Metabolic Brain Disease (2019) 34:1365-1374
https://doi.org/10.1007/s11011-019-00447-8

ORIGINAL ARTICLE

®

Check for
updates

Amyloid Beta 25-35 induces blood-brain barrier disruption in vitro

Elvis Cuevas’ - Hector Rosas-Hernandez' - Susan M. Burks' - Manuel A. Ramirez-Lee' - Aida Guzman? -
Syed Z.Imam" - Syed F. Ali" - Sumit Sarkar’

Received: 13 September 2018 / Accepted: 5 June 2019 /Published online: 2 July 2019
© This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection may apply 2019

Abstract

The amyloid (3-peptide (A3) is transported across the blood-brain barrier (BBB) by binding with the receptor for advanced
glycation end products (RAGE). Previously, we demonstrated that the A3 fraction 25-35 (A,5_35) increases RAGE expression
in the rat hippocampus, likely contributing to its neurotoxic effects. However, it is still debated if the interaction of A3 with
RAGE compromises the BBB function in Alzheimer’ disease (AD). Here, we evaluated the effects of A[3,5_35 in an established
in vitro model of the BBB. Rat brain microvascular endothelial cells 'BMVECs) were treated with 20 uM active A3,5 35 or the
inactive A335 5 (control), for 24 h. Exposure to A3,5_35 significantly decreased cell viability, increased cellular necrosis, and
increased the production of reactive oxygen species (ROS), which triggered a decrease in the enzyme glutathione peroxidase
when compared to the control condition. A3,5 35 also increased BBB permeability by altering the expression of tight junction
proteins (decreasing zonula occludens-1 and increasing occludin). A3,5 35 induced monolayer disruption and cellular disar-
rangement of the BBB, with RAGE being highly expressed in the zones of disarrangement. Together, these data suggest that

A 55 35-induces toxicity by compromising the functionality and integrity of the BBB in vitro.
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Introduction

Alzheimer’s disease (AD) is a common neurodegenerative
disorder in the elderly, which results in a progressive loss of
cognitive function (Alzheimer's 2016). While the relationship
between AD pathology and symptomology has not been fully
defined, overproduction and accumulation of the amyloid f3-
peptide (Af) is a hallmark pathological feature of AD (Hardy
and Selkoe 2002; Selkoe and Hardy 2016). It is likely that
pathological A3 processing is related to symptom severity
(Thal et al. 2002). Overtime, the excessive accumulation of
A peptides in different stages of aggregation, predominantly
within the neocortex, will develop into neuritic plaques
(NPs) (Hardy and Allsop 1991; Hardy and Selkoe 2002;
Steinerman et al. 2008). While rare familial forms of the AD

P4 Elvis Cuevas
Elvis-Yane.Cuevas-Martinez@fda.hhs.gov

Division of Neurotoxicology, National Center for Toxicological
Research/U.S. Food and Drug Administration, Jefferson, AR 72079,
USA

Escuela Nacional Preparatoria-UNAM, Mexico, Mexico

are characterized by increased production of Af3, it is postu-
lated that a decrease in A3 clearance from the brain might be
crucial to the pathology observed in the more common spo-
radic type of AD (Mawuenyega et al. 2010). Several mecha-
nisms function in synchronization to effectively clear A
from the brain, with the most prominent being active transport
across the blood-brain barrier (BBB) (Weller et al. 2008).
The BBB plays an important role in the homeostasis of A3
brain levels, and dysfunction of the BBB may contribute to the
pathogenesis of AD (Deane and Zlokovic 2007; Do et al.
2016). As its name suggests, the primary role of the BBB is
to serve as a barrier and filter to regulate influx of substances
to the brain. The integrity of the BBB is maintained by struc-
tural protein complexes called tight junctions (TJs). TJs are
comprised of the scaffold protein zonula occludens-1 (ZO-1)
(Watson et al. 1991) that directly binds to the transmembrane
proteins claudin-5 (C-5) and occludin (OC) to the actin cyto-
skeleton (Fanning et al. 1998). These protein complexes are
found in high abundance in the brain microvascular endothe-
lium (Bednarczyk and Lukasiuk 2011). The high levels of TJs
protein expression give the BBB its barrier-like properties and
ability to restrict movement of various unwanted macromole-
cules from the blood to the brain (Mark and Davis 2002). By
evaluating the effects of A3 in various models of the BBB it
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has been hypothesized that RAGE is responsible for
transporting A3 across the BBB to the brain. Conversely,
low-density lipoprotein receptor-related protein 1 (LRP-1)
(Mackic et al. 1998; Deane et al. 2003, 2004) appears to be
responsible for transporting A3 from the brain into the periph-
ery. In addition, A3 has been shown to disrupt the integrity of
TJs (Strazielle et al. 2000); presumably by the interaction of
A and the receptor for advanced glycation end products
(RAGE), which induces oxidative stress (OS) (Yan et al.
1996a, b; Kook et al. 2012). Together these finding suggest
that the BBB may play a key role in the pathogenesis of AD.

