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ABSTRACT

In amyotrophic lateral sclerosis (ALS), upregulation in expression and activity of the ABC transporter P-glyco-
protein (P-gp) driven by disease advancement progressively reduces CNS penetration and efficacy of the ALS
drug, riluzole. Post-mortem spinal cord tissues from ALS patients revealed elevated P-gp expression levels in
endothelial cells of the blood-spinal cord barrier compared to levels measured in control, non-diseased in-
dividuals. We recently found that astrocytes expressing familial ALS-linked SOD1 mutations regulate expression
levels of P-gp in endothelial cells, which also exhibit a concomitant, significant increase in reactive oxygen
species production and NFkB nuclear translocation when exposed to mutant SOD1 astrocyte conditioned media.
In this study, we found that glutamate, which is abnormally secreted by mutant SOD1 and sporadic ALS as-
trocytes, drives upregulation of P-gp expression and activity levels in endothelial cells via activation of N-Methyl-
D-Aspartic acid (NMDA) receptors. Surprisingly, astrocyte-secreted glutamate regulation of endothelial P-gp
levels is not a mechanism shared by all forms of ALS. C9orf72-ALS astrocytes had no effect on endothelial cell P-
gp expression and did not display increased glutamate secretion. Utilizing an optimized in vitro human BBB
model consisting of patient-derived induced pluripotent stem cells, we showed that co-culture of endothelial
cells with patient-derived astrocytes increased P-gp expression levels and transport activity, which was sig-
nificantly reduced when endothelial cells were incubated with the NMDAR antagonist, MK801. Overall, our
findings unraveled a complex molecular interplay between astrocytes of different ALS genotypes and endothelial
cells potentially occurring in disease that could differentially impact ALS prognosis and efficacy of pharma-
cotherapies.

1. Introduction

protective barrier that separates the blood constituents from the CNS
parenchyma (Qosa et al., 2016b). Although the BBB is essential to

Amyotrophic lateral sclerosis (ALS) is a progressive, invariably fatal,
neurodegenerative disease. Like for many other neurodegenerative
diseases, ALS complex pathogenesis is under intense investigation fa-
cilitated by the discovery of the many disease-causative genetic muta-
tions (Hardiman et al., 2017; Katyal and Govindarajan, 2017). Never-
theless, ALS currently remains an incurable disease; therefore, finding
effective therapeutic agents is still a pressing necessity.

One of the requirements for bioactive drugs to reach their site of
action in the CNS is the ability to cross the blood brain barrier (BBB), a

maintain brain nutrients homeostasis and protects the CNS from po-
tentially harmful xenobiotics, it is an obstacle to brain penetration in
effective therapeutic concentrations for most drugs to reach the brain
(Abbott, 2013; Qosa et al., 2016b). The BBB is essentially composed of
endothelial cells held together by tight junctions and supported by
other brain structures such as the basal lamina and cells such as peri-
cytes and astrocytes that regulate BBB properties (Abbott and
Friedman, 2012). One important molecular determinant of the BBB is P-
glycoprotein (P-gp), a major multidrug efflux transporter protein
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expressed at the blood side of the microcapillary endothelium (Qosa
et al., 2015). P-gp acts as an efflux pump that transport its substrates
into the blood stream, preventing accumulation of many drugs into the
CNS. In many neurologic disorders, including ALS, the expression of P-
gp at the BBB is upregulated, which makes the net penetration of CNS
therapeutics to the brain even more of a challenging task (Jablonski
et al., 2012; Loscher et al., 2011). P-gp expression at the BBB is con-
trolled by multiple receptor-mediated signaling pathways that are
themselves regulated by several cell stressors, neurotransmitters, as
well as inflammatory mediators, which are usually subjected to drastic
changes in neurologic disorders (Qosa et al., 2015). For example,
ischemia and tissue hypoxia in stroke gives rise to pro-inflammatory
mediators and reactive oxygen species (ROS), which were shown to
increase P-gp expression levels and function via NFxB nuclear translo-
cation (Felix and Barrand, 2002; Miller et al., 2008). We identified a
similar pathway that engages ROS production and activation of NFxB
nuclear translocation in P-gp upregulation in spinal cord and cerebral
capillaries of SOD1-G93A mice models of ALS as well as in human iPS-
derived ECs cultured with mutant SOD1 astrocytes (Qosa et al., 2016a).
The close proximity of the astrocyte end feet makes astrocytes a major
contributor to the regulation and maintenance of the BBB phenotype
(Abbott et al., 2010). Several studies have demonstrated the role of
astrocytes in regulating P-gp expression and tight junction formation by
the capillary endothelium of the BBB, and hence, pathologic changes in
astrocytes may negatively impact their BBB regulatory function (Baello
et al., 2016; Qosa et al., 2015).

In this work, we further our investigation on the mechanisms that
drive upregulation of P-gp at the capillary endothelium in ALS attrib-
uted to astrocytes secreted soluble factors. In ALS, astrocytes are unable
to efficiently reuptake glutamate in the synapses and, thus allow ele-
vated glutamate levels in the brain's extracellular fluid (ECF) to develop
glutamate-mediated excitotoxicity via activation of glutamate receptors
and neuroinflammation (Rosenblum and Trotti, 2017). High ECF glu-
tamate increases P-gp expression at the BBB in epilepsy, which led to
reduction in brain penetration of anti-epileptic drugs (Potschka, 2010).
Thus, we postulated that the abnormally high extracellular glutamate
levels in ALS may induce P-gp over-expression at the capillary en-
dothelium of the BBB. We found that astrocytes in culture derived from
sporadic or SOD1-A4V, but not C9orf72 ALS patients, abnormally allow
for elevated levels of glutamate in the medium. Short and long-term
exposure of ECs to astrocyte conditioned medium (ACM) upregulated P-
gp expression levels and function by glutamate-mediate activation of
the NMDARs and cyclooxygenase-II (COX2), events that are upstream
to NF«B nuclear translocation and P-gp upregulation.

2. Materials and methods
2.1. Chemicals

Human iPS-derived endothelial cells were purchased from Cellular
Dynamics (Cat# ECM-100-030-001; from healthy donor). Dulbecco's
modified Eagle's medium (DMEM) was purchased from Invitrogen
(Carlsbad, CA). Bovine (BSA) and fetal bovine sera (FBS) were pur-
chased from Sigma-Aldrich (St. Louis, MO). The reagents and supple-
ments required for western blotting were purchased from Bio-Rad
(Hercules, CA). Total protein measurement's reagents with the bi-
cinchoninic acid (BCA) method were obtained from Pierce (Rockford,
IL). All other chemicals and reagents were of analytical grade and were
readily available from commercial sources.

2.2. Animals

Brains of 3-4 months old Sprague Dawley rats (Charles River, strain
#400) were used for the isolation of microcapillaries using an equal
ration of male:female brains. Rats were allowed easy access to water
and food, and housed at 22 °C, 35% relative humidity and 12h dark/
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light cycle. All experiments involving animals were approved by the
Institutional Animal Care and Use Committee (IACUC) of Thomas
Jefferson University and all surgical procedures were consistent with
the IACUC policies and procedures.

