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ABSTRACT
The human blood-nerve barrier (BNB) formed by endoneurial microvascular endothelial cells,
serves to maintain the internal microenvironment in peripheral nerves required for normal axonal
signal transduction to and from the central nervous system. The mechanisms of human BNB
formation in health and disease are not fully elucidated. Prior work established a sufficient role for
glial-derived neurotrophic factor (GDNF) in enhancing human BNB biophysical properties follow-
ing serum withdrawal in vitro via RET-tyrosine kinase-dependent cytoskeletal remodeling. The
objective of the study was to ascertain the downstream signaling pathway involved in this process
and more comprehensively determine the molecular changes that may occur at human BNB
intercellular junctions under the influence of GDNF. Proteomic studies suggested expression of
several mitogen-activated protein kinases (MAPKs) in confluent GDNF-treated endoneurial
endothelial cells following serum withdrawal. Using electric cell-substrate impedance sensing to
continuously measure transendothelial electrical resistance and static transwell solute permeabil-
ity assays with fluoresceinated small and large molecules to evaluate BNB biophysical function, we
determined MAPK signaling was essential for GDNF-mediated BNB TEER increase following serum
withdrawal downstream of RET-tyrosine kinase signaling that persisted for up to 48 hours in vitro.
This increase was associated with reduced solute permeability to fluoresceinated sodium and high
molecular weight dextran. Specific GDNF-mediated alterations were detected in cytoskeletal and
intercellular junctional complex molecular transcripts and proteins relative to basal conditions
without exogenous GDNF. This work provides novel insights into the molecular determinants and
mechanisms responsible for specialized restrictive human BNB formation in health and disease.
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Introduction

Tight regulation of water, ion, nutrient, metabolite
and xenobiotic concentrations within peripheral
nerves is critical to maintaining the internal
microenvironment needed for physiologic axonal
signal transmission.1-3 The blood supply to human
nerves is derived from extrinsic arteries known as
the vasa nervosum. These vessels subsequently
branch to form a macrovascular anastomosis
within the external epineurium and smaller dia-
meter vessels within the concentric multilayered
perineurium. The latter vessels penetrate the
innermost perineurium to form endoneurial
microvessels. In contrast to the highly permeable
fenestrated epineurial blood vessels that lack tight
junctions, the endoneurial microvasculature lack

fenestrations and consist of tight junction-
forming endothelial cells. These cells share
a basement membrane with pericytes which form
a non-continuous surrounding layer along the
endothelial cell abluminal border.4,5 As
a consequence, endoneurial microvessels form
the BNB, as these endothelial cells are in direct
contact with circulating blood. Current knowledge
of the molecular and biophysical characteristics of
the human BNB in vitro, including measures of
transendothelial electrical resistance (TEER),
solute permeability to small and large molecules,
and response to cytokine and mitogen stimulus
has been recently summarized.6 Comprehensive
data on the molecular composition of the human
BNB based on RNA sequencing has also been
recently published.7
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GDNF, a related member of the transforming
growth factor β protein superfamily, supports the
survival of peripheral autonomic and sensory, spinal
cordmotor andmidbrain dopaminergic neurons.8-12

GDNF typically signals via its glycosylphosphatidyl
inositol-anchored protein receptor, GFRα1, com-
plexed with “rearranged during transfection” (RET)-
tyrosine kinase as part of a multicomponent receptor
complex, and utilizes intracellular Ras-mitogen acti-
vated protein kinase (MAPK), phosphatidylinositol
3-kinase (PI3-K)/AKT, p38 MAPK and c-Jun
N-terminal kinase signaling pathways for its biolo-
gical effects.11,13-17 Primary human endoneurial
endothelial cells (pHEndECs) that form the BNB
express GFRα1 in vitro and in situ.7,18-20 Our prior
work demonstrated that GDNF is a sufficient para-
crine human BNB regulator following serum with-
drawal in vitro.19

GDNF (in a dose-dependent manner) induced
restrictive human BNB properties dependent on
RET-tyrosine kinase signaling pathways via histolo-
gically-observed cytoskeletal reorganization (i.e.
translocation of F-actin cytoskeletal filaments from
the cytoplasm to cell membranes) that resulted in
more continuous intercellular contacts. This
occurred without significantly upregulating known
adaptor, adherens and tight junction-associated pro-
tein expression, or modulating claudin-5 phosphor-
ylation in vitro, and was independent of cyclic AMP/
protein kinase A signaling.19 That study also sug-
gested a role for hyperactivated MAPK signaling in
GDNF-mediated human BNB recovery when com-
bined with other less efficacious mitogens (in an
attempt to mimic in vivo conditions), with published
preliminary data further supporting a direct role of
MAPK signaling in GDNF-mediated restoration of
human BNB electrical resistance.21

A role for GDNF in regulating microvascular
endothelial and epithelial tight junction barrier func-
tion had also been described in mammalian blood-
brain, blood-retina, blood-testis and intestinal barriers
in vitro or in vivo, 20,22-28 in addition to the human
in vitro BNB. In order to ascertain the signaling path-
ways by whichGDNF enhances human BNB function
in vitro following serum withdrawal downstream of
RET-tyrosine kinase, we performed electric cell-
substrate impedance sensing (ECIS) to continuously
monitor impedance, TEER and capacitance,29 and
transwell solute permeability assays to fluoresceinated

low and high molecular weight molecules using spe-
cific cell permeable signaling pathway inhibitors,
guided by proteomic data derived from GDNF-
treated pHEndECs following serum withdrawal
in vitro, with appropriate controls. To more compre-
hensively ascertain potential molecular determinants
of the intercellular junctional complex responsible for
the previously ascertained GDNF-mediated effect on
the restrictive human in vitro BNB, we performed
human adherens junction and tight junction quanti-
tative real-time polymerase chain reaction (PCR)
arrays, quantitative proteomics of cytosolic andmem-
brane protein extracts and fluorescent indirect immu-
nocytochemistry on confluent pHEndEC cultures
48 hours following serum withdrawal with and with-
out added GDNF.

Results

Serum withdrawal induces pHEndEC cytoskeletal
changes and more organized and continuous
intercellular contacts at the human BNB in vitro

Prior to serum withdrawal, visually appearing
confluent pHEndECs cultured in regular growth
medium consisted of both actively dividing
cuboidal-shaped cells with larger cytoplasm-to-
nucleus ratios and non-dividing, more compact
spindle-shaped cells (Figure 1A). Several hours
following serum withdrawal, majority of the
cells appeared spindle-shaped with more compact
cytoplasm and more defined contrast (phase
bright) between cells. 48 hours following serum
withdrawal in basal medium lacking GDNF,
pHEndEC layers appeared less organized (Figure
1B) relative to pHEndEC layers treated with
GDNF (Figure 1C). These observations were sup-
ported by larger cytoplasm with more diffuse
intracytoplasmic F-actin cytoskeletal filaments
and more frequent intercellular gaps prior to
serum withdrawal (Figure 1D) compared to
more compact cytoplasm with F-actin cytoskele-
tal filaments more localized at the inter-
endothelial cell membranes (Figures 1E and F).
In addition, GDNF-treated pHEndEC layers
appeared more organized with more uniformly
appearing cells and fewer intercellular gaps
48 hours following serum withdrawal (Figure
1F) compared to untreated cells (Figure 1E).
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Intracellular MAPK proteins, MEK1/2 and ERK1/2
are detected in GDNF-treated confluent
pHEndECs following serum withdrawal

Liquid chromatography-mass spectrometry (LC-
MS) analysis of pHEndEC cytoplasmic protein
extracts following trypsin digestion of the 10% Bis-
Tris gel stained with Colloidal Coomassie overnight
(Figure 2) identified 1068 proteins, including dual
specific MAPK2K2 (MEK1/2) and MAPK3 (ERK1/
2), as shown in Supplementary File 1. These data
imply that downstream MAPK signaling may be
relevant to the observed and previously published
GDNF-mediated pHEndEC cytoskeletal modifica-
tions and human BNB TEER enhancement follow-
ing serumwithdrawal in vitro that was dependent on
RET-tyrosine kinase signaling.19 Cytoskeletal and
junctional complex proteins implicated in specia-
lized intercellular junction formation were also iden-
tified. These include ACTN1, ACTN4, PARVA,
CTNNA1, DSP, FLNA, FLNB, FLNC, LASP1,
PDLIM1, SPTAN1, TJP1 (ZO-1), TJP2 (ZO-2),
TLN1 and ZYX.

