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Abstract

Background: Tissue plasminogen activator (tPA)
regulates fibrinolysis and is routinely used as ischemic
stroke pharmacotherapy. We hypothesized that brain
microvascular tPA expression and barrier properties
of endothelial cells are substantially related. Methods:
Human brain microvascular endothelial cells were
incubated with two agents known to modify cAMP
pathways: forskolin and rolipram. We analyzed
development of endothelial barrier properties, i.e.,
trans-endothelial electrical resistance (TEER),
permeability of endothelial cell monolayer, expression
of influx transporter glut-1 and endothelial tight
junction molecules occludin and claudin-5, tPA antigen
release, and levels of endothelial tPA mRNA. Results:
Forskolin plus rolipram-treated endothelial cells
showed increased TEER compared to controls
(174+20% of control at day six, p<0.01), while
permeability to albumin and 70kDa dextran was
reduced (2116.8% of control and 3.8+0.3% of control,
respectively, p<0.001). In addition, occludin and

claudin-5 protein were up-regulated, occludin mMRNA
was increased to 206£60% of control (p<0.05), glut-
1 mRNA was increased to 196+68% of control
(p<0.05), levels of tPA protein were reduced to
35+7.0% of control (p<0.001) after six days, and tPA
mRNA was reduced to 32+7.7% of control (p<0.01).
TPA and occludin mRNA levels were inversely
associated (r=-0.68, p<0.05). Conclusions: In this in
vitro model, barrier properties were strongly linked
(by inverse association) with tPA expression of brain
microvascular endothelial cells.

Copyright © 2011 S. Karger AG, Basel

Introduction

Tissue plasminogen activator (tPA), a serine protease
regulator of fibrinolysis, is largely endothelial-derived and
processes plasminogen into proteolytically active plasmin
[1]. Reduced fibrinolytic capacity increases risk of
thrombosis, and tPA as pharmacotherapy remains the only
proven treatment of acute ischemic stroke [2]. Prior cell
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culture investigation using brain microvascular endothelial
cells and astrocytes has shown that endothelial tPA
expression is negatively regulated by astrocytes [3, 4].
Astrocyte regulation of tPA was inversely related to
barrier properties of brain microvascular endothelial cells
[3, 4] and was mediated by TGF-beta [5].

In the current study, we further investigated the
relationship between barrier properties of brain
microvascular endothelial cells and expression of tPA.
Prior work has demonstrated importance of organ-specific
regulation of thrombosis and hemostasis [6]. We wished
to analyze tPA expression using a monoculture system,
thereby avoiding potential confounding effects of a cellular
milieu involving multiple cell types. We hypothesized that
brain microvascular tPA expression and barrier properties
of endothelial cells are substantially related. We tested
this hypothesis using human brain microvascular
endothelial cells (HBECs) and two cAMP agents
(forskolin and rolipram) known to enhance barrier
characteristics in vitro [7, 8].

Materials and Methods

Cell Culture

HBECs (Applied Cell Biology Research Institute, Kirkland,
WA) were cultured in Medium 131 (Cascade Biologics, Portland,
OR) containing microvascular growth supplement and 5% fetal
bovine serum and characterized by immunoreactivity for von
Willebrand factor (Dako, Carpinteria, CA) and uptake of
acetylated LDL labeled with 1-1’-dioctacecyl-1-1-3-3-3"-3’-
tetamethyl-indocarbocyanine perchlorate (Biomedical
Technologies, Stoughton, MA). HBEC passages 5-10 were used
for experiments. HBECs were plated at density of 1x10° cells/
cm?.

Measurement of Trans-Endothelial Electrical Resistance

We measured trans-endothelial electrical resistance
(TEER) using two different systems. With the first system (“ECIS
method”), continuous changes in TEER were monitored in real-
time by electric cell-substrate impedance sensing (ECIS) using
ECIS Model 1600R instrument (Applied BioPhysics, Troy, NY),
as previously described [8]. HBECs were plated into 8-well
arrays (§W10E), each well containing ten gold microelectrodes,
72 hours prior to addition of 50 uM forskolin (Sigma, St Louis,
MO) and/or 10 uM rolipram (A.G. Scientific, San Diego, CA).
Long-term resistance changes were monitored at 400 Hz. Data
were automatically and continuously collected and recorded
by computer. Experiments were performed after cells reached
confluence, with basal TEER values > 1500 Q. Resistance was
calculated by subtracting resistance readings of cell-free
preparations from that of HBEC preparations and are shown as
percentage change, as previously described [9-19]. Conditioned
media were collected and frozen at -80° C prior to enzyme