2.3. Cell cultures

Astrocytes were differentiated from human induced pluripotent
stem cells (iPSCs) derived from ALS patients of either SOD1-A4V,
sporadic (procured by Dr. Nicholas Maragakis, Johns Hopkins
University), or C9orf72 (Target ALS) genotype, and normal (non-ALS)
human subjects (Control) (Cellular Dynamic, Cat. #R1092) (Boulting
et al., 2011; Frakes et al., 2014b). Human iPS-derived astrocytes (two
lines for control and for ALS genotype) were plated in 75T flasks pre-
coated with 1% matrigel, cultured in 1:1 DMEM/F12 medium (sup-
plemented with 1% fetal bovine serum (FBS), 1% w/v nonessential
amino acids, r-glutamine 2 mM, Heparin (2 mg/mL), 2% B27, and the
antibiotics penicillin G (100 units/mL) and streptomycin (100 pg/mL),
and used at DIV 90-100 when astrocytes robustly express markers
characteristic of the astrocytic phenotype, such as GFAP, S100f and the
glutamate transporter EAAT1 (Haidet-Phillips et al., 2014). Human iPS-
derived ECs (Cellular Dynamics, Cat# ECM-100-030-001), were plated
in T-75 flasks pre-coated with 30 pug/mL fibronectin, and cultured in
VasculLife basal medium (Lifeline cell technology, MD) supplemented
with 5ng/mL rh FGF basic, 50 mg/mL ascorbic acid, 1 mg/mL hydro-
cortisone sulfate, 10 mM r-glutamine, 15ng/mL rh IGF-1, 5ng/mL rh
EGF, 5ng/mL rh VEGF, 0.75IU/mL heparin sulfate, penicillin G
(100IU/mL), streptomycin (100 pg/mL), and 10% iCell endothelial
cells medium supplement (Cellular Dynamics).

2.4. Treatment with astrocyte-conditioned media

Human iPS-derived astrocytes were allowed to reach ~80% con-
fluency at which point culture medium was replaced with fresh medium
and the cells further cultured for 72h. Astrocyte conditioned media
(ACM) were collected at this DIV from three cultures (SOD1-A4V,
sporadic, and control) centrifuged at 1000 rpm for 5min to remove
debris and floating cells, and stored in aliquots at —80 °C. Human iPS-
derived ECs were cultured in 24-well plates to reach ~80% confluency,
then the cells were treated with 0.5 mL of ACM for 30 min. ACM was
completely replaced with glutamate-free medium and cells were further
kept in culture for additional 24 h. For inhibition studies, cells were pre-
treated for 15min with inhibitors (1 uM MK801, 5H-dibenzo[a,d]cy-
clohepten-5,10-imine (dizocilpine maleate), a non-competitive an-
tagonist of the glutamate receptor N-Methyl-p-Aspartate receptor
(NMDA), 1 uM celecoxib, a selective cycloxygenase-2 (COX-2) antago-
nist). The inhibitors were further added during the ACM incubation
period of for 30 min.

2.5. Brain capillary isolation

Freshly isolated rat brain hemispheres were cleared from the me-
ninges and choroid plexus and immediately homogenized in ice-cold D-
PBS (2.7 mM KCl, 1.46 mM KH,PO,, 136.9 mM NaCl, 8.1 mM Na,HPO,,
0.9 mM CaCl,, and 0.5 mM MgCl, supplemented with 5 mM b-glucose,
1 mM sodium pyruvate, pH 7.4), containing a protease inhibitor cock-
tail (Cat. #78438, Thermoscientific). Brain capillaries (microvessels)
were isolated as described previously with some modifications
(Mohamed et al.,, 2016; Qosa et al., 2016a). Briefly, after homo-
genization of brain hemispheres in D-PBS, the homogenate was mixed
1:1 with 30% Ficoll and centrifuged at 5800 xg for 15min at 4 °C.
Supernatant was discarded and pellet containing microvessels was
gently resuspended in ice-cold D-PBS containing 1% BSA and passed
through a column packed with glass beads. Microvessels adhered to the
glass beads were collected by gentle shaking into BSA-free D-PBS fol-
lowed by centrifugation at 5800 xg for 5min at 4°C. Pelleted
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microvessels of both brain and spinal cord were separately mixed with
2% matrigel containing media, incubated in a humidified atmosphere
(5% CO-/95% air) at 37°C for 1h and used immediately for P-gp
transport activity studies, as described below.

2.6. P-glycoprotein transport activity

2.6.1. In vitro permeability studies

Human iPS-derived astrocytes (from normal or ALS subjects) were
cultured in 24-well plates. Human iPS-derived ECs were grown as
monolayers by culturing the cells (50,000 cells/cm?) on 24-transwell
polyester membrane inserts (0.4 um pores; Corning, NY) pre-coated
with 60 pg/mL of fibronectin solution prepared in distilled water. After
2 days of culture, inserts then were placed on top of the astrocyte layer
and incubated for 72h at 37 °C. Human iPS-derived ECs were used
between passages 2 and 5 (Lippmann et al., 2014). Another set of iPS-
derived ECs, to be used for ACM treatment, were cultured alone on
inserts for 6days until they form a continuous monolayer. Subse-
quently, cells were treated with ACM from either iPS-derived astrocytes
from ALS patients of different genotypes or normal subject for 30 min
followed by replacement with fresh medium and further cultured for
5.5h. For NMDA receptor inhibition, cells were treated with MK801
(1 uM) for 15 min before addition of ACM and during its incubation for
30 min. Subsequently, EC monolayers either from co-culture or ACM-
treated cells were used for P-gp transport assays. Endothelial cell
monolayers on inserts were treated for 60 min with LD800 (50 uM), a P-
gp fluorescent specific substrate, and NaF (50 uM), a paracellular per-
meability marker, dissolved in culture media. The aforementioned
treatments were applied to the basolateral side (B, lower chamber, re-
presentative of the brain side) to initiate basolateral to apical (A, upper
chamber, representative of blood side) transport (B — A). At the end of
treatment, transport was ended by separation of inserts from their wells
and aliquots were taken from both apical and basolateral sides for
analysis. Transport quotient (TQ) of LD800 from B — A was calculated
using the following equation:

(LD800 (apical))/(LD800 (total))
(NaF (apical))/(NaF (total))

LD800 TQ =
@
where LD800 (ora is the sum of LD800 in the apical and basolateral
compartments, and NaF () is the sum of NaF in the apical and ba-
solateral compartments.

