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ABSTRACT

Blood-brain barrier (BBB) integrity is compromised in many central
nervous system disorders. Complex astrocyte and vascular
endothelial cell interactions that regulate BBB integrity may be
disturbed in these disorders. We previously showed that systemic
administration of 3-chloropropanediol [(S)-(+)-3-chloro-1,2-
propanediol] induces a transitory glial fibrillary acidic protein-
astrocyte loss, reversible loss of tight junction complexes, and
BBB integrity disruption. However, the intracellular signaling
mechanisms that induce BBB integrity marker loss are unclear.
We hypothesize that 3-chloropropanediol-induced modulation of
tight junction protein expression is mediated through the
phosphoinositide-3-kinase (PI3K)/AKT pathway. To test this
hypothesis, we used a mouse brain endothelial cell line (bEnd.3)
exposed to 3-chloropropanediol for up to 3 days. Results showed
early reversible loss of sharp paracellular claudin-5 expression
90, 105, and 120 minutes after 3-chloropropanediol (500 uM)

treatment. Sharp paracellular claudin-5 profiles were later restored,
but lost again by 2 and 3 days after 3-chloropropanediol treatment.
Western blot and immunofluorescence studies showed increased
p85-PI3K expression and transitory increased AKT (Thr308)
phosphorylation at 15 and 30 minutes after 3-chloropropanediol
administration. PISK inhibitors LY294002 [2-(4-morpholinyl)-8-
phenyl-4H-1-benzopyran-4-one hydrochloride; 2.5-25 wM] and
P1-828 [2-(4-morpholinyl)-8-(4-aminopheny)l-4H-1-benzopyran-
4-one; 0.1-10 uM] prevented the 3-chloropropanediol-induced
AKT (Thr308) phosphorylation and both early and late loss of
paracellular claudin-5. However, AKT inhibitors only prevented
the early changes in claudin-5 expression. This mechanistic study
provides a greater understanding of the intracellular signaling
pathways mediating tight junction protein expression and supports
a hypothesis that two independent pathways triggered by PI3K
mediate early and late loss of paracellular claudin-5 expression.

Introduction

The blood-brain barrier (BBB) is a highly dynamic structure
composed of endothelial cells, astrocytes and their end-feet,
and extracellular matrix components. Together, these form
a physical and metabolic barrier between the central nervous
system and circulating blood. In health, the BBB acts as a
crucial homeostatic regulator for promoting neuronal survival
and restricts peripherally circulating toxins, blood proteins,
and micro-organisms from entering brain tissue (Abbott et al.,
2010; Banks and Erickson, 2010). The low permeability of the
BBB is due, in part, to tight junction complexes composed of
various transmembrane proteins, including claudin, occludin,
and junctional adhesion molecule subfamilies (Tsukita et al.,
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2001; Chiba et al., 2008; Willis et al., 2008, 2010). The integrity
of the BBB is compromised in many central nervous system
disorders, including demyelinating disorders, such as multiple
sclerosis and in cerebral ischemia (Grossman et al., 1986;
Hatashita and Hoff, 1990; Lo et al., 1994).

Despite the importance of the BBB, the factors responsible
for the induction and maintenance of its properties remain
unclear. Several cytoplasmic signaling molecules, such as
phosphoinositide-3-kinase (PI3K), Rho kinase, protein kinase
C (PKC) isozymes, and phospholipase C, have been localized to
tight junction complexes and may regulate their assembly and
disassembly (Gonzéalez-Mariscal et al., 2008). The PIS3K/AKT
pathway is activated by a number of receptors and intracellular
signaling molecules leading to PISK phosphorylation and
generation of phosphatidylinositol (3,4,5)-triphosphate (Vivanco
and Sawyers, 2002; West et al., 2002; Paez and Sellers, 2003;
Murillo et al., 2004; Hemmings and Restuccia, 2012). The serine/
threonine kinase AKT (also known as protein kinase B) binds
to phosphatidylinositol (3,4,5)-triphosphate at the plasma
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membrane promoting AKT (Thr308) phosphorylation, resulting
in activation of its serine/threonine kinase activity (Alessi et al.,
1997). Fully active AKT shows further phosphorylation at
Ser473, inducing numerous cellular functions including
angiogenesis, metabolism, growth, proliferation, survival,
protein synthesis, transcription, and apoptosis (Brunet et al.,
2001). It has been reported that PI3K inhibitors preserve,
and may increase, endothelial function, preventing the path-
ogenesis of many neurodegenerative disorders (Cain et al.,
2010).

