Review Article - DOI: 10.2478/513380-012-0039-4 - Translational Neuroscience « 3(4) - 2012 - 373-383

- . v
Translational Neuroscience VERSITA

TRANSLATIONAL
STRATEGIES IN PERIPHERAL
NEUROINFLAMMATION AND
NEUROVASCULAR REPAIR

Abstract
Current therapies for immune-mediated inflammatory disorders in peripheral nerves are non-specific, and
partly efficacious. Peripheral nerve regeneration following axonal degeneration or injury is suboptimal, with
current therapies focused on modulating the underlying etiology and treating the consequences, such as
neuropathic pain and weakness. Despite significant advances in understanding mechanisms of peripheral nerve
inflammation, as well as axonal degeneration and regeneration, there has been limited translation into effective
new drugs for these disorders. A major limitation in the field has been the unavailability of reliable disease models
or research tools that mimic some key essential features of these human conditions. A relatively overlooked
aspect of peripheral nerve regeneration has been neurovascular repair required to restore the homeostatic
microenvironment necessary for normal function. Using Guillain-Barré syndrome (GBS) and chronic inflammatory
demyelinating polyradiculoneuropathy (CIDP) as examples of human acute and chronic immune-mediated
peripheral neuroinflammatory disorders respectively, we have performed detailed studies in representative
mouse models to demonstrate essential features of the human disorders. These models are important tools to
develop and test treatment strategies using realistic outcomes measures applicable to affected patients. In vitro
models of the human blood-nerve barrier using endothelial cells derived by endoneurial microvessels provide
insights into pro-inflammatory leukocyte-endothelial cell interactions relevant to peripheral neuroinflammation,
as well as potential mediators and signaling pathways required for vascular proliferation, angiogenesis,
remodeling and tight junction specialization necessary to restore peripheral nerve function following injury. This
review discusses some of the progress being made in translational peripheral neurobiology and some future
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Introduction systemic lupus erythematosus, rheumatoid industrialized nations. GBS is a disorder

Peripheral nerve disorders (otherwise known
as peripheral neuropathies) are a very common
group of disorders characterized by axonal
both in
peripheral nerves. About 2-8% of the world’s

degeneration, demyelination or
population,including over 20 million Americans,
is affected by peripheral neuropathies.
Peripheral neuropathies can be acquired or
inherited. Acquired causes are commonly
due to trauma (e.g. carpal tunnel syndrome),
metabolic/ endocrine disturbances (such as
diabetes mellitus, thyroid disease), infections
(such as leprosy, human immunodeficiency
virus), drugs and toxins, nutritional deficiencies
(such as vitamin B12 deficiency), cancer,
primary autoimmune inflammatory disorders
restricted to nerves and nerve roots, systemic
autoimmune inflammatory disorders (such as

* E-mail: ubogu@bcm.edu

arthritis) to name a few. A major consequence
of peripheral neuropathies is the development
of neuropathic pain, irrespective of the cause
[1-3]. Neuropathic pain is potentially disabling
and may affect over 1% of the United States
[1,4].
neuropathies

population Current treatments for

peripheral and neuropathic
pain are non-specific and in many cases,
partly effective at best and associated with
considerable side effects [1,5,6]. The direct
health care cost runs into several billion U.S.
dollars per annum, excluding losses from
reduced productivity [7]. Of particular interest
to our research laboratory are the primary
acute and chronic autoimmune inflammatory
peripheral nerve disorders.

Guillain-Barré  syndrome (GBS) is the
most common cause of rapidly progressive,

potentially life-threatening  weakness in

that commonly develops days to weeks
after certain bacterial or viral infections or
minor trauma. This observation suggests an
autoimmune response related to molecular
mimicry of peripheral nerve antigens, including
gangliosides [8-10]. GBS is characterized by
demyelination, axonal degeneration or both
that is restricted to nerve roots and peripheral
nerves. This causes weakness, loss of sensation
and cardiovascular instability that may progress
to respiratory failure and death [11,12]. The
likelihood of permanent disability or death
is related to the severity of weakness [8-10].
Based on 2004 estimates, the total average
annual cost of GBS to the United States was
~$1.7 billion [13]. The most common variant
of GBS, acute inflammatory demyelinating
polyradiculoneuropathy (AIDP), is associated
with nerve root

and peripheral nerve
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infiltration by hematogenous monocytes/
macrophages, T-cells and B-cells/plasma cells.
There is pathological evidence of cell and
humoral-mediated demyelination and axonal
injury [8-10]. Although the precise trigger for
autoimmune attack is unknown, inhibition
of leukocyte infiltration at the early stages
could reduce the extent of demyelination and
axonal injury, improving patient outcomes in
GBS. Despite advances in molecular biology
and genetics, there have been no new GBS
treatments or significant improvements in
patient outcomes over the last 20 years [10,14].