Inhibition of MAPK kinase signaling abrogates
human BNB TEER increase following serum
withdrawal

Using ECIS to continuously measure TEER,
GDNF (0.1–100 ng/mL) resulted in a dose-
dependent increase in human BNB TEER follow-
ing serum withdrawal in vitro relative to basal
conditions, with maximal effect seen at 1 ng/mL
(0.033 nM; data not shown), as previously
established.19,21 There was an initial exogenous
GDNF-independent increase in TEER following
serum withdrawal that lasted ~16–20 hours fol-
lowed by a progressive decline in resistance
under basal conditions (Figure 3). The exogenous
GDNF-dependent phase started ~8 hours after
serum withdrawal and resulted in maximal TEER
at ~26–27 hours. The GDNF-induced increase in
TEER persisted longer and with less decline
observed 48 hours after serum withdrawal com-
pared to basal conditions. Inhibitors against MEK1
and ERK1/2 completely inhibited the GDNF-
mediated TEER increase down to basal levels by

Figure 1. GDNF-mediated human BNB morphological changes following serum withdrawal. Representative phase contrast digital
photomicrographs of visually confluent pHEndECs in vitro following initial seeding and culture in regular growth medium (A) and
following serum withdrawal in basal medium (B) and basal medium containing 1 ng/mL GDNF (C) demonstrate an admixture of
proliferating cuboidal-shaped (white arrows) and spindle-shaped cells prior to serum withdrawal. Diffuse spindle-shaped endothelial
cells are characteristic following serum withdrawal, with endothelial layers appearing more organized 48 hours afterwards in the
presence of GDNF (C) compared to basal conditions (B). Intercellular gaps (white asterisk) and more cuboidal cells with larger
cytoplasm and more diffuse intracytoplasmic F-actin cytoskeletal filaments are more commonly seen prior to serum withdrawal (D).
Spindle-shaped cells with more F-actin localization at intercellular membranes (white arrows) are more prevalent following serum
withdrawal (E, F) with fewer intercellular gaps (white asterisk) seen following GDNF treatment 48 hours afterwards. PC = Phase
Contrast. Initial magnification 100X (A-C) and 400X (D-F).
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48 hours following serum withdrawal while the
RET-Tyrosine kinase inhibitor reduced the max-
imal TEER to basal levels with a lower decline
compared to basal, MEK 1-inhibited and ERK1/
2-inhibited conditions (Figure 3).

MEK1 and ERK1/2 blockade near completely
abrogated the GDNF-mediated TEER increase
down to basal levels based on the calculated
mean absolute increase in TEER above baseline
levels prior to serum withdrawal (Figure 4A)
and % maximal TEER (persistence) relative to
the maximal GDNF-enhanced TEER observed
during serum withdrawal at 48 hours (Figure

4B). RET-tyrosine kinase inhibition resulted in
a statistically significant higher mean TEER
increase and persistence compared to basal,
MEK1 and ERK1/2-inhibited conditions, sug-
gesting that GDNF may partially signal via non-
RET-tyrosine kinase signaling pathways and
utilize downstream MAPK-dependent intracel-
lular signaling pathways to maintain elevated
TEER following serum withdrawal in vitro.
There were no significant differences in capaci-
tance (a measure of endothelial cell coverage
over the recording electrodes)29 between the
treatment groups (Figure 5), implying that
GDNF did not induce a change in pHEndEC
density following serum withdrawal, consistent
with our prior published observations that
demonstrated a weak GDNF effect on
pHEndEC proliferation (based on a sensitive
non-radioactive tetrazolium salt, WST-1 prolif-
eration assay) and angiogenesis (based on
a 4 hour MatrigelTM assay) in vitro.18

Overall, these data support the hypothesis that
GDNF enhances human BNB TEER following
initial confluent pHEndEC culture and serum
withdrawal, dependent on RET-tyrosine kinase/
MAPK signaling pathways in vitro without signifi-
cant change in endothelial cell proliferation, using
capacitance as a surrogate marker. The initial
GDNF-independent increase in TEER was tempo-
rally associated with pHEndEC cytoskeletal
changes that resulted in more compact spindle-
shaped pHEndECs (which may increase transcel-
lular TEER) and more continuous intercellular
contacts (which should increase junctional or
paracellular TEER). The partial increase in TEER
seen under basal conditions without exogenous
GDNF suggests transient autocrine activity of
GDNF or other redundant mitogens (e.g. trans-
forming growth factor-β1, basic fibroblast growth
factor) that are biologically insufficient to maintain
a high TEER. Subsequent development of cytoske-
letal retraction and less continuous intercellular
contacts as demonstrated by phase contrast micro-
scopy and F-actin immunohistochemistry may
occur as early as ~ 16–20 hours following serum
withdrawal and progressively worsen over
48 hours, consistent with previous work evaluating
RET-tyrosine kinase signaling following GDNF
treatment.19

Figure 2. GDNF-treated pHEndEC protein expression following
serum withdrawal. A digital photograph of the Colloidal
Coomassie-stained 10% Bis-Tris gel following SDS-PAGE of
pHEndEC protein extracts shows the six sections of the gel cut
from top to bottom prior to trypsin digestion (indicated in red),
with subsequent LC-MS, protein identification and GO annotation,
as described in the Materials and Methods section. Unexpected
vertical smearing is seen in both lanes containing pHEndEC cyto-
plasmic protein extracts < 20 KDa molecular weight.
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Inhibition of MAPK kinase signaling modulates
reduction in human BNB solute permeability
following serum withdrawal

GDNF significantly reduced solute permeability to
Na-FITC (Figure 6A) and dextran-70-FITC (Figure
6B) 48 hours after serum withdrawal when normal-
ized and compared to the untreated (basal) condi-
tion. This effect was abolished by specific cell-
permeable inhibitors against RET-tyrosine kinase,
MEK1 and ERK1/2, with no significant differences
observed between these inhibitors and basal condi-
tions. The mean solute permeability to Na-FITC
following serum withdrawal under basal conditions
was 10.89 (± 4.54)%, with a reduction to 6.91
(± 2.00)% following 1 ng/mL GDNF treatment.
The mean Na-FITC permeabilities following serum
withdrawal with concurrent treatment with GDNF
and specific inhibitors of RET-tyrosine kinase,
MEK1 and ERK1/2 were 11.25 (± 3.22)%, 9.57
(± 2.97)% and 11.70 (± 3.60)% respectively and
were not different from basal conditions. The mean
solute permeability to dextran-70-FITC following
serum withdrawal under basal conditions was 2.61
(± 1.39)%, with a reduction to 1.93 (± 0.94)% follow-
ing GDNF treatment. The mean dextran-70-FITC
permeabilities following serum withdrawal and con-
current treatment with GDNF and specific inhibitors

of RET-tyrosine kinase, MEK1 and ERK1/2 were
2.95 (± 1.18)%, 2.54 (± 1.20)% and 2.54 (± 1.06)%
respectively, and were not different from basal con-
ditions based on normalized values under basal con-
ditions without exogenous GDNF treatment.

These data support the hypothesis that GDNF
enhances the restrictive human BNB biophysical
property of limiting paracellular transport of small
and large molecules via RET-tyrosine kinase/MAPK
signaling mechanisms following serum withdrawal.
This is consistent with previously published initial
observations of GDNF-mediated reduction in dex-
tran-70-FITC permeability following serum withdra-
wal, as well as the observed more continuous
intercellular contacts and fewer intercellular gaps
(that may provide a route for paracellular transport
or diffusion) between adjacent pHEndECs mediated
by GDNF and RET tyrosine kinase following serum
withdrawal in vitro.19

GDNF facilitates persistent increase in human
BNB biophysical properties via specific changes
in the cytoskeletal-intercellular adherens and
tight junctional complex

Upregulation in specific adherens and tight junc-
tional complex gene expression following GDNF

Figure 3. GDNF effect on transendothelial electrical resistance. A representative graph of continuous human BNB TEER measured by
ECIS obtained from a single experiment shows the uniform gradual increase in TEER in regular growth medium. Serum withdrawal is
associated with an initial increase in resistance that peaks in ~ 16–20 hours with progressive decline until the end of the experiment
48 hours afterwards under basal conditions. GDNF results in a higher TEER that peaks ~ 26–27 hours after serum withdrawal with
less decline 48 hours afterwards. Specific inhibitors against RET-tyrosine kinase (RET-TK Inh), MEK1 (MEK1 Inh) and ERK1/2 (ERK 1/2
Inh) abrogate the GDNF-mediated TEER changes.
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treatment may indicate the changes required to
develop or restore the restrictive biophysical prop-
erties at the human BNB, while reduced expression
relative to basal conditions may indicate tran-
scripts downregulated after forming the restrictive
junctional complex or compensatory transcripts
highly expressed by the BNB in an attempt to
develop and maintain restrictive barrier function
in the absence of exogenous GDNF.