We previously showed in vivo that a single systemic
administration of the selective gliotoxin, 3-chloropropanediol
[(S)-(+)-3-chloro-1,2-propanediol], induced reversible loss of glial
fibrillary acidic protein immunoreactive astrocytes, extensive
remodeling of the extracellular matrix, and loss of paracellular
tight junction protein (claudin-5, occludin, and zona occludens-1)
expression and BBB integrity in the rat inferior colliculus over
a 28-day period (Willis et al., 2004a,b, 2013). 3-Chloropropanediol
has been reported to undergo bioactivation to a reactive
monoaldehyde through the action of alcohol dehydrogenase
IIT (Mori et al., 2000; Skamarauskas et al., 2007). In vivo,
the selectivity of 3-chloropropanediol for astrocytes may be
due to the greater capacity of these cells to bioactivate the
gliotoxin (Mori et al., 2000). However, the endothelial intracel-
lular signaling mechanisms triggered by disruption of the BBB
microenvironment that resulted in the loss of paracellular tight
junction protein expression were not studied. We hypothesize
that claudin-5 protein modification in the vascular endothelial
cell and loss of BBB integrity are mediated through modulation
of the PISK/AKT pathway. Because of the dynamic interactions
in the BBB microenvironment in vivo, we tested our hypothesis
using a vascular endothelial cell line monoculture (bEnd.3)
treated with 3-chloropropanediol. Although these endothelial
cells show poor transendothelial electrical resistance values,
they do express mRNA and protein markers for tight junction
proteins and form a barrier to radiolabeled sucrose (Deli et al.,
2005; Brown et al., 2007). The use of bEnd.3 cells is also
advantageous because they are not contaminated by other cells
of the neurovascular unit and do not dedifferentiate when
passaged (Brown et al., 2007). In this study, we demonstrate
that claudin-5 expression shows an early and late biphasic
modulation of paracellular expression after 3-chloropropanediol
treatment that is modulated through the PISK/AKT signaling
pathway. There is early increased PI3K expression and AKT
(Thr308), but not AKT (Ser473), phosphorylation. Pharmaco-
logic inhibition of PI3K by LLY294002 [2-(4-morpholinyl)-8-
phenyl-4H-1-benzopyran-4-one hydrochloride; 1-25 uM] or
PI-828 [2-(4-morpholinyl)-8-(4-aminopheny)l-4H-1-benzopyran-4-
one; 0.1-10 uM] attenuated AKT (Thr308) phosphorylation
and preserved both the early and late loss of claudin-5 expression.
In addition, although pharmacologic inhibition of AKT with
10-DEBC (10-[4’-(N,N-diethylamino)butyl]-2-chlorophenoxazine
hydrochloride; 10 M) or AKT1 [1L-6-hydroxymethyl-chiroinositol-
2(R)-2-0O-methyl-3-O-octadecyl-sn-glycerocarbonate; 10 uM]
also attenuated the early transitory loss of claudin-5 expression,
it did not preserve the late loss of paracellular expression,
providing evidence that early and late loss of claudin-5 is
mediated through two distinct pathways. These results
show that the PISK/AKT pathway plays a central role in the
regulation of claudin-5 expression and suggests that regulation
of the PISK/AKT pathway could hold therapeutic potential
for neurodegenerative diseases.
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Materials and Methods

bEnd.3 Cell Culture. bEnd.3 endothelial cells are BALB/c mouse
brain endothelial cells transformed by a retrovirus vector that
expresses polyomavirus middle T antigen (CRL-2299; American
Type Culture Collection, Manassas, VA). bEnd.3 cells were grown in
Dulbecco’s modified Eagle’s medium (D6046)/10% fetal bovine serum
(Sigma-Aldrich, St. Louis, MO) according to the supplier’s instructions.
Cell lines were grown in a humidified cell culture incubator at 37°C and
5% C09/95% room air following the supplier’s recommendations. For
experimental procedures, cells were trypsinized and plated at a density
0f 0.5-1.0 x 10* cells/em? (Omidi et al., 2003) onto plastic culture plates
or collagen I-coated (Trevigen, Gaithersburg, MD) glass coverslips.
Cells were grown until confluent. Medium was changed every 3 to
4 days and 24 hours before the day of the experiment.

3-Chloropropanediol and PISK/AKT Inhibitor Treatment.
3-Chloropropanediol (Sigma-Aldrich) was prepared in Dulbecco’s
modified Eagle’s medium/10% fetal bovine serum and added to
bEnd.3 cells to give a final concentration of 500 uM. Endothelial
cells were continuously exposed to 3-chloropropanediol for either 0,
15, 30, 60, 90, 105, 120, or 240 minutes or 1, 2, or 3 days. Inhibitors
LY294002, PI-828, 10-DEBC (Tocris Bioscience, Minneapolis, MN), and
AKT1 inhibitor (Calbiochem, San Diego, CA) were added to the bEnd.3
cells 30 minutes prior to 3-chloropropanediol (500 uM) administration.
After 3-chloropropanediol administration, culture plates were returned
to the incubator for up to 2 hours or 3 days.