immunoassay. On day six, cells were harvested and used for
quantitative PCR analysis. In separate experiments conducted
as above, we added 250 ng/ml tPA (American Diagnostica Inc.,
Stamford, CT) to cell culture preparations at the same time as
the addition of forskolin and/or rolipram.

The second method (“transwell system”) measured TEER
using a EVOM Voltohmmeter (World Precision Instrument,
Sarasota, FL). HBECs were plated into 12-well transwells at 10°
cells/cm? 72 hours prior to addition of 50 uM forskolin and 10
uM rolipram. Resistance was measured at day six. Conditioned
media were collected at day six and frozen at -80° C prior to
enzyme immunoassay.

Enzyme Immunoassay for tPA

Enzyme immunoassay was performed using human tPA
ELISA kit purchased from American Diagnostica Inc. 20 pl of
tPA standards and 20 pl of test samples were added to the
wells. After 1 hour incubation, 50 pl conjugate was added and
incubated for an additional 30 minutes. The plates were washed
prior to the addition of substrate. After 15 minutes, the reaction
was terminated and absorbance was read at 490 nm.

Quantitative Real-Time Polymerase Chain Reaction

(PCR; Tagman)

RNeasy Mini kits (Qiagen, Valencia, CA) were used
for RNA extraction. RNAase-Free DNase digestion (Qiagen,
Valencia, CA) was used to remove genomic DNA from the
RNA preparations. Tagman kits (Applied Biosystems, Foster
City, CA) were used for reverse transcription. 200 ng total
mRNA was added in 20 pl reverse-transcription reaction and
the mixture was incubated 5 minutes at 25°C, 30 minutes at
48°C, then 5 minutes at 95°C. cDNAs were stored at -20°C
for further use.

TagMan real-time quantitative PCR was performed in a
GeneAmp 5700 sequence detector (Applied Biosystems, Foster
City, CA). The oligonucleotide primers, 5’ fluorescent dye-
labeled (FAM) reporter probes, and 3’ fluorescent dye-labeled
(TAMRA) quencher probes were designed using Primer
Express software (Applied Biosystems, Foster City, CA). The
PCR reaction, performed in a 20 pl total volume, contained 10 pl
TagMan Universal PCR Master Mix (Applied Biosystems,
Foster City, CA) and 2 pl (0.5 pM) cDNA, primers, and probes.
The PCR reaction was carried out at 50°C for 2 minutes to
activate uracil-N-glycosylase (UNG), 95°C for 10 minutes to
activate Taq polymerase, followed by 40 cycles of denaturation
at 95°C for 15 seconds and primer annealing-extension at 60°C
for 1 minute. A standard curve, generated from three-fold serial
dilutions of HBEC c¢cDNA, was used to determine tPA and
B-actin concentrations. Quantity of tPA was adjusted to -
actin levels (ie, dividing by quantity of f-actin). Sequences of
TagMan primers and probes for real-time PCR are listed in Table
L.

