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ABSTRACT

Tight junctions (TJ) between brain endothelial cells are essential for formation and maintenance of the blood-
brain barrier (BBB). Although loss of BBB integrity is associated with several neuropathological disorders,
treatments that augment or stabilise the BBB are scarce. Here we show that physiological concentrations of
dehydroepiandrosterone sulfate (DHEAS) stimulate the expression of the TJ proteins zonula occludens-1 (ZO-1)
and claudin-3 in the brain-derived endothelial cell line bEnd.3 and promote TJ formation between neighbouring
cells, demonstrated by augmented transendothelial resistance across cell monolayers. Silencing androgen
receptor expression by siRNA does not prevent DHEAS-induced stimulation of ZO-1 expression, indicating that
conversion of DHEAS into testosterone is not required for its actions. Suppression of Gnall expression by siRNA
prevents DHEAS actions, pointing towards a G-protein-coupled receptor as being a mediator of the DHEAS
effects. These results are consistent with the idea that DHEAS, acting as a hormone in its own right, supports the
integrity of the BBB. The current findings might help in developing new strategies for the prevention or
treatment of neurological disorders associated with BBB defects.

1. Introduction

Dehydroepiandrosterone sulfate (DHEAS) is the most abundant
circulating steroid. DHEAS is produced mainly in adrenal cortex but
also in brain [1] and in gonads [2-4]. In primates its production in the
zona reticularis of the adrenals begins at early developmental stages
and declines immediately after birth [5]. Its serum concentrations peak
again during adrenarche [6]. DHEAS is derived from dehydroepian-
drosterone (DHEA), which is almost entirely converted to DHEAS by the
enzyme sulfotransferase [7]. The sulfated steroid is then secreted into
the serum [8]. Young adults maintain a DHEAS plasma concentration
ranging between 1.3 and 6.8 uM [9]. The plasma concentration of
DHEA (7-31 nM) is 200-fold lower than the concentration of DHEAS
[9]. With aging, DHEAS in blood and cerebrospinal fluid continuously
decline to reach minimum concentrations at around age 70 [10,11].
The fact that age-related illnesses steeply increase as DHEAS concen-
trations decline prompted the conclusion and hope that restoring
DHEAS concentration in elderly to levels seen in young adults would
benefit their everyday feeling of well being and eventually, by
preventing the ravages of aging, prolong life [7,12].

Neither the (patho)physiological significance of DHEAS (or DHEA)
nor its molecular mechanisms have been studied well enough or are

sufficiently understood. This may be associated with the long-held
notion that sulfated steroids like DHEAS are physiologically inactive
waste products of steroid hormone metabolism. The identification of
cytosolic steroid sulfatases [13], however, has prompted the new idea
that the sulfated steroids constitute a reservoir that upon desulfation
can serve as precursors for the biosynthesis of other biologically active
steroid hormones. In analogy, DHEAS has been considered as a pro-
androgen that has to be converted to DHEA and then to testosterone or
other steroid hormones in order to exert its biological activity [14].

Newer findings, including those from our laboratory, call into
question the heretofore generally accepted idea of DHEAS being simply
a pro-androgen [15,16]. They rather suggest that DHEAS, by interact-
ing with a G-protein-coupled receptor (GPCR), might act as a steroid
hormone in its own right. Thus, in spermatogenic cells DHEAS induces
signaling pathways that correspond to the non-classical actions of
steroid hormones [15]. In Sertoli cells this signaling pathway stimulates
claudin expression and formation of tight junctions (TJ), thus indicating
that DHEAS might be of physiological significance for the formation
and maintenance of the blood-testis barrier [16].

TJ at the blood-brain barrier (BBB) protect the brain from harmful
factors or cells of the immune system by limiting the paracellular flow
of ions and molecules. Aging-associated dysfunction or disruptions of
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the BBB have been connected with the onset of dementia, cerebral
microvascular, or Alzheimer's disease [17-20]. In view of the excep-
tional physiological importance of this tissue barrier, little if anything is
known about measures that might stimulate its formation and main-
tenance. Thus far, glucocorticosteroid treatment is the only applicable
and most widely used therapeutic approach to improve BBB integrity
[21,22].

Motivated by the effects of DHEAS that we identified on the
expression of TJ-forming proteins of the blood-testis barrier [16] and
the coinciding decline in circulating DHEAS concentrations and the
increase in cognitive disorders with age, we investigate here the effects
of DHEAS on the expression of proteins involved in the formation and
maintenance of the BBB in a mouse brain endothelial cell line that is a
model of the BBB.