Chronic inflammatory ~ demyelinating
polyradiculoneuropathy (CIDP) is an acquired
immune-mediated disorder affecting multiple
nerve roots and peripheral nerves that reaches
maximal severity >8 weeks after symptom
onset [5,15]. This is a clinically heterogeneous
disorder and is commonly misdiagnosed or
under-recognized. Prevalence is estimated
at ~2-8 per 100,000 persons [5,15]. CIDP may
account for ~14% of disabling neuropathies
in patients older than 65 years [16] CIDP has
a relapsing-remitting, steady or step-wise
progressive course that commonly results in
long-term disability (related to the degree
of associated axonal injury) [15,17]. CIDP is
pathologically characterized by multifocal,
inflammatory demyelination that involves
spinal nerve roots and nerves, with lesions
extending throughout the peripheral nervous
system. Macrophages and T-lymphocytes are
commonly seen in affected nerve biopsies,
supporting an important pathogenic role for
leukocyte infiltration [17,18]. Although the
precise trigger for the autoimmune attack is
also unknown, preventing early leukocyte
infiltration could reduce the extent of
demyelination and axonal injury, improving
patient outcomes in CIDP [6].

In order to fully understand how to
effectively develop strategies to treat
peripheral neuropathies, an appreciation of
how peripheral nerves are organized and their
vascular supply is needed. Peripheral nerves
have a unique vascular network due to their
anatomical compartmentalization. Peripheral
nerves can be divided into an external
epineurium, inner perineurium and innermost

endoneurium. Axons and their supportive

glial cells, called Schwann cells are located
within the endoneurium. In order to maintain
normal axonal function (transmission of action
potentials to or from the central nervous
system), the endoneurial microenvironment
must be strictly regulated. The restricted
microenvironment is regulated by specialized
endoneurial microvascular endothelial cells
and perineurial myofibroblasts [19-23].

These cells are characterized by intercellular
tight junctions, the lack of fenestrations and
few 50-100 nm pinocytic vesicles. Macrovessels
in the epineurium lack tight junctions and
have numerous fenestrations [19,20]. This
implies that solutes or macromolecules in
epineurial blood circulation may ‘leak’ out
from these vessels prior to entry into the
endoneurium. Endoneurial endothelial cells
restrict the passive diffusion of solutes and
macromolecules and leukocyte entry from the
blood circulation into the endoneurium, while
the perineurial cells restrict passive diffusion
from the epineurial interstitial space into the
endoneurium [21-25]. Endoneurial endothelial
cells can be considered the true “blood-nerve
barrier”, as these cells are in direct contact with
circulating blood. The blood-nerve barrier is
second only to the blood-brain barrier in terms
of restrictive endothelial barrier function in
mammals [23,26,27].

A feature relevant to peripheral neuropathies
is the interaction between soluble and cellular
components of the blood circulation and
myelinated or unmyelinated axons or both
within the endoneurium through the blood-
nerve barrier. Very little is known about human
blood-nerve barrier development, maturation,
tight junction specialization and response to
injury. Significant progress has been made in
understanding mechanisms of axonal growth
(28],
proliferation and differentiation into myelin-

and Schwann cell de-differentiation,
producing cells during normal development
[29-311.
Structural and functional alterations at the

and following nerve injury
blood-nerve barrier have been implicated in
the pathogenesis of peripheral neuropathies
[5,6,32-35]. Restoration of blood-nerve barrier
function could accelerate peripheral nerve
recovery from injury by re-establishing the
microenvironment

required  endoneurial
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needed for axonal regeneration, remyelination
and subsequent signal transduction.
Translational efforts in peripheral
neuroinflammation and neurovascular repair
have been hampered by a lack of patient
nerve samples for extensive exploratory
studies, the lack of human blood-nerve barrier
models to study pathogenic inflammatory or
repair mechanisms in vitro and limitations in
animal models required to evaluate possible
pathogenic mechanisms in vivo before
clinical drug trials are planned [14]. Recently
characterized reliable mouse models of GBS
and CIDP and a novel in vitro model of the
human blood-nerve barrier [36-38] should
assist the neuroscience community to further
elucidate and modulate key pathologic
features of peripheral neuroinflammation
and neurovascular injury guided by human

observational data.