2.6.2. Isolated capillary transport assay

To assess P-gp function in isolated brain capillaries, we used a
confocal microscopy-based transport assay, which have been described
previously (Hartz et al., 2004; Jablonski et al., 2012). Isolated capil-
laries were placed on cover-slips coated with 2% matrigel, which was
placed on glass slides at the end of transport experiment for microscopic
analysis. First, isolated capillaries were exposed for 30 min to ACM/
SOD1-A4V or ACM/sporadic, then replaced with fresh media and in-
cubated for additional 5.5 h. For inhibition studies, isolated capillaries
were pretreated for 15 min with inhibitors (1 uM MK801 or 1 uM cel-
ecoxib), then ACM was added together with the inhibitor for the de-
signated time period mentioned earlier. Subsequently, transport assay
was initiated by incubating capillaries with fluorescent P-gp substrate,
NBD-CSA, and luminal substrate accumulation was measured 1h later.
To acquire images, the slides containing capillaries were mounted on
the stage of an inverted Olympus Fluoview 1000 Confocal laser scan-
ning microscope (Olympus, PA) and imaged using a X 40 objective and
a 488-nm laser line for NBD-CSA. Captured images were analyzed for
the luminal accumulation of the fluorescence NBD-CSA by Image J
software (NIH, Bethesda, MD, USA). Data are presented as arbitrary
fluorescence units from 6 to 8 images.

2.6.3. Western blot analysis
Spinal cord autopsy samples from control and ALS patients
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(sporadic, SOD1-AV4 and C9orf72; Target ALS tissue sample ID: #103
Control, #90 sporadic, #43 SOD1, #16 C9orf72) were obtained from
Target ALS tissue bank. Spinal cord tissue (~100 mg) was homogenized
in 1 mL of RIPA buffer in the presence of protease inhibitor cocktail
(Cat. #78438,Thermoscientific), centrifuged at 1000 X g for 10 min at
room temperature and the supernatant was used to prepare the samples
for Western blot analysis. 25 ug of total protein for each sample group
were run on 4-12% stain-free gel (Bio-rad) and transferred to a ni-
trocellulose membrane using turbo-blot semi transfer system (Bio-rad).
The membrane was blocked with 5% BSA in PBST for an hour at room
temperature followed by incubation with primary antibodies overnight,
followed by incubation with corresponding secondary antibodies con-
jugated to horseradish peroxidase (1 h, room temperature). Membrane
was developed by chemiluminescence and bands were visualized using
a Chemidoc™ one touch system (BIO-RAD; Hercules, CA), and quanti-
fied by densitometric analysis.

Human iPS-derived endothelial cells were collected in 1.5mL
Eppendorf tubes and centrifuged at 2000 g for 10 min at 4 °C. Cells were
then lysed in RIPA buffer containing protease inhibitors cocktail.
Supernatants were stored at —80 °C for subsequent western blot ana-
lyses. Next, 25ug of protein samples was loaded 5% SDS-poly-
acrylamide gel cassette and resolved at 140V for 1.5h and transferred
electrophoretically onto nitrocellulose membranes at 300 mA for 3 h.
Membranes were blocked with 2% BSA blocking solution prepared in
PBS for 1h at room temperature, followed by addition of primary
mouse monoclonal antibodies for P-gp (BioLegend Cat# 901401, clone
C-219, 1:50 dilution, RRID:AB_2565004) and GAPDH (Fitzgerald
1:20,000 dilution; Cat# 10R-G109a, RRID:AB_1285808), and incubated
overnight at 4 °C. Membranes then washed three times and incubated
into secondary antibodies; horseradish peroxidase (HRP) labeled anti-
mouse IgG antibody for P-gp and GAPDH. Protein blots were developed
using a chemiluminescence detection kit (SuperSignal West Femto
substrate; Thermo Scientific, Waltham, MA). Bands were visualized
using a Bio-Rad chemidoc TM one touch system (BIO-RAD; Hercules,
CA), and quantified by densitometric analysis.

2.6.4. Immunocytochemistry

Cells were washed with PBS twice and fixed for 10 min in PBS so-
lution containing 4% paraformaldehyde and 4% sucrose, and permea-
bilized with 0.25% triton-100 X for another 10 min at room tempera-
ture. After washing 3 times with PBS, cells were blocked with 10%
horse serum for 1h at room temperature. Next, cells were incubated
overnight at 4°C with primary antibodies prepared in 10% blocking
solution containing 0.1% tween-20. Primary antibodies used including
mouse monoclonal P-gp antibody C219 (Covance; MA) at 1:50 dilution,
and rabbit monoclonal NF«B antibody (Abcam, MA) at 1:100 dilution.
Subsequently cells were washed three times with PBS and incubated for
1h at room temperature with secondary antibodies either Alexa Fluor
488 donkey anti-mouse IgG (Thermo Fisher Scientific Cat# R37114,
RRID:AB_2556542) or Alexa Fluor 546 donkey anti-rabbit IgG (Thermo
Fisher Scientific Cat# A10040, RRID:AB_2534016) at 1:200 dilutions
followed by washing cells three times with PBS. Transwell membranes
were collected and mounted with Prolong Gold DAPI antifade solution
(Life technologies, CA) and images were captured using Olympus
Fluoview 1000 Confocal laser scanning microscope (Olympus, PA) at a
total magnification of 400 X . Total signal of P-gp was quantified using
NIH ImageJ version 1.44 software as described previously
(Noursadeghi et al., 2008).

2.6.5. Glutamate release measurement in cell culture

Glutamate level in ACM from either human iPS astrocytes derived
from the control subject or ALS patients (Sporadic and familial) were
measured using Amplex Red Glutamic acid assay kit (Invitrogen).
According to manufacturer instructions, glutamate levels in ACM were
measured fluoremetrically using BMG LABTECH POLARstar-plate
reader (BMG LABTECH Inc., NC). Data were normalized to protein
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content and converted to concentration by comparison to standard
glutamate solution.

2.6.6. Fluorescence spectrophotometric measurement of [CP?™] in iPS
endothelial cells treated with astrocyte conditioned media (ACM)
Intracellular level of calcium was monitored by measuring the
change in the fluorescence intensity of Fluo-4-loaded cells (Johnson
et al., 2002). First, human iPS-derived endothelial cells was cultured on
96-well plates and allowed to reach confluence. Then, cells were treated
with 200 pl of standard HBSS buffer containing 2.5 uM Fluo-4, AM and
Pluronic F-27 and incubated in the dark for 1 h at 37 °C. Subsequently,
cells were washed three times with HBSS and incubated for another 2 h
in media. Calcium response was measured by monitoring a baseline
fluorescence of cells loaded with Fluo-4, AM alone for 5 min, followed
by addition of ACM alone or with NMDA receptor antagonist, 5uM
MK801 and measurement was continued for 45 min at 37 °C. Fluores-
cence was measured in a plate spectrofluorimeter, BMG LABTECH
POLARstar-plate reader (BMG LABTECH Inc., NC), at 37 °C with ex-
citation and emission wavelengths at 494 and 506 nm, respectively.