SDS-PAGE and Western Blot Analysis. Medium was aspirated.
bEnd.3 cells were washed with phosphate-buffered saline (PBS) (4°C)
and then CelLytic buffer (4°C) (Sigma-Aldrich) containing protease and
phosphatase inhibitor cocktails 2 and 3 (Sigma-Aldrich). Cells were
removed using a plastic scraper, collected, and homogenized. Total
bEnd.3 cell homogenates were cleared by centrifugation (10,000g,
10 minutes, 4°C) and used for all Western blot analysis. Protein concentra-
tion of each bEnd.3 cell homogenate was determined using the
bicinchoninic acid protein assay (Pierce Biotechnology, Rockford, IL).

bEnd.3 cell homogenates were separated on SDS-polyacrylamide
gels (10% Bis-Tris Criterion XT precast gels; Bio-Rad, Hercules, CA).
The separated proteins were then transferred to polyvinylidene
difluoride (PVDF) membranes (Immobilon PVDF, 0.45 um; EMD
Millipore, Billerica, MA). Nonspecific binding was blocked with
Aquablock (EastCoast Biologics Inc., North Berwick, ME) for at least
30 minutes at room temperature. PVDF membranes were incubated
on a plate rocker overnight at 4°C with primary antibodies diluted in
Aquablock using 1) rabbit antibodies p85-PI3K, pAKT (Thr308), and
PAKT (Ser473) (1:1000; Cell Signaling Technologies, Danvers, MA),
and 2) mouse antibodies claudin-5 (2.5 ug/ml; Life Technologies,
Carlsbad, CA) and glyceraldehyde 3-phosphate dehydrogenase
(2.0 pug/ml; GenTex, Irvine, CA).

PVDF membranes were washed with Tris-Tween buffered saline
[30 mM Tris, 150 mM NaCl and 0.5% (v/v) Tween 20 at pH 7.4] and
incubated with secondary antibody, goat anti-rabbit IR Dye 800, or
goat anti-mouse IR Dye 800 (0.1 ug/ml; LI-COR, Lincoln, NE) in
Aquablock for at least 180 minutes at room temperature. PVDF
membranes were washed in Tris-Tween buffered saline and then
PBS. Protein bands were visualized by infrared laser scanning using
the Odyssey Infrared Imaging system (LI-COR). Molecular weights
of the protein bands were calculated using Odyssey software and
were quantified and corrected for background using Imaged
densitometric software (National Institutes of Health, Bethesda,
MD). Protein levels were normalized to expression of glyceralde-
hyde 3-phosphate dehydrogenase, which served as internal loading
control.

Immunofluorescence Microscopy. After treatment, bEnd.3 cells
were washed in PBS and fixed/permeabilized in 100% ethanol for
5 minutes. Cells were then washed with PBS followed by 1% bovine
serum albumin/0.2% Tween-20 in PBS (buffer) before incubating
in normal goat serum (2 mg/ml in buffer; DakoA/S, Glostrup, Denmark)
for 15 minutes at room temperature.
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Indirect immunofluorescence was performed using the same anti-
bodies as listed above. For double-label immunofluorescence, mouse
antibodies were coincubated with rabbit antibodies at room temper-
ature. Primary antibodies were diluted in buffer and incubated with
cells for 90 minutes. Cells were washed in buffer and incubated in
purified goat anti-mouse IgG and goat anti-rabbit IgG secondary
antibodies conjugated to either Alexa Fluor-488 or Alexa Fluor-568
(4 pg/ml; Life Technologies) for 60 minutes in the dark. Finally, cells
were washed in buffer and then PBS, and mounted in ProLong Gold
antifade with 4',6-diamidino-2-phenylindole (Life Technologies). These
bEnd.3 monolayers were assessed for changes in claudin-5 and AKT
(Thr308 and Ser473) expression.

bEnd.3 monolayers were examined using an Olympus BX53
(Olympus, Center Valley, PA) fluorescence microscope. Images were
captured with a digital camera and CellSens image software
(Olympus). Images were exported and uniformly adjusted to
optimize brightness and contrast utilizing Paint Shop Pro (Jasc
Software Inc., Eden Prairie, MN).

Statistical Analysis. Western blot densitometry data are reported
as means = SE.M. from 3-5 separate experiments in each group.
Statistical significance between treatment groups and control values
was determined using ¢ test analysis. P values less than 0.05 were
considered significant.