Experimental models and

translational paradigms

In vivo models of acute peripheral
neuroinflammation: Experimental
Autoimmune Neuritis

Experimental autoimmune neuritis (EAN) is
an animal model for GBS, and is induced by
the administration of peripheral nerve myelin
or myelin proteins/peptides to susceptible
animals with consequential peripheral nerve
demyelination, axonal degeneration or both
[6]. The most commonly cited model, Lewis rat
EAN, resembles the human AIDP variant of GBS
and has provided some insights relevant to GBS
immunopathogenesis. Despite these advances,
there has been a failure to translate these
observations towards new therapies for GBS. Itis
imperative to use models that closely resemble
the human disease and design experiments
guided by human observational data. Drug
administration prior to the development of
clinically observable disease in rodents does
not apply to the reality of clinical practice in
affected patients. Realistic outcome measures
based on clinical and electrophysiological
features are required to ensure that treatment
effects are significant enough to be applicable
to humans. Due the widespread availability
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of reagents and genetic knockouts in mice,
as well as similarities between human and
mouse immune responses, murine EAN
models would aid advance knowledge on GBS
immunopathogenesis necessary to elucidate
specific treatment targets. Unfortunately, most
mouse strains are relatively resistant to EAN
induction [6].

A severe mouse EAN model using female
SJL/J mice was described by Calida et al. in
2000 [39], and we demonstrated that this
model recapitulates essential neurobehavioral,
electrophysiological and histopathological
features of the AIDP variant of GBS (Figure 1).
We termed this model severe murine EAN
(sm-EAN). Following disease induction with
bovine peripheral nerve myelin, with pertussis
toxin and recombinant mouse interleukin-12,
mice develop progressive weakness starting
7-10 days
weakness by day 26-32. The earliest observed

post-induction, reaching peak
deficit is tail weakness, following by forelimb or
hind limb weakness. At peak severity, there is
severe weakness in both the hind and forelimbs.
We use a 6-point neuromuscular severity
scale to semi-quantitatively describe the
neurobehavioral changes observed in sm-EAN;
0: No weakness, 1: limp tail or tail weakness,
hind  limb
weakness, 3: severe fore or hind limb weakness,
limb

severe fore and hind

2:  mild-to-moderate fore or

4: mild-to-moderate fore and hind
weakness and 5:
limb weakness [37]. As observed in AIDP,
affected mice at peak severity demonstrate
consistent

electrophysiological parameters

with demyelination (reduced conduction
velocities, prolonged motor action potential
durations [temporal dispersion], conduction
block between distal and proximal responses)
and axonal loss (reduced distal compound
motor action potential amplitudes) in the
dorsal caudal tail and sciatic nerves [371].
Increased expression of pro-inflammatory
chemokines has been described in the
peripheral nerves and cerebrospinal fluid
of patients with GBS compared to controls
[40-43]. We have demonstrated up-regulation
in specific pro-inflammatory chemokine
ligand-receptor pairs (CCL2-CCR2, CCL5-CCR1/
CCR5 and CXCL10-CXCR3) in the sciatic nerves

of affected mice at peak severity relative to

unaffected controls [44]. We demonstrated
CCL2 expression by Schwann cells and CCR2
implying a
role for CCL2-CCR2 in macrophage-induced

on endoneurial macrophages

demyelination in sm-EAN [44] as suggested by

Macrophages
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observational studies in human nerve biopsies
[42]. Macrophage-induced demyelination is a
characteristic hallmark of AIDP.

