown quali-
tatively in studies employing morphological tracers [61,
160] and quantitatively in studies assessing the PS4 of the
BNI [184]. Both perineurial [61] and endoneurial vascular
[160] components of the BNI of juvenile rodents are per-
meable to Evan’s blue albumin or HRP until about 2 weeks
after birth. During the first weeks after birth, quantitative
studies with radiolabeled albumin show a precipitous
decline in PS, and endoneurial water content that reaches
adult values by about 8 weeks after birth, indicating that
endoneurial capillaries and the perineurium become less
permeable during development (Fig. 5) [184]. Interest-
ingly, the BNI index to albumin, a measure of endoneurial
albumin, increases until about the 6 weeks after birth, after
which it declines until adult values are attained 13 weeks
after birth. The increase in the endoneurial albumin pos-
sibly reflects an initial gradual reduction in both perineurial
clearance of albumin and its use as a metabolic substrate
after the peak of myelination, while the combination of the
developmental decrease in microvessel permeability and
continued metabolic clearance would gradually reduce
endoneurial albumin to levels found in adult nerve.

An intriguing issue arising out of these observations is
how developing nerve with its highly permeable BNI
avoids the pathology observed in an adult nerve with a
comparably permeable BNI. In the adult, extravasation of
plasma proteins inevitably leads to endoneurial edema and
increased EHP, resulting primarily from albumin-induced
elevation of oncotic pressure in the endoneurial interstitial
space. Due to the operation of Starling forces, water
drawn into the endoneurial interstitium from the vascular
compartment leads to increased endoneurial water con-
tent and, together with low perineurial compliance and
hydraulic conductivity, causes an elevation in EHP, which
can occlude the obliquely penetrating transperineurial
vessels that feed the endoneurial microcirculation [95].
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By contrast, a highly permeable BNI during initial devel-
opment does not lead to edema and elevated EHP because a
more permeable perineurium prevents the endoneurial
accumulation of fluids and osmolytes, allowing for the
clearance of this material by epineurial lymphatic vessels.
In addition, a higher compliance of the juvenile endo-
neurial tissue mass would also buffer a tendency for EHP
elevations. Thus, the need for greater blood—nerve
exchange of material to support the active metabolism
associated with growth, as well as tight junction dissolution
and reformation during vasculogenesis-induced endothelial
proliferation, likely promote a more permeable endoneurial
microvasculature in developing nerve.

At the other end of the developmental spectrum, the
nerve microenvironment and BNI integrity have been
studied in aged rats [178]. The PS to sucrose in the sciatic
nerve, as well as vascular space and water content of tibial
nerve were assessed in rats at 3, 11, and 31 months of age.
No age-dependent differences were observed in any of
these variables, suggesting that, once established in early
adulthood, the integrity of the BNI is not altered even in
senescent rats. However, aging is associated with increased
EHP, which has been shown to have two developmental
plateaus, one from about 3 to 13 weeks of age, and a
second from 6 months onward [23]. The first increase in
EHP is associated with the establishment of BNI integrity
in young adult animals, while the second may be associated
with the age-associated reductions in perineurial compli-
ance [23]. Thickening of the basal laminae of perineurial
cells has been observed in biopsies from diabetic patients
as well as older control subjects and may be a structural
correlate of reduced compliance of the ensheathing peri-
neurium [59].

Trauma

After a nerve is transected, crushed or otherwise injured,
myelinated and unmyelinated fibers undergo a process
called Wallerian degeneration distal to the site of injury
[24, 142, 166, 174]. Axons and myelin sheaths collapse,
myelin is degraded and Schwann cells dedifferentiate and
proliferate [14, 114, 167] before, if conditions permit, ax-
ons regenerate and, as they contact Schwann cells, initiate
remyelination [3, 49, 119]. The fact that perineurial per-
meability increases only about twofold during Wallerian
degeneration [191, 196] argues against a ‘breakdown’ of
this component of the BNI. Although lipid droplets and
proteinaceous material are present in the perineurium of
degenerating nerves, perineurial cells show no evidence of
disruption [66, 198], rather they proliferate, hypertrophy
and increase their organelle content [66]. Thus, an alter-
native and more plausible interpretation is that the bimodal
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Fig. 6 Endoneurial hydrostatic pressure and perineurial permeability
during Wallerian degeneration. BNI PS, to 2’Na during the first
4 weeks of Wallerian degeneration is shown. Reproduced with
permission [191]

increase in perineurial permeability (Fig. 6) is part of a
dynamic endoneurial homeostatic response.