It was demonstrated that A325-35 possess similar activity
like A31-42, supporting that A(325-35 is a convenient model
to evaluate the potential toxicity involved in the AD (Frozza
etal. 2009). Importantly, A[3,5 35 is physiologically present in
elderly people, besides it has been found in AD postmortem
brain patients (Millucci 2010; Kubo 2002). Our previous data
indicated that microinjection of Af3,5_35 into the rat hippo-
campus produced neurotoxicity, possibly via activation of
the RAGE (Cuevas et al. 2011). As RAGE expression is in-
creased in the brains of AD patients (Donahue et al. 2006;
Deane 2012), it has been suggested that RAGE could interact
with A3, mediating its transport across the BBB, thereby con-
tributing to the formation of plaques that are typical in AD
patients (Yan et al. 1996a, b; Wan et al. 2014b). Moreover, it
has been suggested that the binding of A3 to RAGE induces
the activation of intracellular pathways that are involved in
cell death, produces vascular dysfunction, decreases cerebral
blood flow, and promotes neurovascular uncoupling and in-
flammatory reactions, all contributing to the progression of
AD (Zlokovic 2011). Increased expression of RAGE, as well
as its function as a ligand for A3, has prompted the scientific
community to postulate that RAGE activation might contrib-
ute to BBB mediated AD-related pathology.

Despite evidence suggesting that RAGE plays a role in the
Ap-induced-toxicity to the BBB observed in the AD, little is
known about the mechanisms of this toxicity, or the processes
by which A interacts with RAGE. It has been suggested that
16-23 residues of A31_49 binds to RAGE’s V domain (Chaney
et al. 2005; Xie et al. 2008; Gospodarska et al. 2011), but the
binding of Af,5 35 to RAGE, and the consequences of this
interaction has not been reported yet. The Af3,5 35 fraction is
the toxic domain of the A and is used to mimic A3 related
toxicity in many molecular models of AD (Butterfield and
Kanski 2002). The goal of this work is to explore the toxic
interactions between Af,5s 35 and the BBB, and to evaluate if
RAGE is involved in these processes. To do this, we tested the
effects of Af,535 using indicators of cell viability/damage;
indicators of OS; indicators of the functionality and morphol-
ogy of the BMVEC as well as the localization of RAGE and
A in an in vitro BBB model. Through this approach we hope
to begin to understand how RAGE and the BBB interact with
A to support AD pathogenesis.
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Materials and methods
Primary cell culture

Ten brains per isolation were collected from adult male Wistar
rats (380—420 g) obtained from the vivarium of the
NCTR/FDA. All procedures with animals were carried out
per the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. The animal protocol was ap-
proved by the NCTR/FDA Institutional Animal Care and
Use Committee. IBMVECs were isolated using a modified
method as previously described (Rosas-Hernandez et al.
2013a, b; 2018a, b). Briefly, the - BMEC were isolated from
fresh rat brains, the cortex was dissected and treated with
collagenase/dispase enzymes for digestion, finally, the
rBMVEC separation was done by percoll gradient. The purity
of the tBMEC has been demonstrated and standardized in our
laboratory (Rosas-Hernandez et al. 2018a, b). Freshly isolated
rBMVEC were plated (50,000 cells/cmz) on collagen-coated
and fibronectin-treated 96 well (MTT, LDH, ROS assays), 6
well (WB and histology analysis), or 6 well trans-well (TEER
and permeability assays) plates in complete media (45%
MEM, 45% Ham’s F-12 nutrient mix, 10 mM HEPES,
13 mM sodium bicarbonate, 50 ug/cm3 gentamicin, 20%
FBS, 2.0 pg/cm® amphotericin B, and 100 pg/em® sodium
heparin) and incubated in a humidified incubator (37 °C, 5%
CO.,). Heparin is a mitogen for endothelial cells and inhibits
smooth cell and astrocyte growth. The cells were treated after
90% confluence was reached, typically at 10-12 days.
However, in the case of 6 wells plates and trans-well plates,
cells were treated after 100% confluence was reached, typi-
cally at 12—-14 days. Three independent batches were isolated
for the experiments.