CCL5 was expressed by axons, with CCR1 and
CCR5 predominantly expressed on endoneurial

Figure 1. Histopathological features of sm-EAN. Representative toluidine-blue stained, basic fuchsin
counterstained photomicrographs of 1 um glutaraldehyde fixed, osmium tetroxide post-fixed plastic-
embedded mouse sciatic nerve axial sections show the normal distribution of myelinated axons in
control female SJL/J mice (A) in contrast to the severe demyelination and reduction in axonal density
coupled with mononuclear cell infiltration in sm-EAN at peak severity (B). The extent of intense
mononuclear cell infiltration in sm-EAN is depicted by the 4;6-diamidino-2-phenylindole (DAPI)-
stained photomicrographs of 10 um frozen sciatic nerve axial sections (D) compared to unaffected
controls (C). Sm-EAN is associated with demyelination, as demonstrated by fragmentation of Schwann
cell S1008 (green) immunoreactivity (E), and axonal loss depicted by reduced neurofilament-H (red)
immunoreactivity (F) as described in nerve biopsies of human AIDP. Mononuclear leukocyte infiltration
consists predominantly of F4/80+ macrophages (red immunoreactivity, G), followed by T-cells (H) and
B-cells (1), depicted by green immunoreactivity. Blue depicts nuclei (DAPI stain). Kindly refer to [37] for
a detailed histopathological and electrophysiological characterization of sm-EAN. Magnification bars:
A,B,G=50pum,C,D=100 um, E, F=25 pym, H, | =35 pm.
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macrophages [44], suggesting a role for these
chemokine ligand and receptors in secondary
axonal degeneration in this model. Secondary
axonal degeneration is also commonly
observed in pathologic AIDP nerve biopsies,
inferred from electrodiagnostic studies and is a
major cause of disability. Interestingly, CXCL10
was expressed by endoneurial endothelial cells
and within the endoneurial space, associated
with CXCR3-expressing T-cells [44]. This
observation implies a role for CXCL10-CXCR3
in CD4+ T-helper 1-cell infiltration across the
blood-nerve barrier and retention within the
endoneurium in peripheral neuroinflammation.
CXCL10 had been GBS

pathogenesis based on sural nerve biopsy data

implicated in

from affected patients [40].

Chemokine receptors are G-protein coupled
receptors, a family of receptors to which over
50% of known drugs directly target [45,46].
Although there is redundancy in chemokine-
mediated signaling, the sm-EAN model
provides a robust tool to determine the efficacy
of chemokine receptor antagonists in acute

peripheral nerve inflammation in vivo using

Macrophages

T-cells

B-cells

“CD11b+ ::el‘ls.‘k 5

neurobehavioral and electrophysiological
outcomes measures applicable to human
clinical trials and subsequent practice. In this
regard, we are currently evaluating the role
of CCL2-CCR2 and CXCL10-CXCR3 signaling
pathways in the immunopathogenesis of sm-
EAN with translational potential to AIDP.
Integrin-dependent leukocyte adhesion
to microvascular endothelium is an essential
aspect of the multi-step paradigm of leukocyte
infiltration into inflamed tissues [47,48]. The
efficacy of Natalizumab (humanized mouse
anti-a4integrinantibodies)intreatingrelapsing-
remitting multiple sclerosis and inflammatory
bowel disease provides impetus to evaluate
the role of integrin signaling in peripheral
neuroinflammation. Guided by our recent
human in vitro work [49], we demonstrated
significant expression of a, -integrin (CD11b) on
endoneurial F4/80+ macrophages, CD3+ T-cells
and CD19+ B-cells at peak severity relative to
unaffected controls in sm-EAN, suggesting
a role for a,-integrin-dependent signaling
in peripheral neuroinflammation (Figure 2,
observations).

unpublished Leukocyte

- - Y
" "
it -

-ﬁ.q‘.

‘CD11b%* Ma_gr&f;hage&.._a' !

Translational Neuroscience

a,-integrin interacts with intercellular adhesion
molecule-1 (ICAM-1) constitutively expressed
by vascular endothelial cells and upregulated
during inflammation [49-52], providing targets
for specific blockade in sm-EAN that may
have translatable relevance to human AIDP.
Inhibition of pathogenic leukocyte infiltration
into peripheral nerves is an attractive target
in peripheral neuroinflammation as the drugs
would be efficacious in systemic circulation
and would not require permeability across the
restrictive blood-nerve barrier to carry out their
pharmacologic effects.