2. Material and methods
2.1. Cell culture

The mouse brain endothelial cell line bEnd.3 [23] was cultured in
gelatin-coated 10-cm culture dishes (Greiner, Frickenhausen, Germany).
The culture medium was phenol red-free DMEM high glucose with 2 mM
L-glutamine and 25 mM HEPES (Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% v/v standardized fetal bovine serum
(Biochrom GmbH, Berlin, Germany), 1 mM Na-pyruvate (Thermo Fisher
Scientific), 1% non-essential amino acids (Sigma-Aldrich, St. Louis, MO,
USA) and 1% penicillin/streptomycin combination (5000 units penicillin
and 5 mg streptomycin/ml) (Sigma-Aldrich). The cells were kept in a
humidified incubator at 37 °C under 5% CO,. The culture medium was
renewed every three days. The passages used for experiments were
always between 20 and 27, as monolayers of this cell line are known to
show increased permeability with increasing passage number [24].

2.2. Preparation of cell lysates

bEnd.3 cells were seeded at a density of 2.5 x 10° cells in gelatin-
coated 5-cm culture dishes (Greiner) and left to grow, as described
above, for 4 days. The medium was afterwards replaced with a 2% FBS
medium, containing either 1 uM DHEAS or 10 nM testosterone (T) each
dissolved in absolute ethanol and cells were incubated for 48 h. Control
cells received vehicle alone. The final concentration of ethanol in the
samples was kept at 0.1% (by vol.). The medium was then removed by
aspiration and cells were washed once with ice-cold phosphate-buffered
saline (PBS; without Ca® ™ or Mg2 *; GE Healthcare, Munich, Germany)
and lysed in 400 pl of a commercially available cell lysis buffer (New
England Biolabs GmbH, Frankfurt, Germany) according to the protocol
of the provider. The lysis buffer contained the phosphatase inhibitors
vanadate and leupeptin. Immediately before use, 1 uM PMSF (Carl Roth
GmbH, Karlsruhe, Germany) was added to the lysis buffer. All lysis
steps were carried out on ice. After 10 min of incubation, cells were
harvested with a scraper, transferred into plastic tubes, and sonicated 5
times for 5s each. The reaction tubes were then centrifuged at
13,000 x g for 15 min at 4 °C. The protein content of the supernatants
was determined at 540 nm using the bicinchoninic acid (BCA) protein
assay reagent kit (Pierce, Rockford, IL, USA) and a Labsystems
(Helsinki, Finland) plate reader. The lysis buffer was included in the
bovine serum albumin protein standard. Aliquots of the supernatant
were taken and stored at — 20 °C for further analysis.

2.3. Protein electrophoresis and western blotting

In most cases a total of 10 g of the cell lysate protein was separated
by SDS-PAGE on 6.5-12% acrylamide gels. In order to detect claudin-3
also in control cells, SDS-PAGE was run with 15 pug of lysate protein. In
the case of claudin-5, 6 ug of lysate protein were used in SDS-PAGE,
because of its high abundance in control and DHEAS-treated cells.
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Biotinylated molecular weight markers (Cell Signaling Technology,
Frankfurt a.M., Germany; cat. # 7727) were used to determine the
relative molecular mass of the separated proteins and a pre-stained
protein ladder (Thermo Fisher Scientific; cat. # 26619) was addition-
ally used during the electrophoresis for zonula occludens-1 (ZO-1), to
pinpoint the position of the protein on the gel. After the electrophoresis,
proteins were blotted onto hydrophobic PVDF transfer membranes
(Merck Chemicals GmbH, Schwalbach, Germany) for 30 min at 0.5 V/
cm?. The membranes were then blocked for 1 h by incubation in TBS
with 0.1% v/v Tween 20 and 5% w/v nonfat milk at room temperature.
The membranes were subsequently incubated overnight at 4 °C with the
appropriate primary antibodies (Anti-ZO-1, Santa Cruz Biotechnology,
Heidelberg, Germany, cat. # sc-10804, 1:1000; anti-claudin 3, Novus
Biologicals, Cambridge, United Kingdom, cat. # NBP1-67517, 1:1000;
anti-claudin 5, Santa Cruz Biotechnology, cat. #sc-28670, 1:2000; anti-
androgen receptor (AR), Santa Cruz Biotechnology, cat. # sc-13062,
1:1000; anti-pan-Actin, Cell Signaling Technology, cat. # 4968, 1:2000)
diluted in blocking solution. The membranes were afterward incubated
with the appropriate HRP-conjugated secondary antibody for 60 min at
room temperature. An anti-biotin, HRP-conjugated antibody (Cell
Signaling Technologies) at a dilution of 1:20,000 was also included in
the mixture containing the secondary antibody in order to detect the
biotinylated molecular weight marker. An enhanced chemilumines-
cence solution made by mixing the buffer with p-coumaric acid,
luminol, and H>0, [25] was then used to visualize the protein bands.
The chemiluminescence obtained was visualized by exposure to film.
Films were analyzed by the GelAnalyzer 1D gel electrophoresis image
analysis software. The PVDF membranes were occasionally reused for
the detection of additional proteins. Primary and secondary antibodies
were thus stripped by incubating the membrane 3 times for 15 min in
50 ml of 100 mM glycine, pH 2.0. To ensure the successful removal of
the antibodies, the membranes were incubated in the enhanced
chemiluminescence solution and controlled for any residual fluores-
cence signals by exposure to film for 5 min. The membranes were then
washed once in 25 ml TBS-Tween 20 for 5 min. After blocking in 5%
nonfat milk, western blotting for the detection of further proteins of
interest was carried out as described above.