Treatment of the cell monolayer

Synthetic Af,5_35 or AP35_,5 were purchased from SIGMA
(A4559 and A2201, San Luis Missouri, USA). AR25-35 or
A[335-25 peptides were reconstituted at 1 mM following
manufacture specifications, then aliquoted (100 pL) and
stored (-80 °C). The stocks peptides solutions were diluted
with the cell media at 100 uM, and were incubated at 37 °C
for 24 h prior to its use, since it has been proved that under
these conditions is toxic (Pike et al. 1993; Pike et al. 1995;
Frozza et al. 2009). The reverse peptide, Af335_»5, has been
previously used as a control to test the effects of the Af3,5_35
peptide (Self et al. 2005), because AP35 55 lacks of aggrega-
tion (Park et al. 2013), did not produce any significant cellular
proliferation changes comparing with neutral conditions
(Stepanichev et al. 2010), these properties make AP35 55 a
suitable per se control for Af3,s5 3s5. All the cell treatments
were performed for 24 h. The 20 uM concentration was se-
lected based on previous studies showing that nanomolar
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concentrations are neurotrophic and micromolar concentra-
tions are neurotoxic (especially after 10 uM) (Yankner et al.
1990; Zheng et al. 2014; Liu et al. 2017a). Upon 90% or 100%
of confluence, IBMVECs were treated with A3,5_35 or AB3s_
»5 (control) at 20 uM, a set of experiments were done per
isolation (N = 3 isolations, each isolation has at least triplicates
per condition/per assay) independently. All assays were car-
ried out 24 h after exposure to A 3. All data represent the result
of three independent experiments.

Cell viability assay

This is a colorimetric assay that measures the reduction of
MTT to insoluble purple formazan, which is measured spec-
trophotometrically (Denizot and Lang 1986). Briefly, after
24 h of AP,5 35 or AP3s.05 treatment, IBMVEC media was
removed and replaced with 100 puL. of MTT (0.1 mg/mL) in
assay media and incubated for 2 h. The solution was then
aspirated, and propanol added to lyse the cells. Dishes were
vigorously shaken for 1 min and the absorbance measured at
560 nm with 690 nm reference wavelength (SynergyMX,
Biotek, Winooski, VT). In this assay a control (cell media)
condition was included to evaluate the possible changes by
A 33525, but not showed in the final graph. Data are expressed
as percent of control.

Lactate dehydrogenase assay

The cellular lysis was tested using Cytotoxicity Detection
Kit"“YS (LDH, Roche). LDH activity was detected in
media (2% FBS and phenol red-free) by manufacturer’s
specifications. Upon confluence, IBMVEC seeded in 96-
well plates were treated with Af,s5 35 or Af335.55 for
24 h. Subsequently, 100 uL of the supernatant was transferred
to a 96-well plate, the LDH reaction mixture (100 L per well)
added, the reaction incubated for 30 min under dark
conditions, and the absorbance measured at 490 nm
with a reference wavelength of 650 nm (Synergy MX,
BioTek, Winooski, VT). In this assay a control (cell
media) condition was included to evaluate the possible
changes by Af3s ,5, but not showed in the final graph.
Data are expressed as percent of control.

Reactive oxygen species (ROS) assay

The ROS assay uses DCFH-DA (2', 7'- di-chlorofluorescein
di-acetate), as a result, intracellular DCF fluorescence can be
used as an index to quantify the overall OS in cells (Wang and
Joseph 1999). Briefly, DCFH-DA (200 uM) was added to
exposure media containing A3 treatments and the accumula-
tion of DCF formation (fluorescence) was measured at an
excitation wavelength of 485 nm and emission wavelength
of 530 nm (Synergy MX, BioTek, Winooski, VT) after 24 h

of APB,s5.35 or AB3s_05 treatment. Data are expressed as the
percentage of the intensity of fluorescence (DCF formation)
with respect to control.