2.6.7. Statistical analysis

Unless otherwise indicated, all data were expressed as
mean * SEM. Data were statistically analyzed for significant differ-
ence; for comparison between two groups, unpaired two-tailed
Student's t-test were used, while for comparison between more than two
groups one-way analysis of variance (ANOVA) followed by Dunnett's
post-hoc test were used. A P-value < 0.05 were considered statistically
significant.

3. Results

3.1. Sporadic ALS but not C9orf72-ALS astrocytes drives upregulation of P-
glycoprotein expression levels in endothelial cells

Using human iPS-derived astrocytes and endothelial cells (ECs)
cultured in multi-well plates with trans-well inserts to avoid cell contact
and to model in vitro the blood-brain barrier, we previously reported
that astrocytes derived from both mutant SOD1 and mutant FUS ALS
patients increased expression and activity of P-glycoprotein in ECs
(Qosa et al., 2016a). Since these ALS-linked mutations represent only a
small fraction (~2-3%) of all ALS cases, we wanted to explore whether
P-glycoprotein upregulation could also be driven by sporadic and
C9orf72-linked ALS astrocytes, which represent the majority of ALS
cases (Katyal and Govindarajan, 2017; Su et al., 2014). Surprisingly,
C9orf72-ALS astrocytes did not affect P-gp expression in ECs. Instead,
sporadic ALS astrocytes upregulated both expression and activity of P-
gp (Fig. 1), in accord to what we previously reported for SOD1-A4V
astrocytes (Qosa et al., 2016a). Overall, these results are in strong
support of the occurrence of a cross-talk between astrocytes and ECs,
which ultimately elicits P-gp up-regulation in ECs to alter the blood
brain barrier permeability, an effect that is mediated by soluble factors
secreted or modulated differently by astrocytes. In line with our in vitro
findings, analysis of human post-mortem lumber spinal cord tissues
revealed upregulation of P-gp expression in samples from sporadic and
familial ALS patients, which is consistent with our previous reported
work (Jablonski et al., 2012). In contrast, P-gp expression levels were
increased in postmortem spinal cord C9orf72 patient tissue sample
(Supplementary Fig. 1A).

3.2. Astrocyte-secreted glutamate drives P-glycoprotein upregulation in
endothelial cells via NMDA receptor activation

We recently identified an oxidative stress-mediated response
mediated by mutant SOD1 astrocytes, which involved Nrf2 activation
and NFkB nuclear translocation in ECs as molecular pathways leading
to P-gp upregulation (Qosa et al.,, 2016a). Here, we sought to
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Fig. 1. Expression levels of P-gp in human iPS-derived endothelial cells after co-
culture for 24 h with ALS human iPS-derived astrocytes of different genotypes.
Co-culturing endothelial cells with either SOD1-A4V, sporadic, but not C9orf72-
ALS astrocytes, upregulates P-gp expression. P-gp expression levels were nor-
malized by GAPDH levels in each lane and plotted as % change relative to
untreated control, mean * s.e.m. of three independent experiments. Blots
were analyzed for significance using one-way ANOVA, ****P < 0.0001.
Representative western blot showing each experimental group run in duplicate
to visualize possible intra-experimental variations. (1-column fitting image.)

investigate the nature of the astrocyte-secreted signaling molecule im-
plicated in this upregulation (Malarkey and Parpura, 2008). Multiple
lines of published evidence strongly suggested that glutamate is the
released factor involved: 1) Glutamate was reported to be released by
astrocytes under different pathophysiological conditions to function as
gliotransmitter (Harada et al., 2015); 2) Previous studies showed that P-
gp expression levels increased after a short exposure of rat brain en-
dothelial microvessels to exogenously applied glutamate (Avemary
et al.,, 2013; Zhu and Liu, 2004); 3) Extracellular brain levels of glu-
tamate are elevated in ALS patients (Heath and Shaw, 2002; Leibowitz
et al., 2012). We therefore set out to investigate whether glutamate is
the molecule released by ALS astrocytes that ultimately signals to en-
dothelial cells to increase P-gp expression. We previously measured P-
gp expression and activity levels in endothelial cells after 48 h of co-
culture with astrocytes, a required period of co-cultured time that al-
lows for the maturation of the barrier properties in the in vitro trans-
well system, such as the establishment of robust TEER values between
endothelial cells (Qosa et al., 2016a). We first wanted to confirm
whether the primary signaling molecule is indeed a soluble factor se-
creted by the astrocytes of different genotypes. We exposed the iPS-
derived ECs to conditioned medium collected from astrocytes (ACM) of
different genotype (ACM collected after 72 h from last medium change)
for 30 min, the shortest exposure time reported in the literature to in-
duce upregulation of P-gp in endothelial cells by exogenously applied
glutamate (Bauer et al., 2008), washed out the ACM and then assessed
P-gp expression levels after additional 6 h to allow sufficient time for de
novo protein synthesis. As shown in Fig. 2A, P-gp expression was in-
creased by ACM collected from sporadic ALS (ACM-sporadic;
+23 = 4%) and SOD1-A4V astrocytes (ACM-SOD1-A4V;
+34 * 3%), compared to ACM from control subject astrocytes (ACM-
CTRL). The upregulation of P-gp expression levels (Fig. 2A) in ECs was
comparable to the levels achieved by their co-culturing with iPS-de-
rived astrocytes of the sporadic and mutant SOD1 genotypes (Fig. 1A).
Interestingly, C9orf72-ALS astrocytes (ACM-C9orf72) did not affect P-
gp expression levels in ECs. To determine if iPS-derived astrocytes from
the different ALS genotypes indeed released glutamate, we measured
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Fig. 2. Expression levels of P-gp in human iPS-derived endothelial cells after
incubation with human iPS-derived ALS astrocyte conditioned media (ACM) for
30 min. (A) ACM was collected after 72 h of astrocyte culture, and then human
iPS-derived endothelial cells were incubated with ACM for 30 min, followed by
removal of ACM and addition of fresh media for 5.5 h. Incubating endothelial
cells with ACM from either, SOD1-A4V, sporadic, but not C9orf72-ALS/FTD
astrocytes, upregulate its P-gp expression levels compared to control (en-
dothelial cells treated with ACM from non-diseased control subject). Levels of
protein expressions were normalized to GAPDH and expressed as variation over
control group. Representative western blot showing each experimental group
run in duplicate to visualize possible intra-experimental variations. Blots were
analyzed for significance using one-way ANOVA, ****P < 0.0001. (B) Levels
of glutamate in ACM collected from ALS-derived astrocytes were measured
using Amplex Red Glutamic acid assay kit. Unpaired two-tailed Student's t-test
was used for statistical significance vs. control astrocytes ACM (ns = not sig-
nificant; *** P < 0.001). (1-column fitting image.)

glutamate levels in the ACM using a highly sensitive fluorometric ap-
proach (Stobart et al., 2013). ACM-sporadic (36.7 = 4.1 uM) and ACM-
SOD1-A4V (49.6 + 3.6 uM) have significantly higher levels of gluta-
mate compared to ACM-control (4.6 = 2.1 uM). Moreover, glutamate
levels in ACM-C9orf72 were not statistically different from ACM-control
(9.0 = 1.9uM; p = 0.16).