2.4. Silencing AR expression via siRNA

bEnd.3 cells were seeded at a density of 1.5 x 10° cells in gelatine-
coated 6-well plates (Greiner) and left to grow for 48 h before siRNA
treatment. The expression of AR was silenced by using commercially
available siRNA and by following the protocol of the provider (Stealth™
RNAI; Invitrogen, Karlsruhe, Germany). The oligonucleotides used were
5’ACUCGAUCGCAUCAUUGCAUGCAAA3’ and 5'UUUGCAUGCAAUGA
UGCGAUCGAGU3’ at a final concentration of 150 nM. Control cells
were treated with OptiMem plus Lipofectamine RNAiMAX plus the
siRNA Negative Control as supplied by the provider. Transfection
efficiency was estimated by the Block-iT™ Transfection Kit.

After 72 h of incubation with the siRNA, preparation of samples for
western blots or immunofluorescence experiments were carried out as
described in previous or subsequent paragraphs.

2.5. Silencing Gnall expression via siRNA

Silencing expression of Gnall was carried out by using commer-
cially available siRNA (Silencer® Select siRNA; Invitrogen) as described
earlier [16]. Here briefly: silencing was achieved by using the oligonu-
cleotides 5"CAAGAUCCUCUACAAGUAUtt3’ and 5’AUACUUGUAGAG-
GAUCUUGag3’ at a final concentration of 150 nM. They specifically
suppress expression of Gnall without affecting the expression of the
closely related Gnaq [16]. Control cells were treated with OptiMem,
Lipofectamine RNAiMAX and the siRNA Negative Control as supplied
by the provider. All other steps were the same as for the silencing of AR
expression described above.
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Fig. 1. DHEAS stimulates expression of ZO-1 as detected by immunofluorescence and in western blots. Cells were incubated for 48 h with 1 uM DHEAS. Controls received vehicle alone.
(A) In the absence of DHEAS green fluorescence indicating the presence of ZO-1 was rather low. Nuclei of cells were stained with DAPI (blue). (B) Incubation of the bEnd.3 cells with 1 uM
DHEAS stimulated the expression of ZO-1, found to be localized at the boundaries between neighbouring cells, around nuclei and within nuclei. (C) The western blots show ZO-1
expression in lysates of cells that had been exposed for 48 h to vehicle alone or to 1 pM DHEAS. DHEAS stimulated ZO-1 expression. (D) The expression of total actin was not affected by
the incubation with DHEAS. (E) For statistical analysis, data were corrected for the amount of total actin as shown in D (n = 4; means = SEM; **p < 0.0001).

2.6. RT-PCR

RT-PCR was carried out as described earlier [16]. Gnall-specific
mRNA/cDNA was amplified in 35 PCR cycles at an annealing tempera-
ture of 58 °C. Forward and reverse primers were the oligonucleotides
5’GAACCGGGAAGAGGTAGGG3’ and 5’GACCAAGTGTGAGTGCAGG-
A3, respectively. These amplify a 917-bp fragment of mouse Gnall-
specific mRNA localized between bases 70 and 986. GAPDH-specific
mRNA/cDNA was amplified similarly with the exemption that the
annealing temperature was set at 57 °C. Forward primer was the
oligonucleotide 5’"GGAGATTGTTGCCATCAACG3’ and reverse primer
the oligonucleotide 5"CACAATGCCAAAGTTGTCA3’. These amplify a
fragment of 430 bp between bases 128 and 557 of mouse GAPDH-
specific mRNA.

2.7. Immunofluorescence

A total of 8 x 10* cells were added to gelatin-coated 12-well
plates (Greiner) for the detection of ZO-1 or commercially available
pre-coated 4-well chamber slides (Sigma-Aldrich; cat. # S6690) for
the detection of claudin-3, claudin-5, AR or Gnall and were
subsequently left to grow for 4 days. The cells were afterwards
incubated for 48 h in 2% FBS medium containing either 1 pM DHEAS
or 10nM T, each dissolved in ethanol. Control cells received vehicle
only. The final concentration of ethanol in the samples was kept at 0.1%
(by vol.).

Every media change, which will be described below, was followed
by the cells being washed three times with PBS. Unless otherwise
specified, the following procedures were carried out at room tempera-
ture. All incubation steps with UV-sensitive reagents were performed in
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the dark. Following the 48 h DHEAS or T incubation, the cells were
fixed in 3.7% formaldehyde for 15 min for the detection of ZO-1 or in
100% ice-cold methanol for 10 min for the detection of claudin-3,
claudin-5, AR or Gnall. The cells were then incubated in a blocking
solution (3% BSA, 0.3% Triton-X 100 in PBS) for 1 h. Afterwards, the
blocking solution was replaced with PBS containing 1% BSA and 0.1%
Triton-X 100 along with the primary antibody against either ZO-1
(1:250), claudin-3 (1:200), claudin-5 (1:300), AR (1:200) or Gnall
(Santa Cruz Biotechnology, cat. # sc-390382, 1:300). Incubation
continued in a humidified chamber for 24 h at 4 °C.