Lasting only a few days, the initial peak of perineurial
permeability [191], is most likely related to an acute
inflammatory response triggered by the trauma of nerve
section, as well as the proliferative response of the peri-
neurium [66]. In addition to decreased expression of
intercellular junctional proteins, such as claudin-1 and -5,
occluding, VE-cadherin and connexin43 [44], transected
or crushed degenerating nerves show an increased num-
ber of degranulating mast cells [27, 66, 126, 198], which
release histamine, a biogenic amine with potent inflam-
matory  properties known to promote vascular
permeability [128], as well as fenestrated endoneurial
endothelium, which could contribute to the development
of the extracellular endoneurial exudates [102]. The peak
of EHP occurs after the initial peak of perineurial per-
meability, which is consistent with an increase in vascular
permeability coincident with a decline in perineurial
permeability, leading to an accumulation of endoneurial
osmolytes of vascular origin. The later sustained increase
of perineurial permeability and hydraulic conductivity
may be a component of endoneurial homeostasis related
to dissipating EHP by transperineurial movement of
endoneurial fluid and clearing myelin debris from the
endoneurium (Fig. 6). Increased permeability of both the
perineurial and vascular components of the BNI facili-
tates the entry of the macrophage precursors, monocytes,
into the endoneurium [102, 167].

Unlike nerve transection, crush injury preserves the
external laminae surrounding individual myelinated and
unmyelinated fibers, expediting functional recovery
because regenerating axons are more likely to re-establish
contact with their original sensory and motor end organs.

Thus, the examination of the BNI during nerve regeneration
provides an opportunity to determine whether the osmotic
imbalances associated with the Wallerian degeneration
resolve in a manner consistent with a homeostatic regula-
tory response [185]. Although re-expression of intercellular
junctional proteins is completed within days after crush
injury [44], the BNI PS, to 22Na is increased from the 4th
day up to the 8th week after a crush lesion, allowing easier
access of water into the endoneurial compartment. How-
ever, by the 18th week after nerve crush, the PS, to 22Na
returns to normal but endoneurial water content, which
increases from day 4, remains elevated, with its peak during
the 2nd week after crush corresponding to the period of
increased permeability of the BNI to *?Na. While an
increased BNI PS, to plasma macromolecules would ele-
vate the osmolality of endoneurial fluid and draw water
into the endoneurial microenvironment, a decrease in the
endoneurial fluid turnover could also contribute to the
increased water content of the regenerated nerve. Mor-
phological evidence of nerve edema and increased EHP
are coincident after crush injury [129] but endoneurial
water content can still be elevated after EHP of regener-
ating nerve returns to normal [192]. Increased perineurial
compliance of regenerated nerve may help maintain EHP
in the normal range in spite of increased endoneurial water
content.

Physical nerve injuries induced by cold and heat also
result in Wallerian degeneration and subsequent regenera-
tion but with interesting time-course differences compared
to nerve crush or transection. In nerve crush, EHP peaks
6 days after injury and returns to normal over the next
30 days [129], while lesions induced by a surgical cryo-
probe produce two peaks of EHP [98]. Within 90 min of
injury, EHP reaches the highest values yet recorded
(17 mmHg) and subsides within 1 day, followed by second
peak that occurs after 6 days and is comparable in height
and duration to what is observed in nerve crush injury. The
initial marked increase in EHP after 90 min is associated
with severe vascular injury resulting in extravasation of
blood into the endoneurium. Large volumes of endoneurial
fluid resulting from vascular injury are thought to stretch
the perineurium through its elastic range, producing a large
increase in EHP, which then subsides as a consequence of
an acceleration of proximo-distal flow or because the
compliance or hydraulic conductivity properties of the
perineurium are altered [98]. Focal heat injury induced by a
carbon dioxide laser appears intermediate between crush
and cryoprobe injury, with an initial high EHP within
2 days that persists during the process of Wallerian
degeneration [93]. In this study, the ability to focus the
laser nerve injury to only a part of a fascicle moderated the
consequences, which otherwise would be expected to be
comparable to that observed after a cryogenic nerve lesion.
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Disease
EAN