Next, we examined whether exogenously applied glutamate could
increase P-gp expression in human iPS-derived ECs. As shown in
Fig. 3A, incubation of human iPS-derived ECs with 100 uM glutamate
significantly increased P-gp expression levels compared to untreated
control ECs. In addition, pre-treating ECs with the specific NMDA re-
ceptor (NMDAR) blocker, MK801 (1 uM), abolished P-gp upregulation
mediated by ACM-sporadic and ACM-SOD1-A4V (Fig. 3B, C). These
observations suggest that P-gp upregulation is mediated by glutamate
via NMDARs activation in human iPS-derived ECs, a finding consistent
with previous studies reported using rodent EC models (Bauer et al.,
2008; Zhu and Liu, 2004), and that glutamate is indeed the
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gliotransmitter released by human iPS-derived sporadic and SOD1-A4V
astrocytes, which drives P-gp upregulation in ECs.

It was previously reported that activation of the NMDAR-COX2
signaling pathway is involved in the glutamate-mediated increase in P-
gp expression in the brain microcapillary endothelium (Bauer et al.,
2008). We examined whether this pathway was also involved here. We
inhibited NMDA receptors with MK801, and in another set of experi-
ments, we inhibited COX2, a downstream enzyme to NMDA receptor-
mediated signaling cascade, using celecoxib, a COX2 selective inhibitor
(Bauer et al., 2008) and non-steroidal anti-inflammatory drug (NSAID).
As shown in Fig. 4, P-gp immunofluorescence signal increased by 4-6
folds when human iPS-derived ECs were incubated with ACM-SOD1-
A4V and ACM-sporadic. The extent of P-gp upregulation after ACM
treatment as quantified by immunofluorescence signal (Fig. 4) is sig-
nificantly higher than P-gp upregulation measured by western blot
analysis (Fig. 1). This discrepancy could be attributed to differences
between antibody/antigen binding affinities due to the denaturing vs.
non-denaturing conditions between the two assays. When cells were
pre-treated with MK801 or celecoxib, both treatments prevented the
induction of P-gp upregulation. Similarly to experiments in Fig. 3A,
glutamate used as positive control showed consistency in inducing
upregulation of P-gp. We noted that in cells that showed P-gp upregu-
lation in response to ACM/or glutamate treatment, P-gp levels de-
creased below “control level” when treated with MK801 and celecoxib
(Fig. 4). This effect was not seen in ECs treated with control ACM. It
might be possible that, under our experimental conditions, NMDA re-
ceptor and NfkB inhibition works only in cells overstimulated by
added/released glutamate.

3.3. Astrocyte conditioned medium increases P-glycoprotein activity

We next looked at whether increased P-gp expression levels were
also associated to increased P-gp activity. To examine the effect of
ACM-ALS on the function of P-gp we relied on our in vitro BBB model,
which consisted of human iPS-derived ECs cultured as a monolayer in
insert filters placed on top of cell culture wells (Qosa et al., 2016a).
Formation of tight junctions between ECs and therefore establishment
of barrier properties was examined by measuring trans-endothelial
electrical resistance (TEER) and by immunostaining analysis to assess
expression of claudine-5, a major constituent protein of tight junctions
(TJs) that has a key role in forming and strengthening a barrier between
ECs, both in vitro and in vivo (Luissint et al., 2012). Our in vitro BBB
model showed consistent expression of claudin-5 (Fig. 5A), and a TEER
value of 250 = 40Q/cm? confirming formation of intercellular TJs
(Wilhelm et al., 2011). In addition, we measured low trans-endothelial
permeability of sodium fluorescein (NaF, 2.45 + 0.35 x 10~ %cmy/s),
further confirming the establishment of barrier function among ECs. In
order to examine the activity of P-gp efflux transporter across the EC
monolayer, we used Rh123 and LD800, two well-characterized P-gp
substrates (Qosa et al., 2016a; Tai et al., 2009) to study vectorial
transport of substrates from the basal (B) side, which represents the
brain side, to the apical (A) side, which represents blood, and vice versa
from A to B. The efflux ratio (ER), defined as the ratio of B— A to the
A — B apparent permeability (P,,p) of Rh123 was 4.6 + 0.56, and for
LD800 was 4.5 = 0.56. A previous study suggested that an ER value
of > 2 for a given P-gp substrate is an indication of P-gp efflux transport
activity across a given BBB model (Crivori et al., 2006). Furthermore, P-
gp activity in our model could be reduced using quinidine (20 uM), a P-
gp inhibitor, which decreased ER of Rh123 and LD800 by approxi-
mately 50% (Fig. 5B). Collectively, these studies confirmed the func-
tional activity of P-gp in the human iPS endothelial BBB model.

Next, we examined the effect of ACM-ALS on P-gp transport activity.
Incubating human iPS-derived ECs with ACM-SOD1-A4V or ACM-
sporadic caused significant increase in LD800 transport by 67% and
49%, respectively (Fig. 5C), which indicated an increase in P-gp func-
tion.
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Fig. 3. Glutamate secreted from ALS astrocytes drives P-glycoprotein upregulation in endothelial cells via NMDA receptors. Upregulation of P-gp in human iPS-
derived endothelial cells after incubation with ALS human iPS-derived astrocyte conditioned media (ACM) for 30 min was abolished by blocking NMDA receptors
with 1 uM MK801. Human iPS-derived endothelial cells were pre-incubated with 1 yM MK801 for 15 min, followed by addition of; (A) 100 pM glutamate, as control
for P-gp upregulation via NMDA receptor stimulation, (B) SOD1-A4V/ACM or (C) Sporadic/ACM for 30 min. Then, media was replaced with fresh media and further
incubated for 5.5 h. In each treatment condition, control refers to endothelial cells treated with normal (non-ALS) astrocytes ACM. Levels of protein expressions were
measured by western blot, normalized to expression levels of GAPDH and then divided by normalized protein expression of untreated control. Data were plotted as
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Fig. 4. Glutamate secreted from ALS astrocytes drives P-gly-
coprotein upregulation in endothelial cells via NMDA re-
ceptor/COX-2 mediated pathway. Upregulation of P-gp in
human iPS-derived endothelial cells after incubation with ALS
human iPS-derived astrocyte conditioned media (ACM) for
30min was abolished by blocking either NMDA receptors
with 1 pM MK801 or COX2 with 1 uM celecoxib. Human iPS-
derived endothelial cells were pre-incubated with 1uM
MK801 or 1 uM celecoxib, for 15 min, followed by addition of
100 uM glutamate, as positive control for P-gp upregulation
via NMDA receptor/COX2 stimulation, SOD1-A4V/ACM,
Sporadic/ACM, or normal (non-ALS) astrocytes/ACM for
30 min. Media was replaced with fresh media and further
incubated for 5.5h. P-gp expression was assessed by im-
munofluorescence. P-gp signal was quantified and plotted as
mean *+ s.e.m. of percent increase over normal (non-ALS)
astrocytes/ACM treated controls, (scale bar = pm). Data are
average of at least three independent experiments (two-tailed
t-test; ns = not significant *** or ### P < 0.001). (1.5-
column fitting image.)
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Fig. 5. P-gp activity is enhanced by ACM from human iPS-derived ALS astro-
cytes. An in vitro BBB model was developed by culturing human iPS-derived
endothelial cells on transwells. (A) Integrity of modeled human BBB was as-
sessed by measuring expression of claudine-5, a major tight junction protein, by
immunocytochemistry, (scale bar = ym). (B) P-gp activity was examined by
measuring the efflux ratio (ER), defined as the ratio of B— A to the A—B
apparent permeability (P,,p) of Rh123 and LD800, and by inhibiting P-gp
function with 20 uM quinidine. To examine the effect of ALS/ACM on P-gp
activity, the human iPS-derived endothelial cells in the in vitro BBB model were
incubated with ACM from either SOD1-A4V, sporadic, or normal (non-ALS)
astrocytes (control), for 30 min, followed by 5.5h incubation in fresh media
alone, then P-gp function was assessed by measuring LD800 permeability as a P-
gp probe substrate (C). MK801 (1 uM) was added prior to and during incubation
with ACM/ALS. Transport studies data were obtained from at least three in-
dependent experiments (two-tailed t-test; ns = non significant; ** P < 0.01;
**% p < 0.001). (1-column fitting image.)