Staining was achieved by incubating for 60 min at room tempera-
ture with an Alexa Fluor 488-labelled goat anti-rabbit IgG (Invitrogen,
Karlsruhe, Germany) diluted at 1:300 in 1% BSA, 0.1% Triton-X 100 in
PBS. The solution was then removed and the cell nuclei were stained by
incubating the cells for 10 min with PBS containing DAPI (4’,6-
diamidino-2-phenylindole) in a concentration of 0.5 pg/ml. The DAPI
solution was subsequently aspirated and the cells were overlaid with
PBS and stored at 4 °C for further investigation. All fluorescence images
were obtained with an inverse Olympus microscope (model IX81;
Olympus, Hamburg, Germany) using a 40 X objective with numerical
apertures of 0.3 and 0.6, respectively. The excitation filters were
360-370 nm (DAPI images) and 470-495 nm (Alexa Fluor 488 images).
The corresponding emission filters were 420-460 nm and 510-550 nm,
respectively.

Green fluorescence corresponding to Gnall expression was mea-
sured by using the software program ImageJ (freely available at http://
rsbweb.nih.gov/ij/). All cells in the optical field were considered. Data
points from three similar experiments were transferred to and analyzed
by the software program GraphPad Prism4 (GraphPad Software, Inc.,
La Jolla, CA, USA).


http://rsbweb.nih.gov/ij
http://rsbweb.nih.gov/ij

D. Papadopoulos, G. Scheiner-Bobis BBA - Molecular Cell Research 1864 (2017) 1382-1392

Claudin-5

DHEAS (uM) 0 1
C) D)= 125
Claudin-5 -é 100
- “:-’.g 754
23 kDa 28 s
E
8 25
(8]
DHEAS (uM) 0 1 0 v
DHEAS (uM) 0 1

Claudin-3

DHEAS (uM) 0 1
G) Claudin-3 H), N
23 kDa *‘ . g,., 2004
53
Eg 100+
DHEAS (M) 0 1 3 -

DHEAS (uM) 0 1

Fig. 2. Effect of DHEAS on the expression of claudin-5 and claudin-3. Cells were incubated for 48 h with or without DHEAS. Nuclei of cells were stained with DAPI (blue). Green
fluorescence corresponds to either claudin-5 or claudin-3. (A) Detection of claudin-5 by immunofluorescence in the absence of DHEAS. (B) Incubation with 1 uM DHEAS does not affect
the expression level of claudin-5. (C) Detection of claudin-5 by western blotting in the absence or presence of DHEAS. (D) Analysis of western blots like the one shown in (C) did not reveal
any significant differences in the expression levels of claudin-5 in the presence or absence of DHEAS (n = 3; means * SEM, p = 0.7348). (E) Detection of claudin-3 by
immunofluorescence in the absence of DHEAS. (F) Incubation with 1 yM DHEAS stimulated the expression of claudin-3, visible at the boundaries between adjacent cells and around
the nuclei (ER). (G) Confirmation of the results shown in (A) and (B) by western blot analysis. (H) Analysis of western blots like the one shown in (G) reveal a statistically significant

stimulation of claudin-3 expression by DHEAS (n = 4; means + SEM; *p = 0.023).

out for the indicated periods of time in the presence or absence of 1 uM

2.8. Measurement of transendothelial resistance (TER)
DHEAS. Measurement of TER was carried out with a Millicell ERS-2

A total of 1 x 10° cells/insert were seeded on collagen-coated epithelial Volt-Ohm meter (Merck Millipore, Darmstadt, Germany).
ThinCert inserts with a 0.4-um pore diameter and 0.33 cm? TER in Q/cm?® was calculated according to the protocol of the Volt-Ohm
culture surface for use with 24-well plates (both from Greiner) meter manufacturer and by subtracting the resistance of cell-free
and cultured as described above. The cells were considered filters. The electrode of the Volt-Ohm meter was mounted on an
confluent enough, when the initial electrical resistance measurement adjustable stand to ensure its precise depth positioning in each of
exceeded 70 Q. At that point, incubation in fresh media was carried the wells.
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Fig. 3. DHEAS increases transendothelial resistance across cell monolayers. After
accomplishing the first TER (in Q/cmz) measurements (Day 0), vehicle alone or 1 yM
DHEAS was added to the cells and incubation was continued for 3 more days. As early as
day 1 after addition of 1 uM DHEAS, TER across cell monolayers was significantly higher
than that measured across untreated monolayers. For each data point: n = 5;
means SEM; day 0: p = 0.7100; *day 1: p = 0,0144; *day 2: p = 0.0200; *day 3:
p = 0.0223.