Experimental allergic neuritis (EAN), an established model
of Guillain—Barre syndrome (GBS), has been induced by
direct inoculation of crude nerve homogenates [64, 180,
202] or neuritogenic peptides [132], as well as by adoptive
transfer of T cell lines sensitized to minimum length neu-
ritgenic peptides [131]. In the animal model and human
disease, the primary lesion is demyelination [7, 10, 15, 29,
40, 64, 202], resulting from immune-mediated targeting of
myelin proteins. Nerve edema occurs prior to the peak of
demyelination [133] and is associated with increased EHP
and inflammation (Fig. 7) [131]. The severity and time
course of this immune-mediated endoneurial osmotic
imbalance is dependent on the method used to induce EAN
[132]. Adoptive transfer of T cells sensitized to neurito-
genic peptides produces a peak in edema, EHP and
inflammatory infiltrate 7 days after inoculation that ulti-
mately resolves to near-normal levels by 11 days. The
endoneurial osmotic imbalance occurs earlier and is more
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Fig. 7 Endoneurial fluid pressure and morphometric estimates of
endoneurial extracellular space and inflammatory infiltrates in Lewis
rats as a function of time after injection with P,-sensitized T cell lines
or T cells from rats with adjuvant arthritis (O days). Note that these
parameters all peak at 7 days. Data are presented as mean + SD and
were analyzed with ANOVA after which multiple comparisons were
made with the Fisher PLSD test: a P <0.05 versus O days;
b P < 0.05 versus 3 days; ¢ P < 0.05 versus 5 days; and d P < 0.05
versus 7 days. Reproduced with permission [131]
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severe after adoptive transfer of T cells sensitized to neu-
ritogenic peptides than after direct sensitization with these
peptides, a reflection of using T cells already sensitized to
these antigens [131, 132].

The onset of nerve edema in EAN is coincident with a
dramatic change in the BNI. The venular endothelium
adopts a thomboid appearance reminiscent of high endo-
thelial venules that is markedly different from their normal
scaphoid morphology (Fig. 8a—c) [131]. Having transiently
lost tight junctions, some endothelial cells are separated
with deep clefts between them, presumably in response to
infiltrating leukocytes that leave the subendothelial basal
lamina fragmented at these sites (Fig. 8c). Within the
endoneurium, mononuclear cells of perivascular infiltrates
can sometimes be seen adhering to the surface of mast
cells, whose degranulation augments the increase in vas-
cular permeability to macromolecules promoted by
interendothelial separation [123]. Proteinaceous electron-
dense material, fibrin and inflammatory cells are also found
in the subperineurial space and clumps of fibrin have been
observed between perineurial lamellae, indicative of a
change in perineurial permeability to macromolecules.
These observations suggest that the endoneurial osmotic
imbalance in EAN is a result of extravasation of plasma
accompanying leukocyte infiltration and consequent
secretions of pro-inflammatory mediators by infiltrating
leukocytes, activated Schwann cells, resident macrophages
and mast cells that precedes and precipitates immune-
mediated demyelination. The transient loss and re-estab-
lishment of endothelial tight junctions, the decline of
edema and EHP, and, perhaps most importantly, resolution
of physical signs of neurological impairment indicates
that this process is self-limiting in EAN [131] and may
reflect an adaptive endoneurial homeostatic response to
peripheral nerve inflammation. However, in chronic human
inflammatory conditions, such as chronic inflammatory
demyelinating polyradiculoneuropathy and Crow-Fukase
or POEMS syndrome, derangements of the BNI reflected
by altered patterns of claudin-5 and ZO-1 immunostaining
[54] and endoneurial immunoglobulin staining [146] may
not be as readily self-limiting.