To examine whether ACM-ALS enhanced P-gp function through
activation of NMDARs, we pre-treated ECs with MK801. As expected,
MK801 completely prevented ACM-SOD1-A4V or ACM-sporadic from
enhancing endothelial P-gp function (Fig. 5C), indicating that en-
dothelial P-gp upregulation is mediated through astrocyte-secreted
glutamate via activation of endothelial NMDARs.

We also examined the effect of ACM-SOD1-A4V and ACM-sporadic
on P-gp function on ex-vivo isolated brain capillaries from wild type
rats. Brain capillaries can be isolated and remain viable for up to 12h,
maintaining expression and function of drug efflux transporters such as
P-gp, and proving a more physiological system in which to test P-gp
regulatory pathways (Hartz et al., 2010). Zhu and Liu reported that
glutamate enhances the functional activity of P-gp in rat brain capillary
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endothelium ex-vivo, an effect blocked by MK801 (Zhu and Liu, 2004).
P-gp is localized to the capillary lumen, and thus, addition of P-gp
fluorescent substrate, NBD-cyclosporin A, is expected to accumulate as
green fluorescence inside the capillaries. An increase in the transport
activity of P-gp correlates with enhanced fluorescent intensity of ac-
cumulated NDB-CSA. As shown in Fig. 6, exposure of isolated brain
capillaries to patient-derived SOD1-A4V and sporadic astrocyte-condi-
tioned media significantly enhanced NBD-CSA luminal accumulation by
approximately 6-fold, compared to control treated capillaries. The in-
crease in luminal fluorescence was completely inhibited by both MK801
and celecoxib (Fig. 6). Exogenous application of glutamate was again
used as control to increase P-gp function and showed consistent results.

3.4. Astrocyte conditioned media increase intracellular free-calcium levels
in endothelial cells

Activation of NMDA receptors in ECs of the BBB leads to increased
intracellular free calcium levels (Neuhaus et al., 2011). We examined
whether exposure to ACM would increase intracellular free calcium
levels in ECs. Human iPS-derived ECs preloaded with the Ca®* in-
dicator Fluo-4 AM were exposed to ACM-SOD1-A4V or ACM/sporadic.
As shown in Fig. 7A-C, this increased the fluorescence of Fluo-4 AM in
ECs by approximately 120% in a rapid and persistent manner over
45 min of incubation period. The area under the curve (AUC) of the
Flou-4 AM fluorescence over time (Fig. 7E) increased by 2.0 fold (from
1004 to 2057) and 2.1 fold (AUC increased from 1004 to 2068) after
incubating iPS endothelial cells with either ACM-SOD1-A4V or ACM-
sporadic, respectively. Glutamate, 100 pM, which was used for com-
parison, increased intracellular free Ca®*-mediated fluorescence by 1.8
fold (AUC from 1004 to 1795) in ECs compared to vehicle-treated
control group (Fig. 7D). To determine whether changes in free Ca®*
were due to astrocyte-secreted glutamate and activation of NMDARs,
human iPS-derived ECs were treated with MK-801, which inhibited the
increase in free Ca®* levels mediated by ACM/SOD1-A4V, ACM/
sporadic or 100 uM glutamate throughout the 45 min of incubation time
by approximately 72%, 64%, and 58% (Fig. 7A-D). AUCs were also
decreased by 69%, 63% and 62% (Fig. 7E). These findings indicated
that the increase in intracellular calcium was largely mediated by
glutamate-secreted astrocytes through activation of the NMDAR com-
plex.

3.5. Activation of NFkB is downstream the NMDAR-mediated upregulation
of P-gp in endothelial cells

Previous lines of evidence showed that a translocation of NF«B to
the nucleus of endothelial cells is preceding P-gp upregulation (Bauer
et al., 2008; Qosa et al., 2016a). In addition, activation of NMDARs in
the ECs of the BBB triggers P-gp upregulation (Bauer et al., 2008).
Therefore, we examined whether P-gp upregulation mediated by ACM-
ALS activation of NMDARs and COX-II signaling would also involve
NFxB nuclear translocation. Robust NFxB nuclear translocation oc-
curred in human iPS-derived ECs upon exposure to 100 uM glutamate,
ACM-SOD1-A4V, or ACM-sporadic, compared to cells exposed to ACM-
CTRL (Fig. 8). Furthermore, the activity of NFxkB was abolished when
ECs were pretreated with MK-801 or celecoxib, suggesting that stimu-
lation of NFxB was mediated through NMDA receptor signaling
pathway.