+

2.9. Statistical analysis

Loading differences in the various western blots were corrected by
taking into consideration the optical density of total actin bands. Data
were analyzed either by Student's unpaired, two-tailed t-test (Figs. 1, 2,
3, 6 and 7) or by applying one-way ANOVA with repeated measures and
Dunnett's comparison of all data to the control (Figs. 4, 5 and 8).
Differences were considered to be significant when p < 0.05. Immu-
nofluorescence and western blot experiments were repeated at least
three times.

3. Results
3.1. Stimulation of ZO-1 expression by DHEAS

The initial focus of the current investigation was aimed at possible
effects of DHEAS on the expression of zonula occludens-1 (ZO-1)
protein, a scaffold protein that is a critical component of TJ of the
BBB. Whereas ZO-1 expression after 48 h of incubation of bEnd.3 cells
with vehicle alone remained low (Fig. 1A), incubation over the same
period of time with 1 uM DHEAS led to a clear stimulation of ZO-1
expression (Fig. 1B). Green immunofluorescence corresponding to ZO-1
protein was clearly visible at membrane contacts between cells but also
in the periphery of nuclei (likely in the endoplasmic reticulum, ER) and
within nuclei (Fig. 1B). Western blotting confirmed that treatment of
cells with 1 uM DHEAS stimulated the expression of ZO-1 protein
(Fig. 1C) without affecting the expression of actin (Fig. 1D). Within 48 h
of incubation ZO-1 levels in the presence of DHEAS were > 3 times
higher than the levels of the protein detected in the absence of the
sulfated steroid (Fig. 1E).

3.2. DHEAS effects on the expression of claudin-5 and claudin-3

Claudins are important components of all blood-tissue barriers. The
focus of the current investigation concentrated, however, on effects of
DHEAS on claudins 3 and 5 whose altered expression has been
connected to various neurological disorders [26]. Incubation of bEnd.3
cells with DHEAS did not influence the expression of claudin-5 as
assessed by immunofluorescence and western blotting (Fig. 2A-D).
DHEAS had marked effects, however, on the expression of claudin-3.
Green fluorescence corresponding to claudin-3 was very low after 48 h
in the absence of DHEAS (Fig. 2E), although cells had reached
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confluence at this time point. Incubation of the bEnd.3 cells for the
same time span with 1 pM DHEAS had a strong stimulatory effect on the
expression of claudin-3 (Fig. 2F), which was confirmed by western blot
experiments (Fig. 2G and H). The localization of claudin-3 at the
boundaries between cells and also around the nuclei (Fig. 2F; probably
ER) is in good agreement with results published previously [27].

3.3. DHEAS effects on transendothelial resistance

In the absence of DHEAS, TER across the cell monolayer increased
continuously over the course of 4days (Fig. 3). Addition of 1uM
DHEAS had a significant stimulatory effect on TER values at all time
points investigated, consistent with the sulfated steroid triggering
additional sealing of the TJ.

3.4. Silencing AR expression by siRNA

In order to evaluate whether the conversion of DHEAS into
testosterone and mediation of the AR are responsible for the effects
described above, DHEAS and testosterone effects were investigated in
the presence of the AR or after abrogation of its expression by siRNA.
Cells that had been treated with negative control siRNA (nc-siRNA)
were incubated for 48 h with vehicle alone, with 1 uM DHEAS, or with
10 nM testosterone. AR expression was significantly stimulated by
testosterone but was not influenced by DHEAS (Fig. 4, A and B),
indicating that conversion of the latter into testosterone under these
conditions is unlikely. Treatment of cells with AR-specific siRNA led to
the complete abrogation of AR expression (Fig. 4A). Neither nc-siRNA

A) e -
A~~~ = +«— AR
- - (110 kDa)
e -—
.
\ =
‘——— .~-'——-<— actin
- (45 kDa)
.
siRNA: nc nc nc AR AR AR
D(1uM): -  + - - + -
TAORM): - - o+ .
B) nc-siRNA
250
(]
2
% 200-
e
= 1504
°
[]
2 100-
o
3 50-
o
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Control DHEAS T

Fig. 4. Silencing AR expression by siRNA. Cells that had been first treated with negative
control siRNA (nc-siRNA) or with siRNA against AR (AR-siRNA) were exposed to either
vehicle alone, 1 uM DHEAS, or 10 nM testosterone (T). Simultaneous detection of AR and
actin was accomplished by incubating the PVDF membranes with AR and actin antibodies
at the same time. (A) In nc-siRNA-treated cells expression of AR was not affected by
DHEAS but was considerably stimulated by T. In AR-siRNA-treated cells, AR-specific
bands were not detectable in any of the samples. Expression of actin was not affected by
nc-siRNA, AR-siRNA, DHEAS, or T. (B) Statistical analysis of the effects of DHEAS and T
on the expression of AR. 10 nM T stimulated AR expression > 2-fold over its expression
observed in control or DHEAS-treated cells (n = 3; means * SEM; *p = 0.0254).
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Fig. 5. Stimulation of AR expression and AR translocation into the nuclei by T but not by DHEAS. Cells that had been treated with negative control siRNA (nc-siRNA) were incubated for
two days with either 1 pM DHEAS or 10 nM T. Control cells received only vehicle. Green fluorescence corresponds to AR. (A) Detection of AR in control, (B) in cells treated with DHEAS,
and (C) in cells treated with T. (D) Statistical analysis reveals a significant stimulation of AR expression in the entire cells and increased nuclear localization of AR in the presence of T.
DHEAS influenced neither the expression nor the nuclear localization of AR (n = 20; means *+ SEM; **p < 0.0001). (E) When cells were treated with AR-specific siRNA (AR-siRNA),
green fluorescence indicating the presence of AR was not detectable. The figure shows results in the presence of T; similar results were also obtained when cells were treated with either
vehicle or DHEAS (not shown). The figure shows blue DAPI-stained nuclei to demonstrate the presence of cells.