The Human Adherens Junction PCR array
demonstrated that the GDNF-mediated increase in

the human BNB restrictive biophysical properties
following serum withdrawal was significantly asso-
ciated with increased expression of the following top
5 gene transcripts: CDH3 (adherens junction pro-
tein; 44607.5-fold), ACTN2 (cytoskeletal protein;
2452.4-fold), CTNNA3 (adaptor protein linking
cytoskeleton to adherens junction; 448.8-fold),
CDH1 (adherens junction protein; 221.3-fold) and
CTNNA2 (adaptor protein; 23.6-fold). Decreased
expression of the following top 5 gene transcripts
was also observed: DSG3, DSC3 (desmosome pro-
teins; 495.4-fold and 284.1-fold respectively), PVRL4
(adherens junction protein; 254.7-fold), SSX2IP and
SORBS1 (adaptor proteins; 181.7-fold and 169.2-fold
respectively), as shown in Figure 7.

GDNF-mediated increased transcript expression
of cytoskeletal component or regulatory genes
ACTN2, RALA, WASL, ARF6, TLN1, ACTN3, and
WAS with reduced expression of WASF1, RAC1,
MAPRE1, ZYX and IQGAP1 relative to basal condi-
tions following serum withdrawal was detected.
Increased expression of adaptor components
CTNNA3, CTNNA2 and CTNNA1 with reduced
expression of SSX2IP, SORBS1, JUP (CTNNG) and
PKP2 was also observed. Changes in several regula-
tors of cellular function such as plasma membrane
remodeling (increased: HGS; decreased: CSNK2B,
PIK3CG), apoptosis (increased PERP, CSNK2A2),
and cell polarity and intercellular communication
(decreased DLL1, PARD3) were also observed fol-
lowing GDNF-mediated enhancement of human
BNB restrictive biophysical properties following
serum withdrawal in vitro.

In terms of adherens junction and desmosome
components, there was GDNF-mediated increased
expression in CDH3, CDH1, DSG1, DSC2, PVRL2,
PVRL3 and PVRL1, with reduced expression of
DSG3, DSC3, PVRL4, DSG4, CDH4, DSG2, DSC1,
VEZT and purinergic receptor P2RX6 (which
interacts with CDH5 at adherens junctions
in vitro) 30 relative to basal conditions. The relative
high expression of specific desmosome transcripts
under basal conditions following serum withdra-
wal (Figure 7) suggests possible intercellular des-
mosome formation as compensation by the
in vitro human BNB in an attempt to develop
a restrictive barrier in the absence of the observed
GDNF-mediated increase in specific cytoskeletal-
adaptor-adherens junction components potentially

Figure 4. GDNF effect on BNB TEER recovery following serum
withdrawal. Bar histograms demonstrate that GDNF signifi-
cantly enhanced human BNB restrictive biophysical properties
based on maximal calculated absolute TEER increase (A) and %
maximal TEER (persistence) at 48 hours following serum with-
drawal (B). Inhibitors against MEK1 (MEK1 INH) and ERK1/2 (ERK
1/2 INH) completely abrogated the GDNF-mediated resistance
enhancement with no significant differences compared to basal
conditions without added GDNF, while an inhibitor against RET-
tyrosine kinase (RET-TK INH) resulted in a small, but statistically
significant partial effect relative to basal conditions. *** indi-
cates p < 0.001, **** indicates p < 0.0001 and n.s. indicates not
significant. N = 3 independent experiments in triplicate.
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associated with the highly restrictive intercellular
junctional complex and BNB biophysical proper-
ties. However, it is important to recognize that
endothelial cells lack typical desmosomes and
that transcripts expressed may not undergo trans-
lation to functional protein or expression at inter-
cellular junctional membranes.

The Human Tight Junction PCR array demon-
strated that the GDNF-mediated increase in
human BNB restrictive biophysical properties was
significantly associated with increased expression
of the following top 5 gene transcripts: CTNNA2
(adaptor protein; 2645300.2-fold), ACTN3 (cytos-
keletal protein; 106883.2-fold), CRB3 (tight junc-
tion formation regulator; 1013.4-fold), CLDN19
(tight junction protein; 476.1-fold) and CGN
(tight junction adaptor protein; 360.8-fold).
Decreased expression of the following top 5 gene
transcripts was also observed: PARD6B (cell polar-
ity regulator; 907.0-fold), PRKCZ (serine/threo-
nine kinase cell function regulator; 404.5-fold),
CLDN8, CLDN4 (tight junction proteins;
188.7-fold and 155.4-fold respectively), and
SPTA1 (cytoskeletal component; 88.0-fold), as
shown in Figure 8.

GDNF-mediated increased transcript expression
of cytoskeletal component or regulatory genes
ACTN3, LLGL1, HCLS1, SPTAN1, SPTB, LLGL2,
ACTN1, EPB41 and ACTN4 with reduced expres-
sion of SPTA1 relative to basal conditions follow-
ing serum withdrawal was detected using this
array. Increased expression of adaptor components
CTNNA2, CGN, CTNNA3, CTNNB1 and CTNNA1
was also observed. Changes in several regulators of
cellular function such as regulation of cell polarity
(increased PARD6A, MARK2, SMURF1, MPP5,
MPDZ and PARD3; decreased PARD6B), specific
serine/threonine kinases (increased CDK4,
decreased PRKCZ), cell adhesion molecules/
attachment regulators (increased ICAM2, ILK,
ICAM1) were also observed following GDNF-
mediated enhancement of human BNB restrictive
biophysical properties following serum withdrawal
in vitro. In support of our prior hypothesis that
exogenous GDNF mediates the development of
restrictive BNB tight junction properties via cytos-
keletal remodeling and formation of more contin-
uous intercellular junctions, increased expression
of ARHGEF2 (involved in exogenous Rho-GTPase
signaling pathways) and ESAM (involved in

Figure 5. GDNF effect on transendothelial capacitance. A representative graph of continuous human BNB capacitance measured by
ECIS obtained from a single experiment shows a slight uniform gradual increase in capacitance following sub-confluent pHEndEC
culture in regular growth medium. Serum withdrawal is associated with an initial slight decrease in capacitance for ~ 8–12 hours
that plateaus with no significant increase over the next 36–40 hours. No significant differences in capacitance are observed between
basal and GDNF-treated confluent pHEndECs, and GDNF-treated pHEndECs with specific inhibitors against RET-tyrosine kinase (RET-
TK Inh), MEK1 (MEK1 Inh) and ERK1/2 (ERK 1/2 Inh) following serum withdrawal.
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formation of continuous intercellular junctions by
correcting intercellular membrane gaps) 31 were
also observed.

In terms of tight junction protein and junctional
regulatory components, there was GDNF-
mediated increased expression in CRB3, CLDN19,
CLDN2, CLDN3, CRB1, F11R, AMOTL1, TJAP1,
CLDN14, TJP1, JAM3, ASH1L, MAGI1, MLLT4,
TJP2, CLDN1, SYMPK, CD99, CTTN and
CLDN16, with reduced expression of CLDN8,
CLDN4, CLDN5 and IGSF5 (JAM4) relative to
basal conditions. The relative high expression of

a few specific claudin transcripts and a cytoskeletal
component under basal conditions following
serum withdrawal (Figure 8) may imply
a compensatory attempt to form or maintain
restrictive tight junctions by these endothelial
cells in the absence of exogenous GDNF or down-
regulation of these specific transcripts following
GDNF-mediated development of a more restric-
tive tight intercellular junctional complex via
increased expression of specific cytoskeletal-
adaptor-cell-polarity regulator-tight junction com-
ponents following serum withdrawal after initial
endothelial monolayer formation in vitro. It is
important to emphasize that specific transcripts
expressed by the human in vitro BNB induced by
exogenous GDNF treatment may not be translated
to functional proteins involved in cytoskeletal-
intercellular junctional complex formation or
expressed in the appropriate subcellular location
required to establish restrictive tight junctions, and
differences may exist compared to the in vivo
human BNB.