Transepithelial electric resistance (TEER) assay

As previously described (Rosas-Hernandez et al. 2013a, b),
evaluation of TEER was performed with an epithelial volt/2
meter (EVOM2, electrode STX2, World Precision
Instruments, Inc. UK) to determine the integrity of the
rBMVEC after Af,s 35 or Af335_55 treatment. Cells had to
achieve a TEER of 180 2 to be considered confluent and
suitable for further use in this assay. This happened when
100% confluence was reached, normally after 12—14 days.
Measurements were done before (TEER initial) and after
(TEER final) 24-h A3;5 35 or Af335 55 exposure to establish
the effect of treatment on monolayer integrity. Data are
expressed as the percentage difference in TEER relative to
control [A TEER (%)].

Permeability assay

This assay assesses the integrity of the rBMVEC monolayer,
as indicated by tight-junction function, by measuring fluores-
cein flux (FF) (Rosas-Hernandez et al. 2013a, b).
Measurements were done in permeability side-bi-side diffu-
sion chambers (PermeGear, H-series, connected to heater/re-
circulator, run at 120v/500 rpm, PermeGear, Inc. USA).
rBMVEC were seeded on 6 trans-well inserts and upon
100% confluency (TEER of 180 2), they were treated with
either A,5_35 or AR3s 05 After 24 h of treatment, the mem-
brane of each well was excised and placed between the per-
meability chambers. FF from the apical to basolateral com-
partments was determined over 120 min after 10 uM concen-
tration of fluorescein was added to the donor (apical side)
compartment. The FF was quantified using a spectrofluorom-
eter (excitation 485 nm, emission 530 nm; SynergyMX,
Biotek), with increased fluorescence being inversely propor-
tional to the integrity of the BMVEC monolayer. Data were
expressed in percentage FF with respect to control.

Western blot (WB) analysis

The protein expression of the OS related protein glutathione
peroxidase (GPX-1/2), TJ proteins (ZO-1 and OC), and
RAGE were measured by WB using a previously described
immunoblotting method (Cuevas et al. 2010, Rosas-
Hernandez et al. 2013a, b) after 24 h of either Af,5 35 or
A35_55 exposure. Briefly, proteins from rBMVEC were ex-
tracted with RIPA buffer (Thermo Scientific) plus Halt prote-
ase and phosphatase inhibitor (1:100; Thermo Scientific), ho-
mogenized by ultrasonication for 10 s, and placed on ice on a
shaker at 46.3xg for 15 min, followed by centrifugation at
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14811.3xg at 4 °C for 20 min. Quantification of proteins was
measured by bicinichoninic acid protein kit (Thermo
Scientific). Electrophoresis was performed in Criterion precast
gels by loading 40 pg of proteins (denatured and reduced at
95 °C with Laemmli buffer/beta-mercaptoethanol) into tris-
glycine gels (4-20% Biorad) and running at 200 mV/65 min
with running buffer. Proteins were then transferred from the
gels to nitrocellulose membranes at 100 mV/30 min in the
Trans-Blot® SD semi-dry transfer cell system (Bio-Rad).
Membranes were blocked with 5% bovine serum albumin
(Sigma, USA) and incubated with a combination the follow-
ing: mouse anti-GPx1/2 (1:200, Santa Cruz, sc-133,160) goat
anti-ZO-1 (1:500, Abcam, ab190085), mouse anti-Occludin,
(OC, 1:500, Abcam, ab167161), or rabbit anti-RAGE (1:200,
Thermo Scientific, PA1-075). Mouse anti-beta actin
(BA,1:1000, Sigma, A5316) was used as a housekeeping pro-
tein (loading control). All primary antibodies were incubated
overnight, and then secondary antibodies were added, either
anti-mouse-HRP or anti-rabbit-HRP or anti-goat-HRP
(1:1000, Jackson Immunoresearch), for 2 h at room tempera-
ture. Finally, detection was performed using an ECL detection
kit (Thermoscientific) and Chemidoc XRS system (Bio-Rad).
The digital images were analyzed with Image Studio software.
B A quantifications were done in all the membranes after strip-
ping to normalize levels of GPX1/2, ZO-1, OC, and RAGE.
Results were expressed in integrated density ratio of GPX/,
Z0-1/, 0C/, RAGE/BA.

The data collected, from the densitometry analysis, was
from tree different isolations ( = 3). The number of replicates
varies depending on the yield of cells on each isolation. The
main criteria, in terms of statistical analysis, was having at
least 3 replicates per isolation. The actual values represent
the average of all the replicates from at least 3 separate isola-
tion per each condition. The final figure for each protein target
was done using the most representative band for each
condition.