nor AR-siRNA had any effect on the expression of actin, which was
detected concurrently with the AR by the simultaneous use of specific
antibodies against each of the two proteins.

The apparent testosterone-specific effect on the expression of the AR
was confirmed in immunofluorescence experiments. Here, too, testos-
terone stimulated the expression of the AR and triggered its transloca-
tion into the nuclei of bEnd.3 cells in the presence of nc-siRNA (Fig. 5, C
and D). The level of expression of AR and its localization in response to
DHEAS (Fig. 5, B and D) were the same as that observed in control
incubations (Fig. 5, A and D). Green fluorescence indicating the
presence of AR was not visible in cells that had been treated with AR-
siRNA to silence AR expression, even in the presence of testosterone
(Fig. 5E). Similar results were obtained with AR-siRNA-treated cells
that were exposed to either vehicle or DHEAS.

3.5. DHEAS effects on ZO-1 expression in the absence of AR

Although the results described thus far clearly show different effects
of testosterone or DHEAS on the expression and translocation of the
classical AR into the nuclei, they cannot exclude a possible involvement
of this receptor in the DHEAS-induced effects on BBB proteins.
Therefore, we investigated whether abrogation of AR expression by
siRNA might influence the DHEAS-induced effects on the expression or
localization of ZO-1. Incubation with 1 uM DHEAS of bEnd.3 cells that
had been treated with AR-siRNA to silence AR expression clearly
stimulated the expression of ZO-1 over control (Fig. 6, A and B), which
was similar to the response displayed in Fig. 1. Western blotting
(Fig. 6C) confirmed the AR-independent, significant stimulation of
Z0-1 expression by DHEAS (Fig. 6D).
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3.6. DHEAS effects on ZO-1 and claudin-3 expression in the absence of
Gnall

Many steroid hormones elicit their actions not only through
cytosolic but also through membrane-bound GPCRs [28-31]. Earlier
findings demonstrated the involvement of Gnall in DHEAS-induced
signaling in spermatogenic and Sertoli cells [15,16]. We therefore
addressed a possible participation of Gnall in the effects of DHEAS on
bEnd.3 cells. This was done by incubating cells with DHEAS after
silencing Gnall expression. RT-PCR experiments revealed that after
72 h of incubation of cells with siRNA oligonucleotides against Gnal1l
(Gnall-siRNA), the expression of Gnall-specific mRNA/cDNA was
greatly reduced when compared with the presence of the same mRNA/
cDNA fragment in cells that had been treated with nc-siRNA (Fig. 7A).
GAPDH-specific mRNA/cDNA was not affected by either of the two
siRNAs (Fig. 7A), indicating that the suppression of Gnall-specific
mRNA by Gnall-siRNA is specific and not the result of an overall
inhibition of mRNA expression. Immunofluorescence demonstrated that
green fluorescence indicating the presence of Gnall protein, clearly
visible in cells treated with nc-siRNA (Fig. 7B), was markedly reduced
following treatment of cells with Gnal1-siRNA, verifying the successful
suppression of the expression of Gnall protein (Fig. 7, C and D).

To test the effects of abrogation of Gnall protein expression on
DHEAS-elicited responses, we utilized cells treated with either Gnal1-
siRNA or nc-siRNA. As in the results shown in Figs. 1B and 6B, exposure
of nc-siRNA-treated cells to 1 uM DHEAS led to the stimulation of ZO-1
protein expression that can be visualized as green fluorescence at the
borders between neighbouring cells and around or within the nuclei
(Fig. 8, A and B). When Gnall expression was suppressed by incuba-
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in the absence of DHEAS. (B) Incubation of AR-siRNA-treated cells with DHEAS led to increased expression of ZO-1 protein. The localization of ZO-1 protein (green fluorescence) is similar
to its localization depicted in Fig. 1. (C) The western blot confirms the results of the immunofluorescence experiments and demonstrates (D) a statistically significant stimulation of ZO-1
expression by DHEAS, even in the absence of AR (n = 4; means + SEM; **p = 0.00045).