In vivo models of chronic peripheral
neuroinflammation: Spontaneous
Autoimmune Peripheral
Polyneuropathy

Robust animal models of CIDP have been a
challenge due to variability in disease induction,
lack of chronic persistence or unpredictable
number of relapses and remissions [6]. CIDP
and GBS occur spontaneously in humans, in
contrast to the aggressive induction protocols
using whole myelin or myelin proteins/

CD11b+ Macrophages

CD11b+ T-cells

CD11b+ B-cells

Figure 2. Expression of a, -integrin (CD11b) in sm-EAN. Representative indirect fluorescent immunohistochemistry photomicrographs of 15 um frozen sciatic nerve axial
sections show intense infiltration of CD11b+ macrophages (A-C), T-cells (E-G) and B-cells (I-K) in sm-EAN compared to unaffected controls (D, H and L respectively).
Red immunoreactivity represents infiltrated F4/80+ macrophages (A), CD3+ T-cells (E) and CD19+ B-cells (I), while green immunoreactivity represents leukocyte
a,-integrin expression on infiltrated mononuclear leukocytes (B, F and J: blue [DAPI-stain] depicts nuclei). Yellow or orange immunoreactivity represents a,,-
integrin-positive leukocyte subpopulations (C, G, K) in sm-EAN. Comparatively, most of the a,-integrin-positive leukocytes are macrophages (C), followed by
B-cells (K), then T-cells (G). Rare a,,-integrin-positive macrophages and T-cells (yellow/orange immunoreactivity) are seen in control nerves (D, H), without B-cell
expression (1). Images were initially taken using the same exposure times and digitally merged. Magnification bars represent 50 pm.
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peptides and adjuvants required to induce

specific immune responses and increase
vascular permeability in animal models. The
heterogeneity of the human disorder also
provides a challenge in demonstrating that an
animal model adequately represents essential
features of CIDP necessary for translational
drug studies. Salomon et al described a model
of chronic peripheral nerve inflammation
called spontaneous autoimmune peripheral
polyneuropathy (SAPP) that developed in
co-stimulator B7-2 (CD86) deficient non-obese
diabetic mice after 20 weeks of age, with 100%
disease penetrance in females, associated with
normoglycemia [53]. This group subsequently
demonstrated that SAPP is an interferon-y
dependent, CD4+ T-cell mediated disorder
with humoral and cell-mediated immune
responses targeted against myelin protein zero,
the most abundant protein in peripheral myelin
[54]. Using a myelin protein zero-specific
T-cell receptor transgenic mouse bred unto
a recombination activation gene knockout
background, fulminant neuritis developed,
associated with a reduction in antigen-specific
CD4+ Foxp3+ regulatory T-cells [54]. We
demonstrated that SAPP recapitulates essential
neurobehavioral, electrophysiological and
histopathological features of untreated severe
unremitting CIDP between 20-40 weeks of age
in affected female NOD mice [36] (Figure 3).
Our longitudinal studies showed that SAPP
was associated with slowly progressive severe
weakness in hind and forelimbs without
significant recovery after 30 weeks of age. Based
on these observations, we concluded that
SAPP is a chronic progressive, inflammatory,
predominantly demyelinating polyneuropathy
with secondary axonal degeneration and
cumulative axonal loss over time, as described
in many cases of human CIDP [36]. In the early
stages of disease, hematogenous leukocyte
infiltration was associated with demyelination
without axonal degeneration/loss. This raised
the possibility that demyelinated axons are
more susceptible to injury in chronic peripheral
neuroinflammation. This preclinical model
provides an opportunity to test whether
inhibition of chronic peripheral nerve leukocyte
both could

prevent subsequent axonal loss, with direct

infiltration, demyelination or

Translational Neuroscience

relevance to human CIDP, where disability
correlates to the extent of axonal compromise
[17,55].

Detailed knowledge of the natural history
of SAPP also provides information needed to
design potentially translatable therapeutic

v
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strategies with outcome measures relevant to
human CIDP. The observation that SAPP disease
progression was most rapid between 20-24
weeks (associated with electrophysiological
reached

hallmarks of demyelination) and

a plateau by 31 weeks of age suggests

Control

Macrophages

Figure 3.