Morphological analysis and immunofluorescence

To check the cellular arrangement and localization of A3 and
RAGE, morphological analysis was performed with conven-
tional light or fluorescence microscopy (Nikon Eclipse Ti,
software NIS-Elements AR 3.10). The rBMVEC cells were
grown on cover-slips in 6-well (Costar) chambers for all the
histological analysis. Once the cells reached confluence, cells
were exposed with either A5 35 or AP3s05. After 24 h of
exposure, cells were fixed in 4% paraformaldehyde in PBS
pH 7.4 for 15 min. Pictures were taken under conventional
light for the overview of the cellular arrangement at 10X. To
assess the colocalization of A with RAGE, after fixation,
cells were blocked with 5% bovine serum albumin (Sigma,
USA) and incubated with rabbit anti-RAGE (1:200, Thermo
Scientific, PA1-075) and mouse anti-A340/42 (1:200,
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Biosensis, M-1586-100). After overnight incubation at
4 °C, the corresponding secondary antibodies were added [an-
ti-rabbit- FITC or anti-mouse- CY3 (1:500, Jackson
Immunoresearch)] and incubation occurred for 2 h at room
temperature. Pictures were taken with a fluorescent mi-
croscope (Nikon Eclipse Ni, software NIS-Elements
4.20.00), at 10X. Digital images were analyzed for the
quantification of the intensity of labeling, using Image
J NIH software. Results were expressed in intensity
percent of control.

Statistical analysis

All data are expressed as mean values + SEM and were ana-
lyzed using Student “t” test. All statistical analyses were per-
formed using GraphPad Prism 6 software (GraphPad
Scientific, San Diego, CA, USA). Differences of p-values
below 0.05 were considered statistically significant.

Results
AB,s_35 promotes cellular death in rBMVEC

The incubation of BMEC with A325-35 (20 uM) produces
cellular death. Cytotoxicity was measured by MTT and LDH
assays. A[3,5_35 decreased cell viability by 27% compared to
AP3s5.5 (Fig. la), accompanied by an increase of 17% in
LDH release (Fig. 1b). Control conditions (cell media) did
not show any significant difference when comparing with
AP35-25 (data not showed in the final figure), assuring that
A 3505 1s a suitable control condition to evaluate the effect of
A 3,5 35. Data represent values of three independent isolations
(N=3), student “t” test analysis, **p <0.01, **¥p <0.001.
The data obtained by MTT and LDH support the use of
AB3s_55 as a suitable control, from now on the rest of the
experiment we did not include the control condition.

AB,s_35 produced oxidative stress in rBMVEC

The incubation of BMEC with A325-35 (20 uM) produces
oxidative stress. Af3,5 35 increased ROS production by 31%
(Fig. 2a). The increase in ROS correlated with a 56% decrease
in the expression of GPx1/2 (Fig. 2b). Data represent
values of three independent experiments (N =3), student
“t” test analysis, *p <0.05, ***p<0.001.

AB,5_35 exposure induces rBMVECs disruption

To establish whether the functionality of the BBB was com-
promised, TEER and FF across the -BBMVEC monolayer were
analyzed as indicators of BBB permeability. A significant de-
crease in TEER of 40.4 +8.8% was observed 24 h after
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exposure to 20 uM A5 35 (Fig. 3a). Consistent with this
observation, a 50.8 £4.6% increase of FF across the
rBMVEC monolayer was also detected (Fig. 3b). The decrease
in TEER and increase in permeability is also accompanied with
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a decrease of 0.39 +0.119-fold in ZO-1 expression and an in-
crease of 3.3 +1.62 fold in OC (Fig. 3c). Data represent values
of three independent isolations (N = 3), student “t” test analysis,
*p<0.05, ¥¥p < 0.01, ***p <0.001 ****p < 0.0001.
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Fig. 3 Af,s5 35 disrupts the rBMVEC monolayer and alters TJ
expression. a TEER; b fluorescein flux and ¢ ZO-1 and OC expression
levels. The evaluation was done in rBMVEC after 24-h exposure to
AB,s 35 (white bars, solid line) or AB3s 55 (black bars, as the control

AB,s_35 is producing morphological changes
associated with the increase of RAGE expression