GDNF induces alterations in cytosolic and
membrane expression of specific cytoskeletal
and junctional complex-associated proteins

LC-MS analysis of pHEndEC cytosolic and mem-
brane protein extracts following trypsin digestion
of the 10% Bis-Tris gel stained with Colloidal
Coomassie overnight (Figure 9) identified 1054
proteins, including specific cytoskeletal-junctional
complex associated proteins ACTN1, ACTN4,
CDC42, CDH2, CDH11, CDH13, CELSR1,
CTNNA1, CTNNB1, CTNND1, DLG1, FLNA,
FLNB, FLNC, LMO7, ICAM1, PARVA,
PDZLIM1, PDZLIM 5, PDZLIM7, RAC1,
SPTAN1, TJP1, TLN1, VAPA, VAPB, VCL, ZYX,
as shown in Supplementary File 2. Several “classic”
adherens and tight junction associated proteins
such as CDH5, CLDN5, F11R (also known as
JAM1) and OCLN were not detected using the
predefined peptide/protein identification para-
meters. Surprisingly, CTNNA2 was not detected
in either the cytosolic or membrane fractions of
GDNF-treated pHEndECs following serum with-
drawal despite data implying significant upregula-
tion in transcript expression from the Human
Adherens and Tight Junction PCR arrays.

Figure 6. GDNF effect on BNB solute permeability following
serum withdrawal. Bar histograms demonstrate that GDNF sig-
nificantly reduced human BNB solute permeability to Na-FITC
(A) and dextran-70-FITC following serum withdrawal (B).
Inhibitors against RET-tyrosine kinase (RET-TK INH), MEK1
(MEK1 INH) and ERK1/2 (ERK 1/2 INH) completely abrogated
the GDNF-mediated permeability reduction with no significant
differences compared to basal conditions without added GDNF.
* indicates p < 0.05, **** indicates p < 0.0001 and n.s. indicates
not significant. N = 5 independent experiments in triplicate.
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Comparative quantitative proteomics of GDNF-
treated pHEndECs relative to basal (untreated)
cultures demonstrated an increase in total
CTNNA1 protein expression following GDNF
treatment that was associated with an increased
membrane fraction and reduction in the cytosolic
fraction (Table 1). This implies GDNF-mediated
CTNNA1 upregulation and translocation from the
cytosol to intercellular membranes that was asso-
ciated with more restrictive intercellular junctions.
There was a global increase in TLN1 protein
expression in both cytosolic and membrane frac-
tions, while there was no significant difference in
ZYX cytosolic protein levels between GDNF-
treated and basal pHEndEC cultures with
a reduction in membrane and total protein levels.
This suggests a potential role for TLN1 in GDNF-
mediated restrictive junctional complex formation

and a compensatory increase in membrane ZYX
expression in basal cultures following serum with-
drawal as a means to develop restrictive intercel-
lular junctions in the absence of exogenous
GDNF-mediated signaling (Table 1).

Immunocytochemistry of GDNF-treated
pHEndECs further supported the absence of cyto-
solic or membrane CTNNA2, with expression
restricted to nuclei in basal and GDNF-treated
cells (Figure 10A and B). Foci of high cytoplasmic
CTNNA1 expression was observed in basal cultures
(Figure 10C) with more diffuse and higher mem-
brane-associated expression seen in GDNF-treated
pHEndECs (Figure 10D). Diffuse TLN1 expression
seen in basal cultures (Figure 10E) was more
intense following GDNF-treatment (Figure 10F),
while foci of high ZYX expression associated with
pHEndEC intercellular cytoplasmic projections was

Figure 7. Effect of GDNF on human BNB adherens junctional complex transcripts following serum withdrawal. Bar histograms depict
the mean fold-change in specific GDNF-mediated BNB adherens junction complex associated transcripts following serum withdrawal
relative to basal conditions without exogenous GDNF, demonstrating the repertoire of cytoskeletal-adaptor-adherens junction
component transcript changes associated with restrictive human BNB function in vitro. Green bars represent increased expression
(in descending order of magnitude) while red bars represent decreased expression (in ascending order of magnitude) for statistically
significant transcripts with fold-change ≥ 2.0. Error bars are not included to improve clarity. N = 2 independent experiments in
duplicate.
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observed under basal culture conditions (Figure
10G), with more diffuse and less intense expression
observed following GDNF treatment (Figure 10H).
These expression profiles were consistent with the
PCR array and quantitative proteomic data.

Reduced VEZT transcript expression was
observed in confluent GDNF-treated pHEndECs
following serum withdrawal (Figure 7). VEZT
was not detected by LC-MS analyses of the cyto-
solic or membrane fractions of either basal or
GDNF-treated pHEndECs (see Supplementary
File 2). However, immunocytochemistry using
a specific primary antibody demonstrated
increased focal perinuclear and cytosolic expres-
sion in GDNF-treated cells (Figure 10J) compared
to basal cultures (Figure 10I), implying VEZT
downregulation following GDNF-mediated
restrictive intercellular junctional complex forma-
tion following protein transcription. Intercellular

membrane detection of TJP1, CDH5 and CLDN5
were also observed on basal and GDNF-treated
pHEndECs (Figures 10K–P), implying loss or
degradation of these proteins during extraction
from confluent cultures, low abundance levels
resulting in a failure of LC-MS to identify and
quantify them or too stringent pre-defined pep-
tide/protein identification criteria. As observed
with F-actin cytoskeletal filament staining, GDNF
treatment was associated with more continuous
intercellular contracts and few intercellular gaps
at the human BNB in vitro, as previously
published.19

Discussion

Using well-established assays of endothelial barrier
function, this study demonstrates the role of intra-
cellular MAPK signaling in GDNF-mediated

Figure 8. Effect of GDNF on human BNB tight junctional complex transcripts following serumwithdrawal. Bar histograms depict the mean
fold-change in specific GDNF-mediated BNB tight junction complex associated transcripts following serum withdrawal relative to basal
conditions without exogenous GDNF, demonstrating the repertoire of cytoskeletal-adaptor-cell polarity-tight junction component
transcript changes associated with restrictive human BNB function in vitro. Green bars represent increased expression (in descending
order of magnitude) while red bars represent decreased expression (in ascending order ofmagnitude) for statistically significant transcripts
with fold-change ≥ 2.0. Error bars are not included to improve clarity. N = 2 independent experiments in duplicate.
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enhancement of human BNB function following
serum withdrawal in vitro, and also confirms that
GDNF signals through RET-tyrosine kinase during
this process. The unique cytoskeletal and intercel-
lular junctional complex molecular transcript
changes associated with this biological effect was
determined using commercially available, vali-
dated quantitative PCR arrays, emphasizing the
importance of cytoskeletal remodeling, formation
of continuous intercellular contracts and the
repertoire of transcripts that are involved in form-
ing human BNB adherens and tight junctions
in vitro, without making assumptions about
which components should be studied based on
presumed biological function or the most

appropriate internal reference or housekeeping
genes for comparative analyses. Similarly, quanti-
tative proteomic analyses of cytosolic and mem-
brane fractions allows identification, relative
enumeration and compartmentalization of pro-
teins implicated in forming the restrictive human
BNB in vitro under the influence of exogenous
GDNF in a more comprehensive way.

We demonstrated using quantitative proteomics
that certain GDNF-induced cytoskeletal or junc-
tional complex transcripts were not translated to
protein (e.g. CTNNA2) in vitro, and that specific
proteins may be diffusely upregulated (e.g. TLN1)
or undergo relative translocation from the cytosol
to intercellular membranes (e.g. CTNNA1)

Figure 9. GDNF-treated and untreated pHEndEC cytosolic and membrane protein expression following serum withdrawal. A digital
photograph of the Colloidal Coomassie-stained 10% Bis-Tris gel following SDS-PAGE of pHEndEC cytosolic and membrane protein
extracts shows the three sections of the gel cut from top to bottom prior to trypsin digestion (indicated in red), with subsequent LC-
MS, protein identification and quantification, as described in the Materials and Methods section. MW = molecular weight;
BSA = bovine serum albumin; mGDNF = membrane protein extract, GDNF-treated; cGDNF = cytosolic protein extract, GDNF-
treated; mBasal = membrane protein extract, basal conditions; cBasal = cytosolic protein extract, basal conditions.