Barrier Permeability Assay

HBECs were cultured on 12 mm diameter transwell insert
(3 um pore size) (Corning, Corning NY). After six days culture,
media were replaced and fluorescein isothiocyanate (FITC)-
labeled dextran (1 mg/ml, molecular size: 70kDa, Invitrogen,
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Gene* Sequence Reaction concentration
[nM]
tPA Forward: 5°-GGCCTTGTCTCCTTTCTATTCG -3° 900
Reverse: 5°>-GCGGCTGGATGGGTACAGT -3° 900
Probe: FAM-TGACATGAGCCTCCTTCAGCCGCT -TAMRA 50
B-actin Forward: 5°-CCTGGCACCCAGCACAAT-3" 300
Reverse: 5°-GCCGATCCACACGGAGTACT -3° 300
Probe: FAM-ATCAAGATCATTGCTCCTCCTGAGCGC -TAMRA 100
™ Forward: 5°-CGAAGACACAGACTGCGATTTG-3’ 900
Reverse: 5°>-GGCTGCCGACCAATAACG -3° 900
Probe: FAM-CCAGGTCCTCACTACCGGGCGC-TAMRA 100
PAI Forward: 5'-GCCCCACTTCTTCAAGCTGTT-3' 900
Reverse: 5'-TGGCTCTCTCCACCTCTGAAA-3' 900
Probe: FAM-TCCACTTGCTTGACCGTGCTCCG-TAMRA 200
Occludin  Forward: 5°- AAGGTCAAAGAGAACAGAGCAAGATC -3’ 900
Reverse: 5°- GTCCTCCTCCAGCTCATCACA -3° 900
Probe: FAM- AGACAGACTACACAACTGGCGGCGAGTCC -TAMRA 50
Glut-1 Forward: 5°- GCTCATCAACCGCAACGAG -3’ 300
Reverse: 5°- TCATGGGTCACGTCAGCTGT -3° 300
Probe: FAM-AGAACCGGGCCAAGAGTGTGCTAAAGAA -TAMRA 100

Table 1. Sequences of TagMan primers and probes for real-time PCR.

Carlsbad, CA) was added to the upper chambers. Fluorescence
intensity was monitored using Chameleon Mikrowin-2000
microplate fluorescent reader (Bioscan, Washington, DC).
Upper chamber was sampled at the beginning; bottom chamber
was sampled every 15 minutes for one hour. Permeability
(P, cm/h) was calculated using the following equation: P=
[V/(AXC )] x [dC/dt], where V is the receiver volume (the volume
of bottom chamber, 1 ml), A is the surface area of the endothelial
monolayer, C, is the concentration of the donor solution (the
initial concentration of the upper chamber), and dC/dt is
the rate of concentration change on the receiver side [20].
Permeability of endothelial cell monolayer (Pe) was calculated
using the following equation: 1/P=1/Pe+1/Pf., where Pf is the
permeability of the transwell [21].

Western blot

To analyze expression of occludin protein, cell pellets
were lysed in RIPA buffer (58 mM NaCl, 5 mM EDTA, 10 mM
Tris/HCIL, pH 7.2, 0.1% SDS, 1% sodium deoxycholate, 1% Triton
X-100, 10 pg/ml PMSF, 2 pg/ml aprotinin, 2 pg/ml leupeptin and
1 pg/ml pepstatin A). Samples were applied to a 10%
polyacrylamide gel and then subjected to electrophoresis. After
transferring to PVDF (Polyvinylidene Difluoride) membrane
(Millipore, Bedford, MA), the membrane was incubated with
tris-buffered saline containing 5% milk for 1 hour, then
incubated with antibodies to occludin (BD Bioscience, San
Diego, CA), claudin-5 (BD Bioscience, San Diego, CA) or actin
(Santa Cruz, Santa Cruz, CA). The membrane was washed
with 0.1% Tween 20 in TBS for 30 minutes. Horseradish
peroxidase-labeled secondary antibody was then incubated
for 1 hour. The washed membranes were processed with West
Pico chemiluminescent detection system (Pierce, Rockford, IL).

A Kodak Image Station 2000mm (Kodak, Rochester, NY) was
used to acquire images.

Statistical Analysis

Data are presented as percent of mean control value at
day 0. Differences among the means of the treatment groups
were tested using analysis of variance and Dunnett’s two-tailed
t-test, testing if any treatments are significantly different from
the control group. Differences were considered statistically
significant if p<0.05.

Results

We examined TEER during the experiments
conducted over a six day period, using ECIS
and transwell systems. Using ECIS system, TEER of
endothelial cells incubated with forskolin plus rolipram
increased to 220+26% (p<0.001) of their baseline values
and 174£20% of control values at day six (p<0.01) (Fig.
la). Addition of 250 ng/ml tPA to cell culture
preparations had no significant effect on TEER, and
endothelial cell count among the four groups did not
differ significantly (data not shown). Using transwell
system, TEER of endothelial cells incubated with
forskolin and rolipram increased to 85+1.5Q*cm?
(1784+3% of control) at day six (p<0.001, Fig. 1c).
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Fig. 1. a: Continuous measurement of TEER using ECIS
system. During six days of culture, human brain endothelial
cells incubated with forskolin and rolipram demonstrated
significantly increased TEER at all time points. Data from one
of three independent experiments, presented as mean + SD.
(*p<0.05, **p<0.01, ***p<0.001 compared to control). b: ECIS
tracing showing mean TEER values during the final day of a six
day experiment. c: Measurement of TEER using transwell
system. At day six, human brain endothelial cells incubated
with forskolin and rolipram demonstrated significantly increased
TEER. Data from one of three independent experiments,
presented as mean £ SD. (**p<0.01 compared to control).