Although demyelination is the pathognomonic lesion in
EAN and GBS, axonal injury has been a persistent obser-
vation in both the animal model and human disease [7, 10,
15, 29, 40, 64, 202]. The temporal association of axonal
degeneration with edema and increased EHP at a time
when demyelinated fibers are scarce implies that the axon
is vulnerable to the inflammatory process and conse-
quent endoneurial osmotic imbalance [131]. While the role
of anti-ganglioside antibody- and complement-mediated
damage, particularly in axonal variants of animal models
and GBS, is well established as a mechanism of axonal
injury [for review see 199], a compressive effect of nerve
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Fig. 8 Tibial nerve endoneurial
microvessels in EAN resulting
from injection of P,-sensitized
T cell lines or T cells from rats
with adjuvant arthritis. Vessel
from control rat injected with T
cells sensitized to adjuvant
arthritis (a) or from a rat where
EAN was induced by injection
of P,-sensitized T cells (b) and
(c). Upper inset in a is from
control rat and lower inset from
a rat with EAN. Arrows indicate
interendothelial clefts, which
have tight junctions in (a) and
are open in (c¢). Note fragmented
endothelial basal lamina in

(¢) below arrow. Bar 100 pm in
insets, 1.43 um in (a), 2.00 um
in (b) and (c). Reproduced with
permission [131]
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edema resulting in ischemia has been also been suggested
[78]. It is worth noting that the nerve edema and increased
EHP are associated with the reduced nerve blood flow and
axonal damage in both hexachlorophene and galactose
neuropathy [94, 96], and are believed to constrict trans-
perineurial vessels by stretching the perineurium beyond its
compliance limits [52, 95]. The respiratory burst associated
with macrophage-mediated demyelination in EAN and
GBS [43] could exacerbate ischemia resulting from
reductions in nerve blood flow. Compared to nerve crush or
transection injuries, the limited extent of axonal injury in
EAN would be expected to moderate the osmotic conse-
quences of Wallerian degeneration discussed above.

Diabetes

Peripheral neuropathy is a chronic long-term complication
of both insulin-dependent and insulin-independent diabetes
mellitus that affects all cellular elements of nerve [89].
Demyelination can be primary or secondary to axonal
degeneration, with both primary and secondary demyelin-
ation documented in the same nerve biopsy [145].
Segmental demyelination and axonal degeneration have
been reported in various animal models, although the
degree of coherence of structural nerve injury in human
and experimental diabetic neuropathy depends on the
model and the duration of diabetes. While not consistently
observed, evidence of edema has been documented in both
human and experimental diabetic neuropathy using a

variety of techniques [36, 46, 53, 86, 87, 90, 91, 124],
including noninvasive magnetic resonance Spectroscopy
[26, 37]. In some instances, increased EHP has been
measured coincident with edema and increased endoneurial
water content [73, 87]. These observations suggest that an
endoneurial osmotic imbalance is a component of diabetes-
induced nerve injury at some point in the development of
neuropathy [26].