Table 1. Comparative quantitative proteomics of selected junctional complex-associated proteins. Proteomic quantification of
selected proteins based on normalized average total ion current of cytosolic and membrane protein fractions of confluent
pHEndECs 48 hours following serum withdrawal without (basal) and with GDNF treatment shows a total increase in CTNNA1
expression associated with a reduction in cytosolic expression and increase in membrane expression mediated by GDNF. There is
a diffuse increase in TLN1 cytosolic and membrane expression following GDNF treatment compared to basal conditions. Total ZYX
expression was reduced following GDNF treatment associated with reduction in membrane expression with minimal change in
cytosolic expression compared to basal conditions. Protein extracts from 2 independent experiments were combined, quantified in
triplicate and averaged using the Scaffold software as described in the Materials and Methods section.

Protein
Basal

cytosolic
GDNF

cytosolic
Fold

Change
Basal

membrane
GDNF

membrane
Fold

Change
Basal
Total

GDNF
Total

Fold
change

CTNNA1 50798 39195 0.77 116810 145520 1.25 167608 184715 1.10
TLN1 86205 96750 1.12 119360 146880 1.23 205565 243630 1.18
ZYX 278630 269960 0.97 391860 233520 0.60 670490 503480 0.75
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associated with restrictive intercellular junctional
complex formation at the human BNB in vitro
compared to basal conditions. However, there are
limitations with the current quantitative LC-MS
analyses as it failed to identify certain intercellular
junction proteins in the membrane or cytosolic
extracts that were observed by immunocytochemis-
try. Further work is needed to optimize the mem-
brane protein extraction protocol to facilitate
detection of important junctional complex proteins

(e.g. claudins) that would guide further mechanistic
studies of the restrictive human BNB in vitro. This
study supports prior in vitro human BNB observa-
tions and demonstrates that restrictive barrier func-
tion does not simplistically involve upregulation of
specific adherens and tight junction proteins alone,
but critically involves early cytoskeletal changes
required to provide the scaffolding needed for
restrictive intercellular junctional complex
formation.32-36 Due to phenotypic and functional

Figure 10. Effect of GDNF on selected human BNB junctional complex proteins following serum withdrawal. Representative digital
indirect fluorescent immunocytochemistry photomicrographs of visually confluent pHEndECs in vitro 48 hours after serum with-
drawal shows restricted nuclear CTNNA2 expression in GDNF-untreated (basal, A) and treated cultures (B) with foci of intense
cytoplasmic CTNNA1 expression in basal (white arrows, C) compared to more diffuse increased cytoplasmic CTNNA1 expression
following GDNF (D). Diffuse punctate cytoplasmic TLN1 expression seen under basal conditions (E) contrasts with more intense
diffuse staining seen following GDNF treatment (F). Foci of intense ZYX expression associated with intercellular cytoplasmic
projections is seen under basal conditions (white arrows, G) compared to less intense and uniformly more diffuse expression
following GDNF treatment (H). Contrary to the PCR array data, there is reduced focal perinuclear and cytosolic VEZT expression under
basal conditions (I) compared to GDNF-treated cells (J). Less organized intercellular junctions expressing TJP1 are seen under basal
conditions (K) compared to GDNF treatment (L). Similarly, less organized intercellular junctions with broader CDH5 membrane
expression is seen under basal conditions (white arrows, M) compared to GDNF-treated pHEndECs (N). CLDN5 intercellular junctional
expression is less organized and associated with more intense punctate perinuclear cytoplasmic staining under basal conditions
(white arrow, O) compared to expression on more continuous and organized intercellular junctions with GDNF treatment (P).
Intercellular gaps (white asterisk), which are more prevalent under basal conditions compared to GDNF-treated pHEndECs, are
shown. Positive protein expression = red in A-J and green in K-P, with nuclei depicted in blue. Initial magnification 400X for all
photomicrographs.
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differences between microvascular endothelial cells
from different tissues and species, a comprehensive
understanding of the molecular determinants and
signaling mechanisms implicated in human BNB
function in health and disease is biologically rele-
vant, with translational potential to non-traumatic
peripheral neuropathies.

This paper also demonstrates the highest pub-
lished human BNB TEER in vitro (in both the
growth and post-serum withdrawal phases) using
ECIS, applying knowledge that demonstrated the
superiority of using GTA-crosslinked RTC as the
matrix scaffold for pHEndEC growth and junc-
tional complex formation over RTC alone.37

Regulation of endothelial barrier function in vivo
and in vitro is known to be influenced by the
extracellular matrix composition.38-40 The mam-
malian BNB TEER in vivo or in situ is unknown;
however, it may be of the same order of magnitude
as the blood-brain barrier. Co-culture with peri-
cytes and/or astrocytes, contact inhibition of
endothelial cell proliferation and removal of mito-
gens from culture media after confluence, as well
as the incorporation of shear stress along the long-
itudinal axis of confluent monolayers typically
support formation of tighter intercellular
junctions.41-47 This study did not culture
pHEndECs with pericytes or Schwann cells, the
glial cell type found in peripheral nerves, apply
shear stress to confluent pHEndECs or measure
solute permeability under flow conditions. Unlike
astrocytes with cerebral microvessels, Schwann
cells are not in direct contact with human endo-
neurial microvessels in vivo.4,5 Specific adaptations
are likely needed, guided by in vivo and in situ
observations, to develop a more physiological
human BNB model for in vitro manipulation
with higher translational potential or biological
relevance, as observed with a flow-dependent leu-
kocyte-BNB model designed to study peripheral
neuroinflammation.48,49

Endothelial cells are serum-dependent for
attachment, and serum withdrawal is associated
with diffuse reduction in continuous intercellular
membrane contacts in sub-confluent proliferating
cells.46 However, serum withdrawal is also a well-
established technique to suppress growth, induce
contact-inhibition and promote intercellular junc-
tion formation by confluent epithelial and

endothelial cells in vitro.50-52 The effect of
GDNF, RET-tyrosine kinase and MAPK signaling
in maintaining a high TEER following serum with-
drawal was confirmed at the human BNB in vitro.
Schwann cells are the primary source of GDNF in
peripheral nerves in vivo.12,53,54 The current study
suggests that purinergic receptor P2RX6 may be
involved in the human BNB endothelial cell
response to serum withdrawal due to its high
transcript expression levels under basal conditions
without exogenous GDNF. This hypothesis is sup-
ported by a recent publication that demonstrated
activation of Schwann cell P2 type purinergic
receptors following sciatic nerve injury that
resulted in induced GDNF transcription in adult
male Sprague-Dawley rats.54

There is evidence supporting the notion that
GDNF is a general paracrine regulator of mamma-
lian endothelial tight junctions in restrictive blood-
tissue barriers based on work with porcine brain
capillary and human brain microvascular cells
(blood-brain barrier),20,23 rat retinal microvascular
endothelial cells (inner blood-retinal barrier)22 and
rat testicular microvessels (blood-testis barrier).24

These specialized endothelial cells express GDNF
receptor, GFRα1 on their cell membranes in vitro
or in situ. There is also evidence that GDNF
(secreted by enteric glial cells) regulates the intest-
inal epithelial barrier in vitro and in vivo, with
a potential role in barrier maturation (via p38
MAPK pathway), wound healing (via cyclic
AMP/protein kinase A pathway) and in the patho-
genesis of inflammatory bowel disease.25-28

GDNF (maximal at 1 ng/mL) demonstrated
a minor heparin-dependent increase in pHEndEC
proliferation and angiogenesis relative to normal
serum-containing basal medium without added
growth factors, with no significant effect on sterile
micropipette-induced wound healing in vitro
(which involved an initial phase of endothelial
cell migration followed by proliferation that was
primarily mediated by vascular endothelial growth
factor [VEGF]A165).