tion with Gnall-specific siRNA, however, the stimulatory effect of Similar results were obtained with respect to the involvement of
DHEAS on ZO-1 expression was no longer apparent (Fig. 8, C and D). Gnall in the DHEAS-triggered stimulation on claudin-3 expression.
The confirmation of these results by western blot experiments (Fig. 8, Thus, treatment of bEnd.3 cells with nc-siRNA did not affect the
E-G) is consistent with Gnall mediating the DHEAS-induced expres- stimulatory effect of DHEAS on the expression of claudin-3 (Fig. 9, A

sion of ZO-1 protein. and B). In cells that were exposed to Gnall-specific siRNA, however,
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Fig. 7. Silencing expression of Gnall by siRNA. (A) Treatment of cells with negative-control siRNA (nc-siRNA) did not affect the expression of Gnal1l-specific mRNA/cDNA. Application
of specific siRNA against Gnall (Gnall-siRNA) considerably reduced the RT-PCR signals for Gnall but did not affect the expression of the related Gag-specific mRNA/cDNA. (B) The
immunofluorescence experiments confirmed that nc-siRNA does not affect expression of Gnall, whereas (C) treatment with Gnal1l-siRNA leads to the complete abrogation of Gnall

expression. (D) Statistical analysis of green fluorescence (n = 31; means = SEM; *p < 0.0001).
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Fig. 8. Effects of DHEAS on ZO-1 expression in the absence of Gnall. Green fluorescence reflects expression of ZO-1. Nuclei are stained blue. (A) Detection of ZO-1 in bEnd.3 cells that
were treated with nc-siRNA in the absence of DHEAS. (B) DHEAS (1 uM) stimulated ZO-1 expression in cells that had been treated with nc-siRNA. (C) Green fluorescence indicating the
expression of ZO-1 in bEnd.3 cells treated with Gnal1-siRNA. (D) Treatment of cells with Gnal1-siRNA completely inhibited the DHEAS-induced stimulation of ZO-1 expression. (E)
Western blot analysis of ZO-1 expression. In cells treated with Gnal1-siRNA, DHEAS failed to stimulate ZO-1 expression. (F) Expression of total actin was not influenced by nc-siRNA,
Gnall-siRNA, or DHEAS. (G) The data were corrected for the amount of total actin, which was used as a gel loading control. (n = 5; means = SEM; **p < 0.0001).

the stimulatory effect of DHEAS on claudin-3 expression was comple-
tely suppressed (Fig. 9, C and D): fluorescence corresponding to
claudin-3 was at the same level as the fluorescence measured in the
absence of the steroid (Fig. 9, C and D). The western blot experiments
shown in Fig. 9, E-G confirm the results of the immunofluorescence
experiments and support the idea of Gnall being the mediator of the
stimulatory effect of DHEAS on claudin-3 expression.

4. Discussion

Our results derived from brain endothelial cells constitute the first
demonstration of the stimulatory effects of DHEAS on the expression of
the TJ and BBB proteins ZO-1 and claudin-3. As a corollary, DHEAS also
increases TER across endothelial cell monolayers. We further deter-
mined that DHEAS does not need to be converted into a different
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steroid hormone to exert its actions; it appears to act as a steroid
hormone in its own right.

The BBB consists primarily of the TJ of endothelial cells of the
capillaries. Occludin and various claudins, proteins spanning the inter-
cellular cleft, and junctional adhesion molecules are the building blocks
of TJ at the BBB. On the cytosolic side occludin and claudins are linked
to the cytoskeleton through the mediation of zonula occludens (ZO)
proteins [32-34]. ZO proteins are members of the family of membrane-
associated guanylate kinase (MAGUK)-like proteins. As scaffold proteins
they recruit various other proteins to the cytosolic surface of epithelial or
endothelial cells and contribute to the formation of TJ [35]. From the
various ZO proteins, ZO-1 regulates formation of the junctional complex
by interacting via its PDZ domain with the C-terminal sequences of
claudins and via its GK domain with occludin [36-39]. ZO proteins not
only contribute to the formation of TJ; they also associate with proteins
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cells were treated with Gnal1-siRNA. (F) Expression of total actin was not affected by nc-siRNA, Gnall-siRNA, or DHEAS. (G) The data were corrected for the amount of total actin,

which was used as a gel loading control. (n = 3; means + SEM; *p = 0.0193).

of cadherin-based adherens junctions and with gap junction-forming
connexins [17,40-43]. Nevertheless, new findings provide evidence that
the function of ZO proteins goes beyond the regulation of barrier
formation between endothelial or epithelial cells. ZO proteins, including
Z0-1, are also found in the nuclei where they regulate gene transcription
and influence cell proliferation by interacting with transcription factors
[36,44-47]. Our finding that stimulation of ZO-1 expression by DHEAS
leads to an increase in the presence of the protein at the boundaries of
neighbouring cells as well as in the nuclei and in perinuclear areas is
consistent with DHEAS promoting synthesis of new ZO-1 within the ER.
We do not know at the current stage whether nuclear ZO-1 associates
with transcription factors in the endothelial cells, but this would be an
interesting topic for future investigations. The peripherally localized ZO-
1 likely contributes to the dynamics of the endothelial TJ by interacting
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with occludin and various claudins. DHEAS, however, did not have any
effects on the expression of occludin, neither at the mRNA/cDNA nor at
the protein level (not shown).