In an attempt to explore the etiology of nerve edema, the
permeability of the BNI in diabetic neuropathy was initially
investigated in qualitative studies using morphological
tracers in various rodent models, including alloxan- and
streptozotocin-diabetic rats, galactose intoxicated rats, BB-
Wistar rats and db/db mice. With one exception in alloxan-
diabetic rats [151], these studies demonstrated that the BNI
of peripheral nerves was impermeable to tracers with
molecular weights ranging from 12,000 to 70,000 and that
the tight junctions of the endothelium and inner perineurial
cell layers appeared intact [47, 124, 158, 159]. Subsequent
measurement of increased endoneurial albumin as well as
the demonstration of immunoreactants and other plasma
proteins within sural nerves from patients with diabetic
neuropathy [16, 35, 103] prompted a quantitative assess-
ment in diabetic rats, which failed to document any
diabetes-induced increases in the BNI PS4 to albumin [58].
However, when albumin was glycated either in vitro or
derived from patients with diabetic neuropathy, its PS5 was
substantially increased, implicating diabetes-induced non-
enzymatic glycosylation of proteins in the enhanced
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movement of plasma proteins across the BNI into the
endoneurium [117]. Detection of horseradish peroxidase in
endothelial pinocytotic vesicles and in phagosomes of
perivascular macrophages [47, 158, 159] suggests that
shuttling of pinocytotic vesicles may be involved in the
movement of glycosylated plasma proteins across the BNI
in diabetes mellitus. Accumulation of glycosylated plasma
proteins and the osmotic consequences of Wallerian
degeneration resulting from axonal injury after chronic
neuropathy are likely to contribute to the endoneurial
osmotic imbalance in diabetes.

Aspiration of picoliter amounts of endoneurial fluid and
analysis of its electrolyte content identified the accumula-
tion of endoneurial sodium and chloride ions as another
source of potential osmolytes in experimental diabetes [87,
90, 91]. In galactose-fed and occasionally streptozotocin-
diabetic rats, nerve edema, increased EHP and endoneurial
electrolyte accumulation are coincident and, interestingly,
all of these parameters are dependent on hyperglycemia-
induced flux through the polyol pathway [36, 73, 87, 90,
91], which has long been considered an early pathogenic
event because of the potential for an osmotic imbalance of
the nerve microenvironment. Inhibiting aldose reductase,
the key enzyme of the polyol pathway that immunolocal-
izes to Schwann cells of myelinated fibers [50, 125],
prevents hyperglycemia-induced nerve edema, electrolyte
accumulation as well as increases in EHP and mast cell
number [88, 90]. It is not clear how polyol pathway flux
induces an endoneurial osmotic imbalance but it is
important to note that the PS5 to mannitol of the BNI is
increased in the experimental diabetes [84, 136] and that
inhibiting aldose reductase prevents this increase in per-
meability to small hydrophilic solutes [177]. Regardless of
the osmolyte involved, the osmotic consequences are likely
to be exacerbated by the diabetes-induced thickening of the
perineurial basal or external laminae [51, 59], which may
compromise the compliance of the perineurium and thus
initially worsen the consequences of nerve edema. Over
time in chronic diabetic neuropathy, extensive loss of
myelinated and unmyelinated fibers might counter the
hydrostatic consequences of an osmotic imbalance and
reduced perineurial compliance, resulting in transient
endoneurial edema [26].

Toxic insult

Lead neuropathy

In peripheral nerve, nuclear inclusion bodies in endothelial
and Schwann cells, endoneurial edema, elevation of EHP,

increased permeability of BNI and demyelination are the
major consequences of lead intoxication, with inclusion
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bodies observed first followed by endoneurial edema [200].
While an increase in the permeability of endoneurial cap-
illaries was suggested to be the primary pathological event
that precipitated subsequent Schwann cell damage and
segmental demyelination [72, 99], later studies indicated
that accumulation of lead in the endoneurium and nerve
edema precede qualitative changes in the permeability of
endoneurial capillaries [130, 201]. In rats, the BNI index to
albumin, a measure of the rate of albumin entry and
removal from the endoneurium, starts to increase only after
6 weeks of lead intoxication, suggesting that the change in
BNI permeability is caused by the direct toxic effect of
lead on Schwann cells [101]. A subsequent study [190]
demonstrated that the peak of endoneurial lead content
precedes the appearance of nuclear inclusion bodies,
demyelination and morphological evidence of edema, and
occurs 2 weeks prior to a threefold increase in the PS, to
albumin, further supporting the notion that changes in
permeability are not a consequence of the cytopathological
disruption of the BNI.