Significant morphological alterations in rBMVECs were
observed 24 h after exposure to 20 uM A[3,s5 35 (Fig. 4a)
including cellular disarrangement, loss of the tBMVEC
monolayer and “cellular aggregation” (yellow arrow).
To test the colocalization of A3-RAGE, these proteins
were labeled by immunohistochemistry. The colocalization of
APR-RAGE was observed in Af,s_3s-treated rBMVECs,
particularly at areas where cellular disarrangement was
visible (Fig. 4b), suggesting the potential binding be-
tween them. However, further assays are needed to ev-
idence the binding between A 3,5 35 and RAGE. In addition
to the colocalization, there was a significant increase of 84%
and 66% in AP and RAGE labeling, respectively (Fig. 4c).
Further quantification of RAGE was done by WB, which
demonstrated an increase in RAGE level by 0.9 folds
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(Fig. 4d). Data represent values of three independent
isolations (N =3), student “t” test analysis, *p<0.05,
**p <0.01.

Discussion

The findings in the present study demonstrate that AP35 35
induces cytotoxicity by increasing OS and changing the ex-
pression of certain TJ proteins, compromising the morpho-
functionality of the BBB in vitro. These events may potential-
ly modulate the increase of RAGE expression/activation, ini-
tiating a vicious cycle of damage, in this particular in vitro
model of the BBB. These data add credence to the hypothesis
that abnormal RAGE activation may contribute to AD-related
pathology.

Increased ROS production as a consequence of mitochon-
drial dysfunction is known to contribute cellular death to the
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under bright field microscopy. Aggregations of BMVEC indicated by
yellow arrows. b Co-localization of RAGE (green) and Af (red) in fluo-
rescent microscopy. Colocalization (yellow) is evident where cellular
aggregation occurs. Representative images (10X) of Af,5 35 or Afzs_

early stages of AD (Uttara et al. 2009). Moreover, it is known
that Af3,5 35 produces neurotoxicity in SH-SYSY cells via
oxidative stress (Liu et al. 2017b). However, little is investi-
gated about the effects of A3,5_35 on the function of the BBB.
In the present study, using rBMVECSs as in vitro model of the
BBB, we observed that 24 h exposure to A3,5_35 resulted in a
significant decrease in cell viability and induced cellular tox-
icity when compared to the Af335_,5 (mimic control condi-
tion), the cytotoxicity produced by Af3,s 35 has been previ-
ously demonstrated in differentiated PC12 cells (Xu et al.
2016). This effect co-occurred with an increase in ROS pro-
duction and a decrease in GPx1/2 expression. This relation-
ship indicates that OS may play a role in the toxic effects of
Af,s35 in BMVEC. These results agree with previous
in vitro and in vivo studies where A[3,5_35 promoted neuro-
toxicity by increasing OS; these toxic effects were prevented
by the presumed antioxidant capacities of triptolides (Xu et al.
2016), flavonoids (Cuevas et al. 2009; Guimaraes et al. 2015),
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55 (as the control group) at 20 uM, (n=9) were chosen. ¢ Quantification
of RAGE (green) and A (red) labeling, A325-35 (white bars) or AB35—
25 (black bars, as the control group), d RAGE expression levels with
representative WB bands shown. Values are expressed as mean = SEM
of n=3 independent isolations. **p <0.001, *p <0.05. Student “t” test
analysis

estradiol (Bernal-Mondragon et al. 2013), and s-allyl-cysteine
(Perez-Severiano et al. 2004), suggesting indirectly that A{3,s
35 generates OS in neurons. In the human cerebral microvas-
cular endothelial cell line (HCMEC/D3), ROS production was
increased after exposure to the full-length A3 (AP 1_42), which
could be prevented by co-treatment with an antioxidant
(Carrano et al. 2011). Moreover, A3;_4» has been shown to
induce apoptosis in a ROS mediated fashion in a murine brain
capillary endothelial cell line (bEnd.3) (Wan et al. 2014a, b),
supporting the hypothesis that A3 produces oxidative stress in
the cells of the BBB in a similar manner as in neurons.