We measured several variables related to endothelial
barrier properties at day six. Occludin mRNA increased
significantly in forskolin plus rolipram-treated endothelial
cells (206+60% of control, p<0.05) (Fig. 2a). Occludin
mRNA and TEER were strongly correlated (r=0.72,
p<0.01, Fig. 2b). Expression of occludin and claudin-5
protein also increased in forskolin plus rolipram-treated

Fig. 2. a: Measurement of tPA and occludin mRNA at day six
using quantitative RT-PCR. Human brain endothelial cells
incubated with forskolin, with or without rolipram, demonstrated
reduced tPA mRNA expression; HBEC incubated with forskolin
and rolipram demonstrated increased occludin mRNA. Data
from three independent experiments combined, presented as
mean £ SD. (¥p<0.05, **p<0.01 compared to control). b: TEER
and occludin mRNA expression were highly correlated (r=0.72).
Data from three independent experiments combined. c:
Measurement of occludin and claudin-5 protein levels by
Western blot. Forskolin plus rolipram increased occludin protein
compared to control. Representative Western blot from three
independent experiments.

endothelial cells compared to control (Fig. 2¢) as did glutl
mRNA (196+68% of control p<0.05) (Fig. 3).
Permeability of 70kDa dextran at day six was 2.8x10°°
cm/s for control endothelial cells. It was significantly
decreased to 1.4x107° cm/s in rolipram-treated endothelial
cells (51£14% of control, p<0.05), to 1.7x10¢ cm/s in
forskolin-treated cells (6.141.6% of control, p<0.001), and
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Fig. 3. After six days culture, glutl mRNA was significantly
increased in human brain endothelial cells incubated with
forskolin plus rolipram. Data from three independent
experiments combined, presented as mean £ SD. (¥p<0.05
compared to control).

to 1.1x10° cm/s in forskolin plus rolipram-treated cells
(3.8+0.3% of control, p<0.001) (Fig. 4).

We examined release of tPA protein with HBEC
grown on ECIS slides (Fig. 5a). At baseline (day zero)
tPA protein level for control was 4245 ng/ml. At day two,
tPA protein was significantly reduced in forskolin alone
(61£14% of control, p<0.001) and forskolin plus rolipram
groups (62+15% of control, p<0.001). By day four, tPA
protein was further reduced in both forskolin alone
(37£9.3% of control, p<0.001) and forskolin plus rolipram
groups (32+11% of control, p<0.001). By day six, tPA
protein was significantly reduced by rolipram alone
(87+7.5% of control, p<0.01), forskolin alone (42+9.0%
of control, p<0.001), and forskolin plus rolipram (35+7.0%
of control, p<0.001). Using the transwell system, tPA
levels at day six were significantly reduced in forskolin
plus rolipram treated cells (35+£3.2%, p<0.001) (Fig. 5b).
We compared tPA levels in top and bottom transwell
chambers (ie, above and below endothelial cell
monolayers). Forskolin plus rolipram treatment produced
similar tPA levels in both chambers, which were both
reduced (p<0.05) compared to controls (data not shown).

Analysis of tPA mRNA at day six showed significant
reductions in forskolin-treated endothelial cells (55+8.9%
of control, p<0.05) and in the forskolin plus rolipram-
treated cells (32+7.7% of control, p<0.01) (Fig. 2a).
Moreover, tPA mRNA and occludin mRNA were highly
and negatively correlated (r=-0.68, p<0.05) (Fig. 6).
tPA mRNA and TEER were also inversely associated
(r=-0.88, p<.01). Thus, tPA expression and release were
reduced as TEER and occludin and glutl mRNA
expression increased and as permeability decreased.