Schwann cell nuclei and myelin are thought to initially
sequester lead as a protective mechanism to minimize
cytosolic lead concentrations that is ultimately over-
whelmed [34, 155]. The subsequent breakdown of myelin
provides osmolytes that promotes an egress of water from
the endoneurial vasculature leading to edema and, without
an increase in perineurial permeability [190], elevated EHP
[72, 99]. The increase in the permeability of the BNI could
be a consequence of endothelial damage, a Schwann cell-
initiated mechanism to clear myelin debris from the
endoneurium or both. In either case, since interendothelial
leakage of horseradish peroxidase is not profuse [25, 130]
and endothelial cell nuclear inclusions are not an expres-
sion of outright injury, it is suggested that the change in
BNI permeability represents an adaptive response to aid in
the clearing of myelin debris from the endoneurium, pro-
mote the remyelination that occurs in chronically lead-
intoxicated rats [130] and restore endoneurial homeostasis.
An intriguing and unresolved clinical issue is that lead
toxicity predominantly leads to an encephalopathy in
children, whereas in adults the major manifestation is a
neuropathy. A greater vulnerability of the juvenile cerebral
neurovascular unit to lead is a likely but, as yet, unproven
possibility.

Coordinating homeostatic regulation

With the exception of intracerebral vessels, endoneurial
microvessels have the least permeable endothelium of any
vasculature in the body, while the inner layers of the en-
sheathing perineurium are even less permeable. However,
as noted above, the permeability characteristics of the BNI
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are not constant during development or in response to
trauma, disease or toxic insult and, in some instances, there
is evidence for the independent modulation of endothelial
and perineurial permeability, suggesting a capacity for
coordinated regulation of the nerve microenvironment. The
components of the BNI expend considerable metabolic
energy maintaining not only the junctional integrity of
endothelial and perineurial cells but also the specific
pumps, transporters, enzymes and receptors required for
blood—nerve exchange of critical material needed by all
cellular elements of the endoneurial microenvironment.
Thus, the dynamically selective permeability properties of
the BNI extract a considerable metabolic cost and are
likely coordinated by soluble factors that induce as well as
modulate the tight junctions, actin cytoskeleton and asso-
ciated adaptor, scaffold and signaling molecules of
endothelial and perineurial cells.

Neurovascular unit in nerve

In recent years, the neurovascular unit has emerged as an
important concept, which emphasizes that the integrated
function and dysfunction of the brain results from inter-
actions between neurons, astrocytes, oligodendrocytes,
microglia, pericytes, and endothelial cells [2, 67, 68].
Functional aspects of cell—cell and cell-matrix signaling
within the neurovascular unit include hemodynamic neu-
rovascular coupling, neurotransmitter dynamics, matrix
interactions for cell survival signals and regulation of the
blood—brain interface [68]. The concept of a neurovascular
unit, albeit with some modification, is equally relevant for
the BNI, as well as other blood-neural interfaces [21]. In
peripheral nerve, candidates for cellular components of the
neurovascular unit are constituents of the BNI, including
pericytes, as well as Schwann cells, axons, macrophages,
and mast cells (Fig. 4). Given the low vascular density in
peripheral nerve, signaling molecules from Schwann cells
and axons would have to diffuse through greater distances
to reach endoneurial vessels than those from pericytes or
perivascular macrophages and mast cells. Hence, some
components of the neurovascular unit in nerve, compared
to that in the brain, are likely to operate in a larger volume
and thus respond more slowly to perturbations.

Cellular control of BNI

Although the details of cell-cell and cell-matrix signaling
within the neurovascular unit of peripheral nerve are not
known, several observations implicate signals from
Schwann cells and axons in the maintenance of BNI
integrity. The endothelium of transperineurial vessels,
which is initially permeable to plasma macromolecules,
acquires tight junctions when the vessels penetrate the