T-cells

Histopathological features of SAPP. Representative toluidine-blue photomicrographs of 1 pm
glutaraldehyde fixed, osmium tetroxide post-fixed plastic-embedded mouse sciatic nerve axial sections
show the normal distribution of myelinated axons in control B7-2 deficient non-obese diabetic mice (A)
in contrast to the severe demyelination and reduction in axonal density coupled with mononuclear cell
infiltration observed in SAPP at 30 weeks of age (B). The extent of intense mononuclear cell infiltration
in SAPP is depicted by the DAPI-stained photomicrographs of 10 um frozen sciatic nerve axial sections
(D) compared to unaffected controls (C). SAPP is associated with demyelination, as demonstrated
by the loss of the normal honeycomb Schwann cell S100B (green) immunoreactivity (E), and axonal
loss/ fragmentation depicted by reduced density and spotty/ filamentous neurofilament-H (red)
immunoreactivity (F) as described in severe cases of human CIDP. Mononuclear leukocyte infiltration
consists predominantly of F4/80+ macrophages (red immunoreactivity, G). Fewer T-cell (H) and B-cell
() infiltrates are seen, depicted by green immunoreactivity. Blue depicts nuclei (DAPI stain). Kindly refer
to [36] for a detailed histopathological and electrophysiological characterization of SAPP. Magnification
bars: A, B, E,F=25pum,C,D=75um, G, H, | =35 um.

377



e
VERSITA

that should be administered

following

treatments

clinically — appreciable disease
onset, but prior to maximum severity after
which irreversible axonal injury may have
occurred. We are currently studying the role
of the pro-inflammatory alternatively spliced
variant of fibronectin derived from the type
Il connecting segment, called fibronectin

connecting segment-1, in hematogenous
leukocyte trafficking in this chronic peripheral
neuroinflammation model as a means of
discovering more targeted small molecular
antagonists for CIDP and related disorders.
SAPP also provides a tool to further study
mechanisms of chronic persistent peripheral
neuroinflammation and failure of peripheral
nerve immune tolerance as a means to further
understand why certain CIDP patients may
become refractory to immune-modulatory
therapy.

In vitro models of the human

blood-nerve  barrier:  peripheral
neuroinflammation

Human nerve biopsies provide useful
information about the phenotypic

characteristics of peripheral nerves in health
and disease that can guide functional studies.
In order to study functional mechanisms at
the human blood-nerve barrier, we isolated
primary endoneurial endothelial cells from
sciatic nerves obtained at autopsy from recently
and demonstrated

decedent individuals

retention of molecular and biophysical
properties consistent with restrictive barrier-
forming endothelial cells [38]. These include
expression of vascular endothelial markers,
specialized transporters, cellular adhesion
molecules, tight junction associated proteins
(including the endothelial-specific claudin-5)
and high transendothelial electrical resistance
and low permeability to a large macromolecule,
dextran-70 [38].

Phenotypic and functional differences
between microvascular and macrovascular
endothelial cells from the same tissue and
differences between endothelial cells from
different
the rationale to develop an in vitro model
of the

specifically study determinants and signaling

tissues and species provided

human blood-nerve barrier to

mechanisms relevant to human peripheral
neuroinflammation. We developed a dynamic
real-time leukocyte trafficking assay using
primary human endoneurial endothelial cells
based on time-lapse video microscopy [49].
Guided by some knowledge on cytokine and
adhesion molecule expression in sural nerves
biopsies from GBS patients and estimated
capillary hemodynamics [41,56-58], we utilized
this model to demonstrate an important role of
a,-integrin-ICAM-1 interactions in pathogenic
untreated GBS (AIDP-variant) patient peripheral
blood mononuclear leukocyte adhesion at the
human blood-nerve barrier in vitro [49].

Importantly, function neutralizing antibody
blockade of q-integrin (CD11a: the other
known counterligand for ICAM-1) was not
as effective as a,,-integrin inhibition, despite
its ubiquitous expression by GBS patient-
derived mononuclear leukocytes. Monoclonal
antibodies against q,,-integrin were more
potent than human immunoglobulin (a
currently approved treatment) in modulating
pathogenic leukocyte trafficking in this model.
Our work also demonstrated basal chemokine
and cellular adhesion molecule expression by
the blood-nerve barrier with significant up-
regulation or de novo expression of chemokines
implicated in innate (neutrophil and monocyte
recruitment) and proinflammatory adaptive
immune responses (T-helper 1 and T-helper 17),
and increased expression of cellular adhesion
molecules (including ICAM-1 described in GBS
affected endoneurial microvessels) following
physiological cytokine treatment with tumor
necrosis factor-a and interferon-y [49].