Results

Early Loss of Paracellular Expression of Claudin-5. In
control bEnd.3 cells, claudin-5 expression appeared as sharply
defined immunoreactivity, marking the margins of the
endothelial cells (Fig. 1A, arrows). After 3-chloropropanediol
(5600 uM) administration (90 and 105 minutes), claudin-5
immunoreactivity appeared diffuse, although still close to cell
margins (Fig. 1, B and C, asterisks). By 120 and 150 minutes,
claudin-5 immunoreactivity appeared sharper (Fig. 1, D and E,
arrows) and by 240 minutes was comparable to that seen in
control tissue (Fig. 1F, arrow). bEnd.3 cell homogenates showed
no change in claudin-5 expression over this time course (Fig. 1G).

Delayed Loss of Paracellular Claudin-5 Expression.
After 2 and 3 days of 3-chloropropanediol administration,
paracellular claudin-5 expression was again lost. The loss of
claudin-5 expression at paracellular domains appears to be
a loss of protein because Western blot analysis of bEnd.3 cell
homogenates showed a significant (P < 0.001) decrease in
claudin-5 expression at days 2 and 3 (Fig. 1H). This decrease
was also seen in immunofluorescence studies because claudin-5
expression was lost at the cell margins by 2 and 3 days (Fig. 1,
T and J).

Transitory Increased p85-PI3K Expression. We pro-
pose that the PISK/AKT pathway regulates the biphasic
changes seen in paracellular claudin-5 expression. In Western
blot analysis of bEnd.3 cell homogenates, the regulatory
subunit of PI3K, p85-PI3K, appeared as two bands at
approximately 79 kDa. After 3-chloropropanediol (500 uM)
administration, there was a significant (P < 0.05) transitory
increase in expression of both bands at 30 minutes (Fig. 2A).
By 60 and 120 minutes of exposure, expression of both bands
was returning to control levels.

Transitory Increased AKT (Thr308) Phosphoryla-
tion, but Not AKT (Ser473) in bEnd.3 Cells. Further
analysis of the PI3K/AKT pathway showed theronine residue-
specific AKT phosphorylation (Fig. 2, B and C). In bEnd.3 cell
homogenates from control cells, AKT (Thr308) appeared as
a single band at 57 kDa and showed a low level of expression.
Fifteen minutes after 3-chloropropanediol administration,

AKT (Thr308) phosphorylation expression increased (140%)
and peaked at 30 minutes (180%), showing a significant (P <
0.01) increase compared with control levels (Fig. 2B). By
60 minutes, AKT (Thr308) expression decreased and returned
to control levels after 120 minutes (Fig. 2B). There was no
significant change in AKT (Ser473) phosphorylation over the
120-minute period of the study (Fig. 2C).

A similar pattern of increased AKT (Thr308) phosphoryla-
tion expression was seen in immunofluorescence microscopy
studies after 3-chloropropanediol administration. Control
cells showed low levels of cytoplasmic AKT (Thr308) expres-
sion (Fig. 2D). By 15 and 30 minutes, increased cytoplasmic
immunofluorescence was seen (Fig. 2, E and F, arrows), which
had returned to levels seen in control cells by 120 minutes
(Fig. 2, G and H). There was little change in the expression
of AKT (Ser473) phosphorylation over the course of the ex-
periment (Fig. 2, I-M).

PI3K Inhibition Attenuates AKT (Thr308) Phosphor-
ylation. To pharmacologically test the role of the PISK/AKT
pathway in modulating paracellular claudin-5 expression,
we used LY294002 (2.5-25 uM) and PI-828 (0.1-10 puM),
both highly selective inhibitors of PI3SK. LY294002 inhibits
a, B, 8, and y PI3K subunits with IC5q values ranging from
0.31 to 6.60 uM. PI-828 shows greater potency with 1Csq
values ranging from 0.098 to 1.967 uM. The inhibitors were
applied to the bEnd.3 cells 30 minutes prior to 3-chloropropanediol
(500 uM) administration. LY294002 treatment promoted
a dose-dependent reduction in the 3-chloropropanediol-induced
expression of AKT (Thr308) phosphorylation (Fig. 3A).
Pretreatment with LY294002 (2.5 uM) slightly reduced the
3-chloropropanediol-induced expression of AKT (Thr308)
phosphorylation from over 180% to about 150% with respect
to control levels. Increased doses of LY294002 (10-25 uM)
significantly (P < 0.001) reduced AKT (Thr308) phosphor-
ylation to below control levels. Although 3-chloropropanediol
treatment induced no marked effect on AKT (Serd73)
phosphorylation, 1.LY294002 pretreatment significantly (P <
0.001) reduced the expression of AKT (Ser473) phosphorylation
to below control levels (Fig. 3B).