innermost layers of the perineurium to enter the endoneu-
rium [107]. Thus, the induction of tight junctions in the
inner layers of the perineurium, as well as in the endo-
thelium of transperineurial vessels as they pass through
these lamellae, implicates one or more diffusible factors
present within the endoneurium. Further support for dif-
fusible endoneurial factors comes from experiments in
which the extraction of intrafascicular contents resulted in
the breakdown of the perineurium, which was re-estab-
lished if nerve regeneration was allowed [173]. Schwann
cells and/or axons could be the source of factors capable of
inducing the synthesis of junctional proteins and/or modu-
lating their permeability. In this regard, it is noteworthy
that the Schwann cell-derived signaling molecule, desert
hedgehog, controls the development of peripheral nerve
sheaths in embryonic and neonatal nerves [48, 113]. Fur-
ther, desert hedgehog has been shown to be necessary for
the maintenance of the normal permeability properties of
the BNI [154].

Chronically transected nerves provide a clue about the
source of a diffusible factor(s) that maintains the near-
normal PS, of the endoneurial endothelium to small non-
electrolytes in an environment without axons [183]. The
presence of endothelial tight junctions in transected nerves
lacking regenerating axons [66] argues for the Schwann
cell and against axons as the source of a regulatory factor
for the maintenance of junctional contacts in the endo-
neurial vasculature. On the other hand, the increased
permeability of the perineurium accompanying axonal
degeneration [66, 179, 195] implicates axonally derived
factors in maintaining the relatively tight barrier properties
of the perineurium. Hence, it is likely that Schwann cells
and axons contribute to regulating the baseline resting
permeability of the two components of the BNI. An inte-
gral aspect of endoneurial homeostasis is the ability of the
BNI to adaptively alter its permeability properties to meet
the various needs of the nerve microenvironment, which
are dictated by programmed and gradual changes associ-
ated with growth and maturation, as well as disturbances
precipitated by trauma and disease.

In addition to Schwann cells and axons, adaptive alter-
ations in permeability of the BNI can be initiated and
effected through immune responses. Recent evidence
strongly implicates the immune system as an active modu-
lator of BNI permeability in a whole host of conditions
ranging from trauma to metabolic neuropathies to vascular
disorders [38, 121, 127, 203]. Thus, hematogenous ele-
ments interacting directly with the endoneurial vascular
elements affect increases in capillary permeability. Inter-
estingly, the perineurium appears to be unusually resistant
to inflammatory mediators [1]. Thus, immunomodulation
of BNI permeability appears to be limited to the vascular
component of this interface. Recent in vitro studies using
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primary endoneurial endothelial cells [204] and pericytes
[156] have the potential to further elucidate solute, mac-
romolecule, microbial, virus, and leukocyte interactions
with the BNI. The in vitro approach has already pointed to
a possible role for pericytes in secreting soluble factors
capable of affecting endothelial tight junctions by upregu-
lating claudin-5 [156].

Molecular mediators of permeability

Since the demonstration of junctional complexes in the
epithelia of a variety of glands and organs [28], tight
junctions have been recognized as the structural correlate
of the paracellular component of transepithelial resistance.
Ultrastructurally, tight junctions are characterized by a
fusion of adjacent cell membranes that obliterates the
intercellular space and is often associated with a subjacent
dense cytoplasmic plaque [28]. Freeze-fracture studies
reveal tight junctions to consist of a variable number of
anastomosing strands, with permeability dependent on the
number and complexity of the strands, as well as the
presence of aqueous channels within strands [122]. Thus,
tight junctions act as gates, which regulate paracellular
permeability of ions and other small solutes, and fences,
which restrict the diffusion of apical and basolateral or
luminal and abluminal membrane components. More
recently, tight junctions have also been recognized as
dynamic bi-directional signaling complexes, which direct
adaptive alterations in permeability and regulate related
gene expression [172].