Claudins are the main constituents of all blood-tissue barriers.
Claudins 1, 2, 3, 5, 11, 12, and 18 have been identified in the
mammalian brain microvascular endothelial cell system [48]. Selective
loss of claudin-3 expression has been associated with experimental
autoimmune encephalomyelitis and glioblastoma [49], and in human
endothelial cell models claudin-3 constitutes a potential marker for BBB
characteristics in vitro [27]. Claudin-5 knockout mice are characterized
by size-selective BBB defects [50], and in an experimental mouse model
of autoimmune encephalomyelitis (an animal model of CNS inflamma-
tory disease), down-regulation of claudin-5 expression correlates with
the collapse of BBB function [51].
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Unstimulated bEnd.3 cells express detectable quantities of claudin-
5, as we observed by immunofluorescence and western blotting. This
and the localization of the claudin-5 protein we observed at the contact
sites between neighbouring cells are in good agreement with previously
published data [24,52]. Its expression is not increased by DHEAS,
however, not even after two days of incubation, possibly because
claudin-5 presence in these cells is constitutively high [52]. In contrast,
treatment of bEnd.3 cells with DHEAS under the same conditions does
significantly increase the expression of claudin-3 over a basal level,
suggesting that DHEAS may regulate the development of TJ and not the
already established junctions. These findings may have physiological
relevance. Although several claudins show a highly tissue-specific
expression pattern, claudin-3 is expressed in TJ of intestinal, lung,
liver, kidney, or skin epithelia as well as in blood vessel endothelium.
This omnipresence in various blood-tissue barriers supports the idea
that claudin-3 is basic and critical component of TJ. Consistent with
this, in the BBB, the central component regulating TJ integrity is not
claudin-5 but rather claudin-3 [49], and in the BBB it acts as a sealing
component of TJ that prevents the passage of mono- and divalent
cations, anions, and uncharged solutes [53]. Taking these findings into
account, we propose that the significant increase in TER across DHEAS-
treated bEnd.3 cell monolayers that we observed is due to the DHEAS-
induced stimulation of claudin-3 expression. The participation of other
TJ proteins, however, cannot be excluded at the current stage.

DHEAS is considered by many as a proandrogen that needs to be
converted into testosterone to exert its effects. The conversion of
DHEAS to testosterone is not required for its actions described here.
Incubation of bEnd.3 cells for 2 days with testosterone stimulates AR
expression and its translocation into the nuclei. Replacement of
testosterone by a 100-fold higher concentration of DHEAS does not
generate similar effects, thus indicating that even after 2 days there is
no significant conversion of DHEAS to testosterone and that DHEAS is
probably acting on its own. This conclusion is further supported by the
fact that silencing AR expression does not prevent the stimulatory effect
of DHEAS on ZO-1 expression.

The results obtained by immunofluorescence as well by western
blotting clearly show that an involvement of the classical AR in the
stimulatory effects of DHEAS on ZO-1 expression is very unlikely. The
effects of DHEAS appear to be mediated rather by a different signaling
route involving the G-protein Gnall. Gnall is a member of the Gq/11
family of heterotrimeric G proteins [54]. In the mast cell line RBH-2H3
the Gq/11 protein was shown to interact with DHEAS [55]; however, a
participation of Gnaq in the DHEAS-induced signaling in Sertoli cells
could be excluded [16]. Gnall is ubiquitously expressed across tissues
and is also present in bEnd.3 cells, as we demonstrate here. Silencing
Gnall expression in bEnd.3 cells with Gnall-specific siRNA prevents
the DHEAS-induced stimulation of ZO-1 or claudin-3 expression,
indicating that the DHEAS receptor involved in the effects described
here is likely to be a GPCR interacting with Gnall. Although this
conclusion is supported by earlier findings demonstrating the involve-
ment of Gnall in DHEAS-induced signaling in spermatogenic and
Sertoli cells [15,16], the actual DHEAS-specific GPCR has not yet been
identified. Taken together with earlier findings [15,16,55], however,
the results of the current investigation suggest that DHEAS, acting as a
steroid hormone in its own right, may be directly involved in the
formation and maintenance of the BBB.

Whether the decline of DHEAS availability at high age can be
connected to various well-documented dysfunctions of the BBB in the
aging brain [17], and whether DHEAS administration might be
beneficial for the treatment of age-related cognitive disabilities, has
not yet been comprehensively investigated. Considering the undisputed
fact that BBB integrity is a prerequisite for normal brain function and in
view of the paucity of remedies that stimulate BBB formation, main-
tenance or repair, further research in this direction is required and
might help to develop new strategies for the prevention or treatment of
age-related neurological disorders linked to BBB defects.
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