Immunofluorescence microscopy demonstrated that the
3-chloropropanediol-induced cytoplasmic AKT (Thr308)
phosphorylation was inhibited in a dose-dependent manner
with LY294002 (2.5-25 uM); this paralleled changes seen in
Western blot analysis (Fig. 3, C—G). Cells probed for AKT
(Ser473) phosphorylation showed little change in expression
after 3-chloropropanediol treatment, but did show a marked
decrease after pretreatment with 1Y294002 (Fig. 3, H-L).

PI-828 pretreatment also showed a dose-dependent attenu-
ation of the 3-chloropropanediol-induced AKT (Thr308) phos-
phorylation increase (Fig. 3M). PI-828 (0.1-1 uM) restored
AKT (Thr308) phosphorylation to control levels, whereas
treatment with 10 uM reduced AKT (Thr308) and AKT
(Ser473) expression to below control levels (P < 0.001) (Fig. 3,
M and N). This is a similar pattern to that seen with the higher
doses of LY294002 (Fig. 3, A and B).

Attenuation of Early and Late Biphasic Loss of Para-
cellular Claudin-5 Expression. Having targeted modulation
of the PISK/AKT pathway and AKT (Thr308) phosphorylation
expression, we determined the effect on the early and late loss of
paracellular claudin-5 expression (Fig. 4, A-F). The early
(90-120 minutes) 3-chloropropanediol-induced loss of sharply
defined claudin-5 expression (Fig. 4, B-D, asterisks) was
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Fig. 1. Early and late loss of paracellular
claudin-5 expression. (A-F) Immunofluores-
cence analysis showed early reversible loss
of paracellular claudin-5 expression over
a 240-minute period. Arrows and asterisks

G 3-chloropropanediol (500 uM) H 3-chloropropanediol (500 uM) show claudin-5 immunoreactivity. (G) West-

exposure (min) exposure (days) ern blot analysis showed no loss of total

claudin-5 expression over a 240-minute

_0 2 2 12_0 ﬂ L ; 2_ i time course. (H) A marked loss (65%) of

Claudin-5 ., Claudin-5 claudin-5 expression was observed after

(24 kDa) ED-GEESE——_ (24 KDa) - ——— 3 days. (I and J) Immunofluorescence studies
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prevented by LY294002 (25 uM) treatment (Fig. 4, B-D,
arrows). This early change in paracellular claudin-5 expres-
sion seen after 105 minutes compared with control cells (Fig. 4,
G and H) was also prevented by PI-828 (25 uM), 10-DEBC
(25 uM), and AKT1 (25 uM) treatment (Fig. 4, I-K, arrows).
The late paracellular claudin-5 loss seen at 2 days was
prevented by pretreatment with PISK inhibitors PI-828 and
LY294002 (Fig. 5, A-F, arrows). However, pretreatment
with AKT inhibitors (10-DEBC and AKT1) did not prevent
the 3-chloropropanediol-induced claudin-5 loss seen at
2 days (Fig. 5, G and H, asterisks).

Discussion

In this study, we have shown that treatment of the vascular
endothelial cell line (bEnd.3) with 3-chloropropanediol in-
duced 1) early loss of sharply defined paracellular claudin-5

expression at 90, 105, and 120 minutes; 2) late loss of
paracellular claudin-5 expression at 2 and 3 days of exposure;
3) increased PI3K expression; and 4) increased AKT (Thr308)
phosphorylation, but not AKT (Ser473). In addition, we have
shown that use of selective PI3K or AKT inhibitors attenuated
AKT (Thr308) phosphorylation and the early changes in
claudin-5 expression. By contrast, late changes in claudin-5
expression were only attenuated by PI3K inhibitors 1.Y294002
and PI-828, and not 10-DEBC or AKT1. Together, these results
show that the PISK/AKT pathway plays a critical role in
modulating paracellular claudin-5 expression and may be
significant in the development of neurodegenerative disorders
in which there is a loss of BBB integrity (Fig. 6).