4. Discussion

Several pre-clinical and clinical studies reported elevated glutamate
levels both in brain extracellular fluids (ECF) and plasma of ALS pa-
tients and animal models (Andreadou et al., 2008; Spreux-Varoquaux
et al., 2002). Glutamate ECF levels are essentially controlled by gluta-
mate transporters and by the homeostatic balance of the glutamate-
glutamine cycle occurring in astrocytes and neurons (Danbolt, 2001;
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Harada et al., 2015). In addition, the plasma acts as a sink for glutamate
in the central nervous system, from which is extruded across the BBB
(Helms et al., 2012; Teichberg et al., 2009). A prolonged unbalance of
this glutamate homeostasis leads to excitotoxicity, which contributes to
the neurodegeneration and neuronal death seen in diseases such as ALS
and epilepsy (Harada et al., 2015; Tian et al., 2005). Aberrantly ele-
vated glutamate levels in the ECF could also lead to upregulation of P-
gp in endothelial cells at the BBB, via activation of NMDA receptors
expressed by endothelial cells (Potschka, 2010) (Avemary et al., 2013;
Bauer et al., 2008). While P-gp upregulation at the BBB could provide a
protective mechanism to guard the vulnerable brain from blood-born
toxins or potentially toxic catabolites, it is however considered a major
hurdle against the passage of therapeutic agents to the CNS, the so
called “P-gp-mediated pharmacoresistance” (Mohamed et al., 2017).
Evidence for a glutamate-induced pharmacoresistance has been pro-
vided in epilepsy; however, whether the same signaling pathway brings
about pharmacoresistance in ALS is not known. The aim of our study
was to understand whether glutamate and P-gp upregulation at the BBB
are linked in ALS. Our previous findings on a possible involvement of
astrocyte-released soluble factors in regulating the function and ex-
pression of P-gp in endothelial cells at the BBB in ALS, as well as the
proven astrocytes role in glutamate uptake and release, led us to study
whether glutamate could have been the released soluble factor med-
iating the upregulation of P-gp at the BBB (Qosa et al., 2016a). P-gp
activity in the mutant SOD1-G93A animal model of ALS dictates the
overall BBB permeability of P-gp substrates (Jablonski et al., 2012;
Qosa et al., 2016a). In addition, we reported that astrocytes derived
from ALS patients cause P-gp upregulation through various mechanisms
that converge into nuclear translocation of NFxB (Qosa et al., 2016a). In
the current study, we found that exposure of human iPS endothelial

Glutamate
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Fig. 6. ALS-derived ACM enhances P-glycoprotein activity in
isolated brain capillaries via NMDA receptor/COX2 mediated
pathway. Increase in P-gp activity in isolated, viable rat brain
capillaries after incubation with ALS human iPS-derived as-
trocyte conditioned media (ACM) was abolished by either
blocking NMDA receptors with 1 pM MK801 or COX2 with
1uM celecoxib. Human iPS endothelial cells were pre-in-
cubated with 1 uM MK801 or 1uM celecoxib, for 15min,
followed by addition of 100 uM glutamate, SOD1-A4V/ACM,
or sporadic/ACM for 30 min. Then, the medium was removed
and completely replaced with fresh one, cells were further
incubated for 5.5h and NBD-CSA luminal accumulation was
assessed by confocal microscopy. Luminal green fluorescence
of NBD-CSA accumulation was measured and plotted as ar-
bitrary unit of at least three independent experiments (two-
tailed t-test; ns = not significant; *** or ### P < 0.001).
(1.5-column fitting image.)

E& nodrug
B3 MK801
=3 celecoxib

cells to conditioned media collected from SOD1-A4V or sporadic human
iPS-derived astrocytes, but not C9orf72 astrocytes, increased expression
and activity of P-gp via NMDA receptor activation, an effect that is
mimicked by exogenous application of glutamate. In normal physio-
logic conditions, glutamate levels in brain ECF are maintained between
1 and 10 uM; however, in CNS areas affected by ALS the glutamate
levels were reported to be considerably higher (Castillo et al., 2016;
Foran and Trotti, 2009). Previous studies reported that glutamate levels
in epilepsy were between 10 and 100 uM, which were suggested to
induce P-gp upregulation (Bauer et al., 2008; Ronne-Engstrom et al.,
1992; Ueda and Tsuru, 1995). Measurements of glutamate concentra-
tion in vitro in SOD1-A4V or sporadic astrocyte conditioned media
showed approximately 10-fold higher glutamate levels compared to
control (Fig. 2B). In addition, elevated glutamate levels correlated well
with the P-gp upregulation in endothelial cells. The association between
glutamate and P-gp expression levels was also strengthened by the
evidence of lack of effect by C9orf72 astrocyte conditioned medium, in
which glutamate concentration is not significantly different from con-
trol. We previously reported a robust upregulation of P-gp in post-
mortem spinal cord tissues of SOD1-A4V and sporadic ALS patients
(Jablonski et al., 2012), and here we showed that this upregulation also
occurred in the spinal cord of a C9orf72-ALS patient. The discrepancy
with in vitro data could be explained by the existence of specific me-
chanisms of regulation that are occurring in vivo and that may not en-
gage astrocytes, or glutamate in particular, and might involve instead
different signaling cascades and the contribution of other cell types,
which are absent in our in vitro BBB model (i.e. pericytes). Future stu-
dies are needed to study the mechanisms of P-gp regulation at the BBB
in C9orf72-ALS.

Earlier reports revealed that P-gp is upregulated upon exposure of
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Fig. 7. ALS-derived ACM increase intracellular Ca®* levels in human iPS-derived endothelial cells mainly via NMDA receptor mediated pathway. Intracellular free
calcium levels under different conditions of treatment with ALS-derived ACM from normal (non-ALS) astrocytes (Control) (A), SOD1-A4V (B), sporadic (C), and
glutamate (D), were determined by assessing the change in fluorescence intensity in Fluo-4-loaded cells. Human iPS-derived endothelial cells were loaded 2.5 uM
Fluo-4 AM, then calcium levels were measured by determining baseline fluorescence in cells loaded with Fluo-4 AM alone for 5 min, followed by addition of ACM
alone or with the NMDA receptor antagonist, 1 tM MK-801. Measurement of fluorescence signal continued for 45 min at 37 °C with excitation and emission wa-
velengths at 494 and 506 nm, respectively. Area under the curve (AUC) of the calcium fluorescence profiles was plotted as bar-chart for comparison between different
ACM-derived ALS treatments (E). Experiments were performed in 96 well plates for two independent experiments with six replicates for each ACM treatment group.