In addition to the differential regulation
of a,-integrin expression on subpopulations
of untreated GBS patient-derived peripheral
blood mononuclear cells compared to healthy
controls (suggesting a potential role for a,,-
integrin as a biomarker of AIDP disease state),
our work also suggests a more significant role
for the inflammatory state of the blood-nerve
barrier endothelium than systemic leukocyte
activation state in pathogenic leukocyte
trafficking in vitro [49]. Coupled with preliminary
observations of a,-integrin expression in sm-
EAN sciatic nerves, these in vitro observations
could potentially translate towards a more
specific targeted anti-inflammatory therapy for
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GBS. The flow-dependent human blood-nerve
barrier model, despite the known limitations
of in vitro assays, provides a very useful tool
to evaluate signaling pathways and potential
new drugs that could target pathogenic
hematogenous leukocyte trafficking into
peripheral nerves during immune-mediated
inflammation or nerve injury. We are currently
using this model to study the role of fibronectin
connecting segment-1, corticosteroids and
human immunoglobulin on CIDP patient-
derived leukocyte trafficking at the blood-

nerve barrier in vitro.

In vitro models of the human blood-
nerve barrier: neurovascular repair

In contrast to the central nervous system,
peripheral  nerves  have  regenerative
potential. Research efforts have focused on
axonal regeneration and directed migration
towards peripheral targets, as well as axonal
remyelination by Schwann cells following
peripheral nerve injury. There is recent
evidence demonstrating an important role for
intraneural angiogenesis during regeneration
in rodent models of cerebral and peripheral
[59-63].

endoneurial microenvironment by the blood-

nerve injury Restoration of the
nerve barrier and perineurium may be essential
not only for axonal regeneration, but for normal
axonal transmission. We sought to determine
the determinants and potential signaling
pathways required to restore human blood-
nerve barrier function in vitro following injury.
Using serum withdrawal for 48 hours
to non-specifically induce endothelial cell
detachment from the confluent blood-nerve
barrier in vitro, we demonstrated an important
role for exogenous glial-derived neurotrophic
factor (GDNF) in restoring blood-nerve barrier
biophysical properties via up-regulation in its
receptor, GFRa1 and activation of RET-tyrosine
kinase signaling pathways [64]. We determined
that there was some redundancy in vitro, as
other mitogens had a less robust effect and
required higher molar concentrations. We
also observed a minor partial role for cyclic-
adenosine  monophosphate-protein  kinase
A-dependent signaling in this process. These
observations implied that restoration of BNB

resistance and permeability characteristics may
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be biologically essential in vivo. Interestingly,
GDNF did notsignificantly up-regulate adherens
or tight junction associated proteins (apart
from a small increase in claudin-5 protein), or
modulate claudin-5 tyrosine phosphorylation
(implicated in increased permeability of brain-
derived mammalian capillary endothelial cells
in vitro) [65] but induced F-actin cytoskeletal
filaments that resulted in more continuous
intercellular contacts providing the necessary
scaffold for adherens and tight junction
formation between adjacent endothelial cells,

GDNF has been implicated in the survival
of peripheral autonomic and sensory neurons,
as well as spinal cord motor neurons that form
motor axons. Schwann cells are the major
source of GDNF in peripheral nerves [66-74].
We infer from our study that Schwann cells may
be responsible to some extent in human blood-
nerve barrier recovery following peripheral
nerve injury via paracrine secretion that
directly acts on GFRa1-expressing endoneurial
[64].
electrical cell impedance sensing, ongoing

endothelial cells Using continuous
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kinase-dependent downstream
of RET-tyrosine kinase in GDNF-mediated
blood-nerve barrier recovery following serum

signaling

withdrawal in vitro (Figure 4). We are currently
designing experiments to study the role
of GDNF in blood-nerve barrier restoration
following peripheral nerve injury in mice using
conditional knockouts, as well as evaluating its
effect on other biophysical properties of the
human blood-nerve barrier in vitro.