18 Our study does not support
GDNF-mediated pHEndEC proliferation following
serum withdrawal based on continuous capaci-
tance measurements as the reason for more
restrictive barrier characteristics. Our data imply
that GDNF could function as an essential regulator
of restrictive barrier formation in peripheral nerve
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endoneurium following endothelial cell prolifera-
tion and angiogenesis. It is therefore plausible that
Schwann cells could directly regulate tight junc-
tion formation in endoneurial microvessels during
peripheral nerve development and possibly follow-
ing injury via GDNF secretion. In support of this,
we have observed an important role for GDNF in
rapidly restoring BNB impermeability to a large
macromolecule following non-dissecting sciatic
nerve crush injury using a murine conditional
GDNF knockout model, independent of CDH5
and CLDN5 expression by indirect fluorescent
immunohistochemistry.55

Recent published work on the normal adult
human BNB transcriptome (deduced by detecting
conserved transcripts by both pHEndECs in vitro
and laser capture microdissected endoneurial
microvessels from peripheral nerve biopsies
in situ by RNA-sequencing) demonstrated
a comprehensive repertoire of cytoskeletal and
junctional complex transcripts and their asso-
ciated biological networks. That publication
ascertained the expression of at least 133 known
intercellular junctional complex transcripts,
including 22 tight junction or junction-
associated molecules, 45 adherens junction or
junction associated molecules, and 52 cell junc-
tion-associated or adaptor molecules by the
human BNB. Networks/subnetworks associated
with intercellular adherens and tight junctions
and their organization demonstrated p-values
between 1.9 × 10−63 and 6.7 × 10−4, implying
that these are highly significant for human BNB
biological function in normal adults.7

The human BNB transcriptome, coupled with
in situ protein expression by endoneurial micro-
vessels in human peripheral nerves, also provides
an essential framework for biologically relevant
studies to directly verify mechanisms of intercel-
lular junctional complex formation in health and
disease using in vitro and in vivo models.
Restoration of the endoneurial microenvironment
may be a necessary prerequisite for efficient and
efficacious axonal regeneration in peripheral neu-
ropathies, so strategies to locally administer GDNF
or increase endogenous GDNF expression by
Schwann cells could translate into targeted mole-
cular therapies for these group of disorders (as
GDNF also supports peripheral nerve axonal

regeneration), recognizing that a narrow therapeu-
tic window and off-target effects may exist for
mitogen-based biologic therapies.56-58

In conclusion, we confirm a role for exogenous
GDNF in enhancing restrictive human BNB bio-
physical properties in vitro via RET-tyrosine
kinase-MAPK signaling, associated with changes
in specific cytoskeletal-adaptor-junctional complex
transcripts by quantitative real-time PCR and
quantitative proteomics, and propose that
Schwann cells may facilitate this process in vivo
during development and following diffuse endo-
neurial microvessel injury associated with trau-
matic or toxic peripheral neuropathies. Direct
enhancement of intracellular MAPK signaling for
therapeutic purposes may prove difficult due to
the ubiquitous use of this pathway in multiple
cellular processes, including cell survival.
Identifying and studying specific proteins such as
TLN1 and CTNNA1, and the signaling pathways
downstream of MAPK signaling associated with
transcription control of essential cytoskeletal and
junctional complex genes, mechanisms of cytoske-
letal remodeling and protein translocation from
the cytosol to intercellular membranes, regulation
of cell polarity and intercellular junction complex
formation may provide targets for future therapeu-
tic modulation to restore physiological BNB func-
tion in adult human peripheral nerves in different
disease states.

Materials and methods

Phase contrast microscopy and
immunocytochemistry

pHEndECs were used throughout this study.
Detailed protocols on their isolation, purification,
culture and characterization have been
published.59 Cryopreserved pHEndECs were
expanded and seeded at 200,000 cells per well in
6-well CellBIND® tissue culture plates (Coring,
catalog # 3335) coated with glutaraldehyde (GTA)-
crosslinked Type I rat tail collagen (RTC)
(Corning catalog # 354236) followed by RTC gel
coating. Serum withdrawal (with or without 1 ng/
mL GDNF in RPMI-1640 + 1% BSA) was per-
formed 5 days after culturing to confluence with
regular growth medium (RPMI-1640, 10%
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NuSerum, 10% fetal bovine serum, 1% vitamin
solution, 1% non-essential amino acid solution,
1% sodium pyruvate, 1% penicillin-streptomycin,
2 mM L-glutamine, 10 mM HEPES buffer, and
enriched with 50 μg/mL endothelial cell growth
supplement, 1 ng/mL human recombinant basic
fibroblast growth factor and 10 U/mL heparin,
from the same vendors), as previously
published.19,59 Serum withdrawal was performed
for 48 hours by carefully aspirating growth med-
ium ~120 hours after initial pHEndEC plating and
replacing with serum-deficient RPMI-1640 + 1%
bovine serum albumin (BSA), with and without
human recombinant GDNF (PeproTech catalog
#450–10), as previously published.19 Phase con-
trast digital photomicrographs were taken using
a Zeiss Axiocam MRc 5 digital camera mounted
on a Zeiss Axiovert 40 inverted microscope to
observe morphological changes prior to and asso-
ciated with serum withdrawal with and without
exogenous GDNF.

Rhodamine-phalloidin immunocytochemistry
to detect F-actin cytoskeletal filaments was per-
formed according to the manufacturer’s protocol,
as previously published.19 Briefly, pHEndECs were
seeded at 30,000 cells/cm2 and cultured to conflu-
ence on GTA-crosslinked RTC-coated borosilicate
glass coverslips placed in 24-well Corning costar
tissue culture plates for 5 days. Serum withdrawal
was performed as described above. Cells were fixed
in 4% paraformaldehyde (PFA) in 1X PBS, per-
meabilized with 0.1% Triton-X-100 in 1X PBS at
−20 °C, blocked with 1% BSA in 1X PBS, incu-
bated with 1:40 stock of rhodamine-phalloidin
(Invitrogen, catalog #R415) diluted in blocking
medium and treated with 0.45 µM DAPI to detect
nuclei. All washes were performed with 1X PBS.
Air-dried coverslips were mounted in Vectashield
and visualized using a Zeiss Axioskop epifluores-
cent microscope equipped with an Axiocam MRc
5 digital camera. Images were initially processed
using the Zeiss Axiovision software program.

Junctional complex-associated protein
pHEndEC immunocytochemistry was performed
to determine expression and changes in protein
distribution associated with GDNF treatment fol-
lowing serum withdrawal, modifying a previously
published protocol.19 As described above,
pHEndECs were cultured to confluence and

underwent serum withdrawal on GTA-
crosslinked RTC-coated borosilicate glass cover-
slips placed in 24-well Corning costar tissue cul-
ture plates. Medium were aspirated from the 24-
well plates and washed with Dulbecco’s PBS
(D-PBS: 0.1 g MgCl2.6H2O + 0.132 g CaCl2. 2H2

O in 1000 mL 1X PBS). Cells were fixed with 4%
PFA in 1X PBS for 10 minutes, washed with
D-PBS and permeabilized with freshly made
methanol/acetone 1:1 v/v (for α2-catenin
[CTNNA2], talin-1 [TLN1], zyxin [ZYX)], vezatin
[VEZT], cadherin-5 [CDH5] and claudin-5
[CLDN5]) or 0.1% Triton-X-100 (for zona occlu-
dens-1 [TJP1] and α1-catenin [CTNNA1]) for 3–-
5 minutes at −20°C.

After washing with D-PBS and air drying for
5 minutes at room temperature, cells were blocked
with 2% normal goat serum (NGS) in 1X PBS for
30 minutes followed by incubation with the fol-
lowing primary antibodies in 2% NGS in 1X PBS
for 60 minutes at room temperature in the dark:
Rabbit anti-human CTNNA2 IgG (1:50 dilution;
ThermoFisher Scientific catalog # MA514963),
rabbit anti-human TLN1 IgG (1 µg/mL; Abcam
catalog #71333), rabbit anti-human ZYX IgG
(133 µg/mL; ThermoFisher Scientific catalog #
PA1-25162), rabbit anti-human VEZT IgG (4 µg/
mL; ThermoFisher Scientific catalog # PA5-
52115), mouse anti-human CDH5 IgG1 (4 µg/
mL; Santa Cruz Biotechnology catalog # sc-9989),
mouse anti-human CLDN5 IgG1 (10 µg/mL;
ThermoFisher Scientific catalog # 35–2500), rabbit
anti-human TJP1 IgG (5 µg/mL; ThermoFisher
Scientific catalog # 61–7300), and mouse anti-
human CTNNA1 IgG1 (2 µg/mL; ThermoFisher
Scientific catalog # 13–9700).