Tight junctions and their subjacent cytoplasmic plaques
contain a variety of transmembrane, adaptor, scaffolding
and signaling proteins, as well as transcriptional and post-
transcriptional regulators [9]. The tetraspan transmembrane
proteins, claudin-1, -3 and -5, are a major constituents of
BNI tight junction strands [134] and are thought to deter-
mine pore-mediated ion conductance, while size-selective
diffusion is suggested to result from dynamic rearrange-
ment of the network of junctional strands [164]. Occludin,
another tetraspan transmembrane protein associated with
the strands, is implicated in the regulation of paracellular
movement of small hydrophilic molecules and the migra-
tion of neutrophils [4], as well as regulation of MAP-
kinase-dependent signaling pathways and RhoA signaling
[9]. Adhesion of leukocytes to endothelia and their sub-
sequent paracellular movement is regulated by single-span
transmembrane JAMs [181]. The cytoplasmic plaque sub-
jacent to junctional strands contains a complex of adaptor
proteins, such as ZO-1, ZO-2, and ZO-3, and scaffolding
proteins that are involved in cross linking and connecting
junctional membrane proteins to the actin-myosin cyto-
skeleton, as well as recruiting a number of signaling
molecules to the tight junction, including various protein
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kinases, protein and lipid phosphatases, G proteins and
their regulators, and GTPases [9, 172].

The configuration of endothelia, perineurial cells and
associated tight junctions that constitute the BNI confer the
possibility for movement of fluid, various-sized solutes and
cells across this interface in response to adaptive alterations
of permeability during development or in response to
trauma, disease or toxic insult. Large molecules can be
moved transcellularly via pinocytotic shuttling [47, 158,
159], with modification via diabetes-induced nonenzymatic
glycosylation enhancing the rate of movement into the
endoneurium [117]. Paracellular ion-selectivity is con-
ferred through claudin-1 and -3 pores in tight junction
strands in the perineurium and claudin-5 pores in endo-
neurial endothelium [134], while reshaping the strand
network is suggested to provide a pathway for the diffusion
of small solutes [164], which might be the basis for en-
doneurial accumulation of electrolytes and increased BNI
permeability to small nonelectrolytes observed in some
models of experimental diabetes [84, 87, 90, 91, 136, 177].
Stimulation of regulatory pathways involving Rho-ROCK
and MLCK signaling promote actin dynamics and associ-
ated myosin II activity, which can transiently dissociate
endothelial tight junctions promoting the leukocyte infil-
tration [164] that precedes and precipitates the self-
limiting, immune-mediated demyelination in EAN [131] or
the movement of macrophage precursors into the endo-
neurium during Wallerian degeneration [165]. Clearly, an
improved understanding of the dynamic nature of BNI tight
junctions is essential for appreciating and further defining
the homeostatic capacity of the nerve microenvironment.

Conclusions

BNI is preferable to BNB because the former term encom-
passes the regulatory nature as well as the passive barrier
properties of the perineurium and endoneurial vasculature.
Blood-nerve exchange and convective endoneurial fluid
flow driven by a proximo-distal hydrostatic pressure gradi-
ent are the major sources of input to and output from the
nerve microenvironment. The independent regulation of
perineurial and endothelial permeability during develop-
ment and in response to trauma is consistent with the
homeostatic regulation of the nerve microenvironment. The
selective permeability properties of the BNI are regulated by
soluble factors that induce as well as modulate tight junc-
tions and their associated actinomyosin cytoskeleton,
adaptor, scaffold and signaling molecules. As applied to the
brain and with some modification, the concept of the neu-
rovascular unit is equally relevant for nerve and likely
includes the constituents of the BNI, as well as pericytes,
Schwann cells, axons, macrophages and mast cells, whose
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interactions via cell—cell and cell-matrix signaling regulate
the permeability of this interface. From this perspective,
pathophysiological changes of the nerve microenvironment
can be viewed as a consequence of altered endoneurial
homeostasis. A greater knowledge of the dynamic nature of
tight junctions and the factors that induce and/or modulate
these key elements of the BNI will contribute to our
understanding of peripheral nerve disorders as well as to the
development of therapeutic strategies and paradigms for the
treatment of these disorders. Lastly, a comprehensive
understanding of interspecies differences in BNI structure
and function will help clarify the relevance of observations
derived from animal and in vitro models to human periph-
eral nerve disorders.
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