endothelial factor

Vascular growth

(VEGF) has been implicated as an important

associated with fewer intercellular gaps [64]. work implicates mitogen associated protein  angiogenic and neurotrophic factor in
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Figure 4. GDNF and its signaling pathways in the recovery of human blood-nerve barrier resistance in vitro following serum withdrawal. Using continuous electrical
cell impedance sensing, primary human endoneurial endothelial cells cultured on glutaraldehyde-crosslinked rat tail collagen-coated wells achieve steady
transendothelial electrical resistance 5 days after plating (A). Following serum withdrawal from confluent cultures (B) with concomitant inclusion of 1 ng/mL
GDNF (black arrow), there is a rapid drop in resistance for about 18 hours followed by a gradual improvement in resistance over the next 30 hours. This response
with the in vitro blood-nerve barrier (IVBNB) is dose-dependent (C), and maximal with 1 ng/mL GDNF, as observed in our published study using transwell inserts.
GDNF-mediated recovery in IVBNB resistance is dependent on RET-tyrosine kinase (RET-TK) signaling with evidence supporting downstream involvement of
the mitogen activated protein kinase pathway, demonstrated by inhibition with specific cell-permeable inhibitors against RET-TK and ERK1/2 (D), respectively. *
indicates p<0.05 for these preliminary experiments.
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peripheral nerve regeneration following
injury in rodent models [59,60,62,63]. We
are currently evaluating the role of VEGF and
other growth factors such as basic fibroblast
growth factor in human blood-nerve barrier
endothelial cell proliferation, angiogenesis and
wound healing in vitro. In support of data from
rodent models, our ongoing unpublished work
demonstrates an important role for exogenous
VEGF in the above processes required for
vascular repair and remodeling after injury
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(Figure 5). Interestingly, there is evidence that
Schwann cells secrete VEGF during peripheral
nerve repair following chronic compression
[63]. Our data imply important roles for
both VEGF and GDNF at different stages of
neurovascular repair in peripheral nerves,
providing molecular targets with translational
potential in human peripheral neuropathies, as
demonstrated by a recently concluded phase |
clinical trial of VEGF gene therapy in diabetic
neuropathy [75].
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Conclusions

It is worthwhile to pursue scientific endeavors
geared towards developing targeted molecular
therapies for immune-mediated acute and
chronic peripheral neuroinflammatory
diseases, GBS and CIDP, as well as for peripheral
neuropathies associated with endoneurial
microvascular compromise. These translational
efforts are guided by human observational

studies, and utilize in vitro and in vivo models

100

VEGF concentration (ng/mL) D

Figure 5. VEGF effects on human blood-nerve barrier endothelial cell proliferation, angiogenesis and wound healing in vitro. The dose-dependent effects of VEGF___ in

165

primary endoneurial endothelial cell proliferation relative to basal proliferation without added mitogens using the non-radioactive WST-1 assay is shown, with

maximal proliferation observed with 10 and 50 ng/mL (A). Using a 4hr Matrigel” angiogenesis assay, 0.1 ng/mL VEGF

16s Maximally increased the mean number of

microvessels (B) and their mean total length (C) per field (1700 um X 1270 pm) in a dose-dependent manner relative to basal medium without added mitogens. A
sterile micropipette wound healing assay performed on confluent primary endoneurial endothelial cell cultures demonstrates a dose-dependent rate of recovery

(based on endothelial cell migration across the deficits between 4-18 hours after the injury), maximal with 10 ng/mL VEGF (D). Interestingly, 10 ng/mL VEGF

165

induced complete wound healing between 18-30 hours after injury by endothelial cell proliferation. The VEGF-mediated effects on proliferation, angiogenesis and
wound healing are significantly enhanced by heparin (data not shown). * indicates p<0.05 for these preliminary experiments.
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that take into consideration the importance
of the blood-nerve barrier and its interactions
with hematogenous leukocytes or exogenous
molecules in disease pathogenesis and
potential treatment. Despite the limitations
of using in-bred animals to model human
neuroinflammation,

peripheral pre-clinical

proof-of-principle therapeutic studies in
murine models are designed to take into
account the disease states of untreated
patients in clinical practice and assessed using
realistic outcome measures applicable to
clinical trials. In vitro studies using untreated

affected patient leukocytes aim to mimic

cell interactions that may be necessary for
peripheral nerve inflammation, recognizing
the potential difficulties inherent to these
models. Modeling endoneurial microvascular
injury provides some insight into how the
blood-nerve barrier may adapt and respond to
extrinsic insult. Future translational paradigms
for axonal regeneration would need to
consider drug permeability characteristics at
the blood-nerve barrier early on in the drug
discovery process. Our ultimate goal is to aid
with the discovery and direct translation of
targeted, efficacious molecular therapies for
peripheral neuroinflammation and peripheral
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