A key finding of this study is the induced early and late biphasic
loss of claudin-5 paracellular expression. 3-Chloropropanediol
treatment induced the sharply defined paracellular claudin-5
expression to appear diffuse after 90, 105, and 120 minutes,
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Fig. 2. Transitory increased p85-PI3K
and AKT (Thr308) phosphorylation.
Western blot analysis showed changes
in p85-PI3K and AKT (Thr308) expression
in bEnd.3 cells after 3-chloropropanediol
(500 uM) administration. (A) p85-PISK
appeared as a 79-kDa band and showed
increased expression at 30 minutes. (B)
AKT (Thr308) appeared as a 57-kDa
band. Over 30 minutes, there was a
marked increase in expression of the
57-kDa band. The intensity of this
band decreased after 60 and 120 minutes.
(C) AKT (Ser473) showed no change in
expression. (D-H) Immunofluorescence
analysis showed increased AKT (Thr308)
expression at 15 and 30 minutes after
3-chloropropanediol administration com-
pared with controls. By 60 and 120 min-
utes, expression decreased and was
comparable to control cells. Arrows show
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although still localized around the cell membrane. After 120
minutes, the claudin-5 immunoreactivity appeared sharply
defined again and morphology was comparable to control
samples. Western blot analysis showed no change in total
claudin-5 expression over this time course. We extended
the time course out to 1, 2, or 3 days of 3-chloropropanediol
exposure, and claudin-5 expression was again observed to be
lost from paracellular domains and was accompanied by a loss
of total claudin-5 protein expression. This early and late
response in paracellular tight junction protein expression is
consistent with previous in vivo and in vitro studies that
report a similar biphasic loss of BBB integrity with increased
permeability (Witt et al., 2008; Jiao et al., 2011). Jiao and
colleagues (2011) used a focal cerebral ischemia model and

0 15 30
3-chloropropanediol (500 uM)

cation data were obtained by densitom-
etry and normalized using GAPDH as
a loading control. Values are expressed
as relative optical density and are
represented as mean *+ S E.M. *P < 0.05;
**P < 0.01 (compared with the controls).
For each column, n = 4-6 independent
experiments. GAPDH, glyceraldehyde
3-phosphate dehydrogenase. Scale bar,
50 um in D-M.

60 120

exposure (min)

120 min 50 pm

120 min 50,um

showed a biphasic increase of BBB permeability, with
an initial change at 3 hours followed by a second change at
72 hours after injury. In another study in which cerebral
oxygenation, but not total cerebral blood flow, was reduced,
a similar biphasic change in paracellular permeability was seen
at 10 minutes after hypoxic conditions and again later at 6-18
hours (Witt et al., 2008). In vitro, generation of reactive
oxygen species, notably superoxide, induced a rapid increase
in endothelial permeability, and modified claudin-5 expres-
sion at the cellular junctions (Schreibelt et al., 2007). In these
in vivo and in vitro models, there are differences in the timing
of the biphasic response. This is probably due to differences
in experimental induction of BBB disruption. However, we
speculate that the intracellular signaling pathway responsible
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Fig. 3. LY294002 and PI-828 attenuation of 3-chloropropanediol-induced changes in AKT (Thr308) in bEnd.3 cells. (A) Western blot analysis showed
that preincubation with LY294002 (2.5-25 uM) significantly prevented the 3-chloropropanediol-induced AKT (Thr308) phosphorylation and
significantly reduced AKT (Thr308) to below control levels. (B) LY294002 pretreatment also reduced AKT (Ser473) phosphorylation to below control
levels of expression. Results from immunofluorescence studies paralleled the Western blot results. (C—G) AKT (Thr308) phosphorylation induced by
3-chloropropanediol incubation was prevented by 30-minute pretreatment with LY294002. (H-L) AKT (Ser473) also showed decreased levels of
expression when treated with 1Y294002 (25 uM). Arrows (D and I) show increased cytoplasmic immunofluorescence. (M) Preincubation with PI-828
(0.1-10 uM) significantly prevented the 3-chloropropanediol-induced AKT (Thr308) phosphorylation and significantly reduced AKT (Thr308) to below
control levels. (N) PI-828 pretreatment also reduced AKT (Ser473) phosphorylation to below control levels of expression. Protein quantification data
were obtained by densitometry and normalized using GAPDH as a loading control. Values are expressed as relative optical density and are represented
as mean = S.E.M. *P < 0.05; ***P < 0.001 (compared with the controls). For each column, n = 4-6 independent experiments. GAPDH, glyceraldehyde
3-phosphate dehydrogenase. Scale bar, 50 um in C-L.

for regulation of paracellular expression of tight junction responsible for induction of the reversible biphasic changes
proteins and BBB integrity is common in these models. seen in claudin-5 expression. This signaling pathway is

In this study, we focused on the role of the PISK/AKT activated by a number of receptors, including integrin,
pathway in order to understand the signaling mechanisms cytokine, G protein—coupled receptors, and intracellular signaling



660

Camire et al.