(1.5-column fitting image.)

isolated brain capillaries to glutamate (Bauer et al., 2008; Zhu and Liu,
2004), possibly through a pathway that involves activation of NMDA
receptors, increase in intracellular free calcium levels, phospholipase
A2-mediated arachidonic acid release and production of prostaglandin
E2 by cyclooxygenase-2 (van Vliet et al., 2010; Zibell et al., 2009). In
agreement, we found that blocking NMDA receptors and COX2, with
either MK801 or celecoxib, significantly reduced the effect of mutant
SOD1 and sporadic astrocytes conditioned media on P-gp expression
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and intracellular free calcium levels in endothelial cells. Interestingly,
the catalytic activity of COX2 is dramatically increased in the spinal
cord of the mutant SOD1 mouse model of ALS as well as in postmortem
spinal cord samples of sporadic ALS patients (Almer et al., 2001), an
evidence which supports the notion of glutamate-mediated P-gp upre-
gulation in the mutant SOD1 and sporadic form of ALS. Therapeutic
targeting COX2 with inhibitors was suggested for treatment of diseases
that are associated with inflammation, such as arthritis, multiple
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Fig. 8. ALS-derived ACM stimulates NFxB nuclear transloca-
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sclerosis, Alzheimer's disease and ALS (Maihofner et al., 2003; Turini
and DuBois, 2002). Indeed, COX2 inhibition has shown promise in
overcoming glutamate-mediated P-gp upregulation in epilepsy, as well
as in Parkinson's animal models. Obstructing glutamate signaling cas-
cade by selective inhibition of COX2 with celecoxib counteracted P-gp
upregulation by glutamate and improved brain penetration of the an-
tiepileptic drug phenobarbital in a chronic model of drug-resistant
temporal lobe epilepsy in rats (Schlichtiger et al., 2010). Similarly,
celecoxib was shown to inhibit COX2 in isolated rat capillaries and was
accompanied by a decrease in P-gp activity (Bauer et al., 2008).
Therefore, targeting COX-2 by inhibitors could be a useful strategy to
overcome P-gp-mediated pharmacoresistance in ALS as well.

In addition to its established role in neuroinflammation, previous
studies suggested an involvement of NFxB in P-gp expression levels
regulation at the BBB (Bauer et al., 2008; Deng et al., 2001; Qosa et al.,
2015). NF-kB is activated in astrocytes in familial and sporadic ALS
patients as well as in the SOD1-G93A mouse model over disease pro-
gression (Frakes et al., 2014a; Swarup et al., 2011). We showed that
NFxB nuclear translocation in endothelial cells is dependent on NMDA
receptor and COX2 activation. Astrocytes derived from mutant SOD1
patients drive endothelial cells to increase production of reactive
oxygen species (ROS) and to activate Nrf2 pathway, which stimulates
NF«B-mediated P-gp upregulation (Qosa et al., 2016a). NMDA receptor
activation by glutamate have been previously linked to increased ROS
production in rat brain microvessel endothelial cells (Zhu and Liu,
2004). It is therefore possible that NFxB activation and the subsequent
upregulation of P-gp expression in endothelial cells in ALS could be
ultimately triggered by one priming event that is the activation of
NMDA receptors by glutamate. All these pathways could then even-
tually converge in NF«B nuclear translocation and increased MDR1
gene transcription and translation. This makes targeting NFxB another
attractive therapeutic strategy to control P-gp expression in ALS.
However, since NF«B has a key role in regulating several cellular pro-
cesses in different cell types in the body, it is important to specifically
target NF«B at the capillary endothelium of the BBB to avoid potential
off-target associated toxicity. Interestingly, few studies have reported
selective inhibition of endothelial NF«B in inflammatory diseases such
as arthritis and atherosclerosis (Gareus et al., 2008; Sehnert et al.,
2015). For example, specific inhibition of NF«B at the arterial wall
endothelium was achieved by ablation of NEMO/IkKy or expression of
dominant-negative IkBa specifically in endothelial cells, which resulted
in strongly reduced atherosclerotic plaque formation in atherosclerotic
mice model (Gareus et al., 2008). More recently, Sehnert and colleagues
developed an E-selectin-specific NF-kB inhibitor, known as “sneaking
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tion in human iPS endothelial cells via NMDA receptor/ COX-
2 mediated pathway. Nuclear translocation of NF«B in iPS
human endothelial cells after incubation with ALS human iPS-
derived astrocyte conditioned media (ACM) was abolished by
blocking either NMDA receptors with 1 pM MK801 or COX-2
with 1 uM celecoxib. Human iPS endothelial cells were pre-
incubated with 1 uM MK-801 or 1 uM celecoxib, for 15 min,
followed by 30 min incubation with normal (non-ALS) astro-
cytes (Control)/ACM, SOD1-A4V/ACM, sporadic/ACM, or
100 uM glutamate, as a positive control for NF«B stimulation
via NMDA receptor/COX2 stimulation. Then, media was re-
moved and completely replaced with fresh media and in-
cubated for 5.5 h. After that levels of protein expressions were
measured by immunocytochemical analysis of at least three
independent experiments. Blue color represents DAPI (4’,6-
diamidino-2-phenylindole) staining of Nuclei, and red color
represents Alexa Fluor 546 secondary antibody staining of
NFkB. (2-column fitting image).

ligand construct” (SLC), which is a fusion protein that selectively target
activated endothelial cells (Sehnert et al., 2013). This cell type-specific
NF-xB inhibition could provide a useful approach to target cells that
actively express NF-kB, such as those at the capillary endothelium of the
BBB in ALS.

Collectively, our findings are pointing at glutamate as the soluble
factor released by SOD1-A4V and sporadic ALS astrocytes that mediate
P-gp upregulation at the BBB endothelium. Studies on mutant SOD1
pre-clinical model of ALS showed that P-gp upregulation is occurring
beginning at disease onset, a phase of disease that correlates with ele-
vated glutamate concentrations in the CSF (Spreux-Varoquaux et al.,
2002). Previous findings suggest that these high glutamate concentra-
tions could reflect the intensity of cellular damage in the spinal cord
(Spreux-Varoquaux et al., 2002). Here, we speculate that high gluta-
mate levels in brain and spinal cord of ALS patients could trigger P-gp
upregulation. While high glutamate levels observed in our study in ALS
patients astrocytes could be attributed to altered glutamate release,
multiple other mechanisms are also reported in ALS to increase brain
interstitial fluid glutamate levels, such as defective high affinity glu-
tamate transport by astrocytes and neurons, impairment in the cystine/
glutamate exchanger, reversal and/or impairment of glutamate trans-
porters activity (Foran and Trotti, 2009; Qosa et al., 2016b; Rothstein
et al., 1992). In addition to astrocytes and neurons, the BBB has an
important role in maintaining low ECF glutamate levels by expelling
glutamate from the brain utilizing EAAT transporters expressed by ca-
pillary endothelium (Hawkins, 2009). Interestingly, Liu and colleagues
suggested that P-gp has a role in regulating glutamate transport across
the BBB (Liu and Liu, 2001). This finding may argue that P-gp upre-
gulation in ALS is a feedback mechanism to enhance the removal of
abnormally high glutamate ECF levels in an attempt to attenuate neu-
rototoxicity. Nonetheless, this feedback mechanism may constitute a
hurdle for CNS-targeted therapeutics to reach their site of action. We
have previously shown that P-gp overexpression at the BBB is a major
barrier for riluzole to cross the BBB and reach its therapeutic targets
(Jablonski et al., 2012 #7). Therefore, the outcome of P-gp inhibition
showed be carefully assessed so that the benefits outweigh possible
adverse effects. Future studies may further examine the glutamate-
mediated P-gp upregulation hypothesis in animal models of ALS and
examine whether inhibiting NMDAR, COX2 or NF-kB would counteract
P-gp function and improve brain penetration of ALS therapeutics.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.expneurol.2019.04.002.
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