OS is thought trigger BBB disruption which will result in
increase of permeability. There are multiples mechanism by
which this could occur but the most likely is the reorganization
of TJs (Lochhead et al. 2010; Blasig et al. 2011). In this con-
text, we observed that Af3,5 35 decreased the TEER and in-
creased barrier permeability across the -BMVEC monolayer,
as indicated by increased FF. These effects were concomitant
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with a decrease in the expression of ZO-1 and an increase in
the expression of OC. The changes in protein expression may
be the result of the observed increase in paracellular perme-
ability. While this is the first study documenting the effects of
A5 35 on the integrity and TJs changes of the rBMVEC,
previous studies using different A3 peptides have been pub-
lished and support the effect we found. For instance, the fi-
brillary form AP_40 at a concentration of 20 uM decreased
the TEER and increase the FF in an in vitro model of the BBB
consisting of co-cultures of human BMVEC (hBMVEC) and
human astrocytes (hAs) (Zhang et al. 2017). In the HCMEC/
D3 cell line, a combination of AR 4, and A3 40 increased
the paracellular permeability, which was attributed to alter-
ation in the clearance and deposition of A3 as a result of
downregulation of LRP-1 and up-regulation in RAGE (Qosa
et al. 2014). The same group later suggested that A3, 4, in-
duced BBB disruption by upregulation of RAGE and metal-
loproteinases as well as a decrease in the expression of TJ
proteins (Wan et al. 2015). Regarding the changes in TJSs,
previous studies have reported that intraventricular injection
of Af3,5_35 induces down-regulation of ZO-1, OC, and C-5
after 8 days in a murine model; suggesting possible chronic
neurovascular damage (Liu et al. 2009). In agree with these
reports, we found ZO1 decreased. Surprisingly, we found that
rBMVEC after 24 h of A325-35 treatment produced an in-
crease of OC levels. Little is known about the role of BBB on
each specific TJ during the progression of AD. The changes in
TJs in models of AB-induced neurotoxicity are not well char-
acterized. Previous studies using BBB models have reported
the increase of OC as a transitory response. In MDCK
cells, A31-42 increased OC levels 24 h after exposure of
(Gheorghiu et al. 2014). Similarly, an increase in OC expres-
sion in CMEC/D3 cells has been observed 24 h after exposure,
suggesting an attempt of compensate for the A3 1-42-induced
acute toxicity (Paik et al. 2018). In addition, a separate study
using hCMEC/D3 cells exposed to A 31-40, indicates that OC
levels were slightly increased after 24 h of treatment, but after
48 h of exposure the decrease of OC was significant. Claudin-
5 and ZO-1 did not show any changes under this condition
Likewise, we can speculate the A[325-35 increases OC levels
due to acute toxicity, as a prevention response of the BBB
dysfunction and may be a transient effect. Further studies are
warranty to track these possibilities.

It has been previously demonstrated that interaction of
AP1_4> with RAGE induces downregulation and structural
alteration of ZO-1, and increases paracellular permeability in
bEnd.3 cells. Treatment with anti-RAGE antibodies blocked
these effects, suggesting the participation of RAGE in Af3-
induced microvascular toxicity (Kook et al. 2012). A neuro-
pathological study has shown a positive correlation between
RAGE expression and plaque burden in humans, indicating a
role of RAGE and altered BBB function in the formation of
plaques and subsequent pathogenesis of AD (Provias and
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Jeynes 2014). Furthermore, we also show that RAGE expres-
sion was increased at sites of cellular disarrangement and co-
localized with Af3. Previous studies have shown that RAGE is
highly expressed in the hippocampal micro-vasculature in pa-
tients with AD (Donahue et al. 2006; Carrano et al. 2011)
which may contribute to the deposition of Af3 in the brain as
well as the formation of senile plaques (Provias and Jeynes
2014). Inhibition of RAGE has been documented to decrease
A-induced toxicity in a mouse model (Deane et al. 2012), as
well as decrease transport of Af3 through the BBB,
diminishing its accumulation in the brain (Deane et al. 2003)
thereby ameliorating cognitive impairment and promoting
hippocampal plasticity (Wang et al. 2018). The significant
increase of RAGE levels, presented here, after A3,5_35 expo-
sure in rIBMVEC:s, supports previous findings using different
A3 peptides, suggesting a common mechanism of action of
A peptides on BBB models, making A 3,5 35 a suitable tool
to do research in AD field.

In summary, our data suggest that Af3,5s 35 induces BBB
dysfunction in vitro, which is likely mediated by OS and ulti-
mately leads to disruption of BBB integrity and cell death.
Based in previous findings we can suggest that these changes
could potentially be mediated by RAGE, possibly by either
mediating excessive ROS production and/or the interaction
with A5 35, however, this molecular interaction remains
uncertain, The possible interactions may lead to the formation
of plaque-like structures in the regions of high RAGE expres-
sion. The exact molecular pathway(s) that are activated as a
result of this unique interaction requires further investigation,
as well.
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