molecules (Vivanco and Sawyers, 2002; West et al., 2002; Paez and
Sellers, 2003; Murillo et al., 2004; Hemmings and Restuccia, 2012).
The PIBK/AKT pathway is thought to be a survival pathway
because it plays a role in cellular angiogenesis, protein synthesis,
metabolism, and proliferation (Hemmings and Restuccia, 2012).
Despite the central importance of the PISK/AKT pathway in
cell homeostasis, disruption, such as overphosphorylation of
AKT, can induce detrimental effects on cell health (Khan
et al., 2012). We show that this pathway plays a central role in
3-chloropropanediol-induced biphasic early (90, 105, and
120 minutes) and late (1, 2, and 3 days) loss of paracellular
claudin-5 expression. Western blot analysis showed that
within 30 minutes of 3-chloropropanediol administration,
there was rapid transitory increased p85-PI3K expression.
This increase in p85-PI3K protein expression is unlikely
to be due to de novo synthesis of new protein because of
the acute nature of the study, but rather a transitory change
in PI3K conformation upon activation that favors p85-PI3K
antibody binding. Recent structural studies have shown
interactions between PI3K activity and conformation that
may in part be induced by phosphorylation of two serine
residues (Ser361 and Ser652) on the p85a subunit (Lee
et al., 2011). In addition, the use of selective cell-permeable
PI3K inhibitors, LY294002 and PI-828, prevented both the
early and late changes seen in bEnd.3 cells. However, we

LY

+LY294002:

Fig. 4. Attenuation of early loss of paracellular claudin-5
expression by PISK and AKT inhibitors. (A) Immunofluo-
rescence studies showed sharply defined claudin-5 expression
in control untreated cells. (B-D) Claudin-5 immunoreactivity
rapidly (90, 105, and 120 minutes) became diffuse (asterisks)
after 3-chloropropanediol treatment. (E and F) By 150 and
240 minutes, sharp claudin-5 immunoreactivity was restored.
Pretreatment with 1,Y294002 (25 uM) prevented the loss of
sharp claudin-5 immunoreactivity over a 240-minute period
(B-F). Pretreatment with PI-828 (25 uM) (I), 10-DEBC
(25 uM) (J), and AKT1 (25 uM) (K) also prevented the early
reversible loss of paracellular claudin-5 expression (arrows).
Scale bar, 25 um.

propose that after increased p85-PI3K expression, the early
and late changes in claudin-5 morphology are the result of
two separate pathways mediated through different down-
stream targets. The early loss of paracellular claudin-5
appears to be mediated through a PISK/AKT-dependent
pathway. We show a rapid increase in AKT (Thr308), but not
AKT (Ser473), phosphorylation and that inhibition of AKT
with 10-DEBC or AKT1 attenuated these early changes
in claudin-5 morphology. However, despite inhibition of
AKT with 10-DEBC or AKT1, the late (1, 2, and 3 days)
loss of paracellular and total claudin-5 expression was
still observed. Thus, these results suggest that the late
changes in claudin-5 expression are mediated by a PI3K-
dependent/AKT-independent pathway (Fig. 6). We are currently
studying components of this pathway.

Several factors have been identified that regulate BBB
permeability, including tight junction protein phosphoryla-
tion status (Gonzalez-Mariscal et al., 2008). Other studies
have shown PKC isozymes to regulate tight junction
protein phosphorylation status, subcellular localization,
assembly, and maintenance of paracellular integrity in
endothelial cells of the BBB (Andreeva et al., 2001; Avila-
Flores et al., 2001; Angelow et al., 2005; Gonz4lez-Mariscal
et al., 2008). We previously showed in a hypoxic study that
increased phosphorylation of PKC-0 and PKC-{ were associated

Fig. 5. Attenuation of late loss of paracellular claudin-5
expression by PI3K, but not AKT inhibitors. (A) Immuno-
fluorescence analysis showed sharply defined paracellular
claudin-5 expression in control cells. (B) After 2 days of
3-chloropropanediol administration, sharply defined claudin-5
expression was lost (asterisks). (C-E) Pretreatment with
LY294002 (2.5-25 uM, arrows) showed a dose-dependent
attenuation of the late loss of paracellular claudin-5 expres-
sion. (F—H) Loss of sharp claudin-5 expression could also be
prevented by PI-828 (25 uM, arrow) (F), but not by 10-DEBC
(25 uM) (G) or AKT1 (25 uM) (H). Scale bar, 25 um.
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Fig. 6. Schematic representation of intracellular signaling pathways
that mediate early and late biphasic changes in paracellular claudin-5
expression. This study suggests that the early reversible and late loss of
paracellular claudin-5 expression in bEnd.3 endothelial cells is mediated
through two different intracellular pathways. Pathway I is PI3K/AKT-
dependent. Pharmacologic inhibition of PISK with L.Y294002 (25 uM)
or PI-828 (10 uM) attenuated AKT (Thr308) phosphorylation and prevented
early reversible loss of paracellular claudin-5 expression. The early
reversible change in paracellular claudin-5 morphology was also prevented
by AKT inhibitors 10-DEBC (10 uM) or AKT1 (25 uM). Pathway II is PI3K-
dependent/AKT-independent. Pharmacologic inhibition of PISK with
LY294002 (25 uM) or PI-828 (10 uM) also prevented late loss of paracellular
claudin-5 expression. However, this pathway is independent of AKT
activation because AKT inhibitors 10-DEBC (10 uM) and AKT1 (25 uM)
did not prevent the loss of paracellular claudin-5 expression seen at 1, 2,
and 3 days.