Following washes with 2% NGS in 1X PBS, cells
were appropriated incubated with the following
secondary antibodies in 2% NGS in 1X PBS for
60 minutes at room temperature in the dark: Goat
anti-rabbit IgG (H + L) Alexa Fluor 594 (4 µg/mL;
ThermoFisher Scientific catalog # A11037), goat
anti-mouse IgG (H + L) Alexa Fluor 594 (4 µg/
mL; ThermoFisher Scientific catalog # A11005),
goat anti-rabbit IgG (H + L)-FITC (2 µg/mL;
SouthernBiotech catalog #4050–02) or goat anti-
mouse IgG (H + L)-FITC (2 µg/mL;
SouthernBiotech catalog #1031–02). Following
washes with 2% NGS in 1XPBS, cells were treated
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with 0.45 µM DAPI to detect nuclei, washed with
D-PBS and mounted on a glass microscope slide
with Vectashield. pHEndECs were visualized using
a Zeiss Axioskop epifluorescent microscope
equipped with an Axiocam MRc 5 digital camera
and initially processed using the Zeiss Axiovision
software program or a Nikon Eclipse Ci-S Upright
epifluorescent microscope with a D5-Qi2 camera
and initially processed Nikon NIS-Elements AR
software program. Photomicrographs were merged
using Adobe Photoshop as needed and mounted
into a single figure using Microsoft PowerPoint
prior to final image generation with Adobe
Photoshop.

Human in vitro BNB proteomics

Total cellular cytoplasmic proteins were extracted
from pHEndEC cultures initially grown to conflu-
ence in 6-well rat tail collagen-coated Corning
CellBIND® tissue culture plates, followed by treat-
ment with serum-deficient basal medium contain-
ing human recombinant GDNF for 48 hours, to
discover possible downstream intracellular signal-
ing pathways. Extraction was performed by gentle
scraping in cold lysis buffer (10 mM potassium
chloride+ 10 nM HEPES+ 0.1 mM ethylene dia-
mine tetraacetic acid+ 0.1 mM ethylene glycol
tetraacetic acid+ 1 mM dithiothreitol+ 0.5 mM
phenylmethanesulfonyl fluoride+ 0.05% tergitol®
nonyl phenoxy polyethoxylethanol-40 in deionized
distilled water) containing protease inhibitor cock-
tail (1:300 dilution; Sigma-Aldrich catalog #
P8340) on ice, followed by brief sonication and
centrifugation at 18,000 g for 20 min at 4°C, as
previously published.19,60 Protein extracts were
quantified using the Bradford Coomassie assay
and stored at −80°C.

200 µL of the pHEndEC cytoplasmic protein
extract sample was concentrated down to ~ 40 µL in
50 mM ammonium bicarbonate, and separated by
sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) using a 10% Bis-Tris gel in
duplicate (20 µL, or 12.6 µg per lane), with a lane
containing 100 ng BSA (as an internal assay control)
and an independent lane containingmolecular weight
markers also included on the gel. The gel was stained
overnight with Colloidal Coomassie. Both lanes were
cut into 6 pieces from the top to bottom, and each

piece/fraction was digested separately with trypsin
overnight. The digests from both pHEndEC protein
extract lanes were combined prior to LC-MS analysis
by the University of Alabama Comprehensive Cancer
Center Mass Spectrometry/Proteomics Shared
Facility, using an established protocol.61

The XCalibur RAW files collected in profile
mode were centroided and converted to MzXML
using ReADW v. 3.5.1. The .mgf files were created
using MzXML2Search for all scans with
a precursor mass between 300 Da and 1200 Da.
The data were searched using SEQUEST version
27, revision 12 set for maximum missed cleavages
of five, trypsin digestion, variable modification
+57 on C (carbamidomethyl) and +16
on M (oxidation) and fixed modification
+1000002 on X. For the fragment-ion mass toler-
ance, 0.00 Da was used. Searches were performed
with the mjdb_human2-201304 database (29,243
entries). The resulting list of the generated peptide
IDs was filtered using Scaffold version 4.4.1
(Proteome software, Portland, OR), using an
experiment-wide grouping with binary peptide-
protein weight strategy. The filter cut-off values
were set with peptide count (>2 AA’s), peptide
probability set to 80% C.I., ≥2 peptides/protein,
and protein probabilities set to > 99% C.I., with
a final peptide false detection rate (FDR) of < 2.1%
and protein FDR of 0.0%. Protein annotation was
performed using Gene Ontology (http://www.gen
eontology.org/).

In another series of experiments, pHEndEC
cultures were grown to confluence in four
75 cm2 GTA-crossedlinked rat tail collagen-
coated Corning CellBIND® tissue culture flasks,
followed by treatment with serum-deficient basal
medium with or without human recombinant
GDNF for 48 hours (two flasks each) as described
previously. The aim was to comprehensively iden-
tify membrane and cytosolic proteins associated
with cytoskeletal remodeling and junctional com-
plex formation and determine relative changes
induced by GDNF. Membrane and cytosolic pro-
teins from each flask (with ~3–4 x 106 cells) were
extracted using the Mem-PERTM membrane pro-
tein extraction kit (Thermo Scientific catalog
#89842), according to the manufacturer’s protocol
for adherent mammalian cells. Membrane and
cytosolic fractions from the basal and GDNF-
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treated confluent pHEndEC cultures (2 each) were
pooled, quantified using the Bradford Coomassie
assay and stored at −80°C.

200 µL of the membrane samples and 1 mL of
the cytosolic samples were concentrated down
using 3k MWCO filter columns into PBS. The
concentrated samples were quantified using
Bradford Coomassie assay. 8 µg per sample (max-
imum loading amount for the least concentrated
sample) were separated by SDS-PAGE using a 10%
Bis-Tris gel, with a lane containing 1 µg BSA
(internal assay control) and an independent lane
containing molecular weight markers also
included on the gel. The gel was stained overnight
with Colloidal Coomassie. Each sample lane was
digested in 3 fractions with trypsin overnight. LC-
MS analysis was performed to identify and quan-
tify proteins in each sample by the normalized
average total ion current method using Scaffold
version 4.8.7 (Proteome software, Portland, OR).

The data were searched using SEQUEST version
27, revision 12 set for maximum missed cleavages
of five, trypsin digestion, variable modification
+ 57 on C (carbamidomethyl) and + 16
on M (oxidation) and fixed modification
+ 1000002 on X. For the fragment-ion mass toler-
ance, 0.00 Da was used. Searches were performed
with the mjdb_human2-20150516 database
(24,325 entries). The resulting list of the generated
peptide IDs was filtered using Scaffold version
4.8.7, using an experiment-wide grouping with
binary peptide-protein weight strategy. The filter
cut-off values were set with peptide count (> 2
AA’s), peptide probability set to 80% C.I., ≥ 2
peptides/protein, and protein probabilities set to
> 99% C.I., with a final peptide false detection rate
(FDR) of < 2.1% and protein FDR of 0.0%. Protein
annotation was performed on FASTA-formatted
files using UniRef/NREF (UniProt: https://www.
uniprot.org/). Identified proteins were quantified
using Scaffold software. Normalized average total
ion current sums the intensity of all the peaks
contained in the MS/MS spectrum of an identified
protein, with the area under the peak being
directly proportional to the height of the peak.
Quantitative data were obtained in triplicate and
averaged for each identified protein. Selected junc-
tional complex associated proteins were selected
for initial comparative analyses between confluent

GDNF-treated and basal pHEndECs following
serum withdrawal for 48 hours.