with BBB integrity loss (Willis et al., 2010). Furthermore,
a nonisoform-specific PKC inhibitor, chelerythrine chloride,
reduced the degree of hypoxic-induced sucrose permeability
and leak of dextran tracers (Fleegal et al., 2005; Willis et al.,
2010). Other studies have shown PKC-«, PKC-8, and PKC-§
isoform expression to increase with enhanced vascular
permeability after cerebral ischemia or inflammatory stim-
ulation (Yuan, 2002; Jiao et al., 2011). In vitro studies have
also shown that PKC isozymes including PKC-¢{, PKC-BII,
and PKC-6 have a role in endothelial integrity in bEnd.3
cells as well as in Caco-2 and MDCK cultures (Dodane and
Kachar, 1996; Kim et al., 2010). In this study, we speculate
that the transitory AKT (Thr308) phosphorylation triggers
a signaling cascade that culminates in specific PKC isoform
(s) activation. This induces claudin-5 phosphorylation result-
ing in translocation from tight junction domains to cytosolic
pools or nonparacellular junction membrane domains at 90,
105, and 120 minutes while total claudin-5 expression levels
remain the same.

The proposed PI3K-dependent/AKT-independent late loss
of claudin-5 may be explained by protein degradation rather
than a transitory change in phosphorylation state, because we
show a significant decrease in total claudin-5 expression at 1,
2, and 3 days (Fig. 1H). This loss of claudin-5 expression may
be mediated through a number of pathways, including 1)
protein degradation by the ubiquitin—proteasome system because
claudin-5 can be polyubiquitinated, triggering the proteasome-
dependent degradation, 2) ubiquitin-independent breakdown,
3) induction of oxidative stress through production of heme
oxygenase-1 (HSP32), or 4) indirect lysosomal-dependent
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breakdown (Mandel et al., 2012a,b). Claudin-5 expresses
a relatively short half-life and undergoes rapid protein
turnover by the ubiquitin—proteasome system (Mandel et al.,
2012a,b). We propose that after 3-chloropropanediol adminis-
tration, there is induction of oxidative stress and/or activation
of the ubiquitin proteasome degradation pathway thus in-
ducing loss of claudin-5 at 1, 2, and 3 days. Induction of this
pathway is independent of AKT activation in our system
because inhibition of AKT by 10-DEBC (25 uM) or AKT1
(25 uM) was not able to prevent this delayed loss. However,
upstream inhibition of PI3K by LY294002 or PI-828 was
able to preserve paracellular claudin-5 expression at 1, 2,
and 3 days.

In summary, this study provides a mechanistic approach
for understanding intracellular signaling cascades responsible
for regulating paracellular tight junction protein expression
and BBB integrity. We show an early and late biphasic loss of
paracellular claudin-5 expression that is modulated through
the PI3K/AKT pathway. Inhibition of PI3K preserved both the
early and late loss of claudin-5 expression, whereas inhibition
of AKT only prevented the early reversible loss of paracellular
claudin-5 expression. We thereby propose that two indepen-
dent pathways triggered by PISK are responsible for the early
and late loss of paracellular claudin-5 expression seen
in this study (Fig. 6). Pathway I is PISK/AKT (Thr308)
phosphorylation-dependent and induces the early reversible
loss of claudin-5 from paracellular domains. This pathway is
sensitive to inhibition of PI3K or AKT because paracellular
claudin-5 expression can be preserved. Pathway II is PISK
activation-dependent, but is AKT-independent and results in
the delayed loss of claudin-5. Inhibition of PI3K can preserve
claudin-5 expression, but inhibition downstream at AKT has
no effect because claudin-5 is still lost. These results have
important implications for the development of future novel
therapeutics and preventative disease measures. By under-
standing the intracellular signaling pathways involved in BBB
breakdown, we can develop agents that modify these pathways.
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