Electric cell-substrate impedance sensing
measurement of transendothelial electrical
resistance

ECIS Cultureware™ disposable electrode arrays
consisting of 8-well cell culture plates (growth sur-
face area 0.8 cm2) with gold electrodes (8W10E+,
Applied Biophysics) were treated with 200 μL of
10 mM cysteine in ddH2O. The arrays were coated
with a 1:1 mix of 0.2% GTA in 1X PBS and 50 μg/
mL Type I RTC (Corning catalog # 354236) in
0.02 N acetic acid for 1 hour at room temperature,
washed twice with 1X PBS and treated with 2%
glycine for 5 minutes to neutralize residual GTA
and then washed again. The arrays were subse-
quently RTC gel-coated in ammonia vapor as pre-
viously described.19,37,59 Recently expanded
cryopreserved pHEndECs were plated at 30,000
cells in each coated 8W10E+array well and allowed
to grow to confluence at 37°C in a specialized
humidified incubator containing 95% air/5% CO2

for 5 days in regular growth medium, with med-
ium changed every 2–3 days, as previously
published.18,19,37,59,62

Impedance, TEER and capacitance were con-
tinuously measured in each independent well at
4000 Hz at 30-second intervals using a 16-
electrode array station attached to an ECIS Zθ
system with its specialized data acquisition and
analysis software (Applied Biophysics) throughout
the duration of the assay. ECIS generates complex
impedance spectroscopy data by employing
a constant alternating current over adherent cells
grown over specialized electrodes, and impedance
(and as consequence, electrical resistance in Ohms
[Ω]) is automatically calculated in each well using
by the software program from changes in voltage
between these electrodes for the entire cell layer.29

4000 Hz was chosen to determine both junctional
(paracellular) and transcellular electrical resis-
tance. This is a more relevant physiological TEER
measure comparable to the in vivo situation than
junctional resistance alone. Stabilized baseline well
resistance prior to initial pHEndEC plating in each
well was subtracted from measured resistances
after seeding by the software program to ascertain
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BNB TEER. Pauses and verification of proper elec-
trode contact were performed with medium
changes only. Serum withdrawal was performed
for 48 hours by carefully aspirating growth med-
ium ~ 120 hours after initial pHEndEC plating
and replacing with serum-deficient RPMI-
1640 + 1% bovine serum albumin (BSA), as pre-
viously published.19

Confluent pHEndECs were left untreated (basal
condition) or treated with 1 ng/mL human recom-
binant GDNF (PeproTech catalog #450–10) with
or without specific cell permeable inhibitors
against RET-tyrosine kinase (SPP86 [1-Isopropyl-
3-(phenylethynyl)-1H-pyrazolo[3,4-d]pyrimidin-
4-amine], Sigma Aldrich catalog # SML1435, 1
μM), MEK1 (PD98059, 2ʹ-Amino-3ʹ-
methoxyflavone, EMD Millipore Calbiochem cat-
alog # 513000, 5 μM) and ERK 1/2 (FR180204,
5-(2-Phenyl-pyrazolo[1,5-a]pyridin-3-yl)-1H-
pyrazolo[3,4-c]pyridazin-3-ylamine, EMD
Millipore Calbiochem catalog # 328007,1 μM) in
triplicate, guided by previously published
protocols.19,21 Adding these inhibitors to cultured
confluent pHEndECs without growth medium or
added mitogens induces cell death within
6–24 hours.

TEER just prior to serum withdrawal in each
well (A), TEER 48 hours after serum withdrawal in
each well (B) and the maximum GDNF-mediated
TEER achieved during serum withdrawal (C) were
extracted from the data files for each experiment
and used to calculate TEER increase (D) in Ω and
% maximal TEER (i.e. persistence, E) at 48 hours
following serum withdrawal as follows:

D ¼ B� A

E ¼ B� Að Þ= C� Að Þ½ � � 100%

Three independent experiments, performed in tri-
plicate (total of 9 wells per experimental condi-
tion), were analyzed to determine the role of
MAPK signaling in GDNF-mediated BNB TEER
change.

Solute permeability assessments

6.5 mm diameter polyester membrane Transwell®
inserts with 3.0 µm pore size (Corning, catalog #

3472) placed in 24-well tissue culture plates were
coated with GTA-crosslinked RTC followed by
RTC gel coating, as previously described.
pHEndECs were seeded and serum withdrawal
performed 5 days after culture in regular growth
medium. The permeability of confluent, optimally
cultured pHEndEC layers to sodium fluorescein
(Na-FITC, molecular weight 376 Da) and fluores-
ceinated high molecular weight (70 KDa) dextran
(dextran-70-FITC) were independently deter-
mined across each transwell inserts 48 hours
later, using previously published methods.19,37,59

Briefly, 100 μL of a 1 mg/mL solution of either Na-
FITC or dextran-70-FITC in 1X PBS (warmed to
37°C) was added into each transwell insert placed
in a 24-well tissue culture plate containing 600 μL
of basal medium at 37°C for 15 minutes in a humi-
dified incubator containing 95% air/5% CO2. The
concentration of Na-FITC or FITC-dextran-70
kDa in the receiving well was determined fluoro-
metrically against a standard curve of known con-
centrations using a Synergy 2 Multi-Mode
microplate Reader (BioTeK, North Carolina,
USA). The permeability coefficient is directly pro-
portional to the ratio of solute that permeates the
transwell membrane to the input, expressed as
a percentage of the input.59

Transwell inserts and wells were left untreated
or treated with 1 ng/mL GDNF with or without
the previously described specific inhibitors against
RET-tyrosine kinase (1–10 µM), MEK1 (5–-
100 µM) and ERK 1/2 (10–250 µM) in triplicate
at the time of serum withdrawal to establish the
most effective inhibitory concentration in these
assays. Data were normalized as percentages rela-
tive to basal permeability following serum with-
drawal without added GDNF to facilitate
comparisons between different experiments, as
previously published.19 A total of 5 independent
experiments (with 15 transwell inserts per experi-
mental condition) were analyzed for each solute
studied.

Human adherens junction and tight junction
quantitative real-time PCR arrays

pHEndECs were seeded at 200,000 cells per well in
6-well CellBIND® tissue culture plates (Coring,
catalog # 3335) coated with GTA-crosslinked
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RTC followed by RTC gel coating. Serum with-
drawal (with or without 1 ng/mL GDNF in RPMI-
1640 + 1% BSA) was performed 5 days after cul-
turing to confluence with regular growth medium
as previously described. 48 hours after serum with-
drawal, pHEndEC total RNA was extracted from
each well using TRIzol® reagent according to the
manufacturer’s instructions.19,37,59 Total RNA was
quantified using a NANODrop 2000C spectro-
photometer (Thermo Fisher Scientific). 400 ng of
total RNA were used for reverse transcription of
each sample using a complimentary DNA (cDNA)
conversion kit. cDNA was used in combination
with RT2 SYBR® Green qPCR Mastermix (Qiagen
catalog # 330529) for quantitative real-time PCR
performed to ascertain the transcript changes asso-
ciated with the GDNF-mediated modulation of
human BNB biophysical properties following
serum withdrawal in vitro.

10 μL of the experimental PCR cocktail was
added to each well of the Human Adherens
Junction (QIAGEN, catalog # PAHS-146ZA) and
Human Tight Junction (QIAGEN, catalog #
PAHS-143ZA) RT2 Profiler PCR Arrays in dupli-
cate. Real-time PCR was performed using a Roche
LightCycler 480 (384-well block) with SYBR green
detection (QIAGEN) according to the manufac-
turer’s instructions. The following thermal profile
was applied: Denature: 1 cycle at 95°C for 10 min-
utes. Amplification cycle: 45 cycles at 95°C for 15
seconds followed by 60°C for 1 minute. A melting
curve analysis was performed to verify PCR speci-
ficity: 95°C for 1 minute, 65°C for 2 minutes
(optics off) and 65°C to 95°C at 2°C/min after-
wards. Quantitative PCR data were obtained using
Roche LightCycler 480 software and analyzed by
QIAGEN’s PCR Array Data Analysis Web Portal.

CT values were exported to a Microsoft Office
Excel file to create a table of CT values for each
transcript per experiment, differentiating between
basal and GDNF-treated conditions. Tables from
two independent experiments performed in dupli-
cate were then uploaded to the data analysis web
portal at http://www.qiagen.com/geneglobe. Data
quality control was performed based on PCR
array reproducibility, reverse transcription effi-
ciency and genomic DNA contamination. CT

values were normalized based on an automatic
selection of an optimal set of internal control/

housekeeping/normalization reference genes for
the analysis from the available housekeeping gene
panel incorporated in each PCR Array. The data
analysis web portal calculated fold change/regula-
tion using the ΔΔCT method, in which ΔCT was
calculated between gene of interest and an average
of reference genes, followed by ΔΔCT calculations
(ΔCT (GDNF) − ΔCT (basal)). Fold Change was
then calculated using the 2(−ΔΔCT

) formula, with
a fold regulation cut-off of ± 2 and p < 0.05 used
to determine biologically significant transcript
changes that occur at the human BNB as
a consequence of exogenous GDNF treatment fol-
lowing serum withdrawal in vitro relative to basal
conditions.

Statistical analyses

Statistical analyses were performed and graphs
were generated using Prism software (GraphPad
Software, Inc.; La Jolla, CA). Unless otherwise
stated, all data are expressed as mean ± standard
error of mean (SEM). Significance was determined
using the paired or unpaired Welch’s t-test, as data
sets were determined to be parametric based on
tests of skewness and kurtosis, with p < 0.05 indi-
cative of statistical significance.
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