Prior work has shown regulation of thrombomodulin
(endothelial co-activator of circulating protein C) and

Fig. 4. Treatment reduced permeability to 70kDa dextran for
human brain endothelial cell monolayer. Data from one of three
independent experiments combined, presented as mean £ SD.
(**p<0.01, ***p<0.001 compared to control).
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Fig. 5. a: Measurement of tPA protein at day 0, 2, 4 and 6 using
ECIS system. Conditioned media of human brain endothelial
cells incubated with forskolin, with or without rolipram, showed
reduced tPA antigen beginning at day two and became more
prominent at days four and six. Data from three independent
experiments combined, presented as mean + SD. (**p<0.01,
*** p<(0.001 compared to control). b: Measurement of tPA
protein at day six using transwell system. Conditioned media
of human brain endothelial cells incubated with forskolin plus
rolipram showed reduced tPA antigen. Data from one of three
independent experiments, presented as mean + SD. (¥***p<0.001
compared to control).
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plasminogen activator inhibitor-1 (PAI-1, principal
inhibitor of tPA) by astrocytes [3, 22]. In the current
study, we measured mRNA expression of thrombomodulin
and PAI-1 after six days culture. HBEC incubated with
forskolin plus rolipram demonstrated significantly
decreased thrombomodulin mRNA (73%11% of control,
p<0.01) (Fig. 7a). PAI-1 mRNA levels tended to increase
in HBECs incubated with forkskolin, with or without
rolipram (Fig. 7b).

Discussion

We studied the response of HBECs to treatment
designed to enhance endothelial barrier properties.
Treatment consisted of two cAMP-modifying agents,
forskolin and rolipram. Over six days treatment, we
induced increased TEER, increased expression of
endothelial tight junction proteins occludin and claudin-5,
reduced endothelial permeability to dextran, and increased
expression of influx transporter Glut-1. These four
elements are characteristic of increased endothelial
barrier properties. As these elements became manifest,
expression of endothelial tPA declined - both the mRNA
and protein levels. Addition of exogenous tPA to cell culture
preparations did not alter the results, suggesting that low
tPA is a consequence rather than a cause of increased
barrier properties. These findings support the contention
that brain endothelial tPA expression is restricted with
presence of enhanced barrier properties.

The current findings are consistent with prior work
demonstrating distinctive characteristics of brain
expression of tPA. In vitro studies demonstrated systemic,
but not brain, endothelial cells release tPA in response to
a-thrombin [23, 24]. Rodent studies showed dependence
of endothelial tPA expression on size and location of vessel
[25]. In an investigation of tPA expression in primate brain,
capillary tPA expression was largely absent; capillaries
comprised nearly 40% of all microvessels, yet more than
95% of capillaries showed no immunoreactivity for tPA
[26]. Work from our laboratory showed astrocyte
regulation of brain microvascular endothelial tPA
expression [3, 4]. Thrombomodulin, known to co-activate
protein C with subsequent inhibition of PAI-1 [27],
exhibited reduced expression in the current study, as was
seen in prior work using astrocyte-endothelial co-cultures
[22, 5]. Moreover, the principal tPA inhibitor PAI-1 tended
to have increased expression in the current study,
consistent with work done in astrocyte-endothelial co-
cultures [3].

4004
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Fig. 6. tPA and occludin mRNA expression were highly and
inversely correlated (r=-0.68). Data from three independent
experiments combined.
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Fig. 7. a: Measurement of thrombomodulin mRNA at day 6
using quantitative RT-PCR. Endothelial cells incubated with
both forskolin and rolipram showed a significant reduction of
thrombomodulin mRNA. Data from six independent experiments
combined, presented as mean + SD. (**p<0.01 compared to
control). b: During the same time period, PAI-1 expression
tended to increase in HBEC incubated with forskolin (177+87%
of control, p=0.2) and with forskolin plus rolipram (170+£94% of
control, p=0.3). Data from three independent experiments
combined, presented as mean + SD.

Taken together, these data indicate restricted
expression of tPA with enhanced barrier properties. For
our model, we utilized HBECs and two cAMP-modifying
agents, forskolin and rolipram. Elevated cAMP plays a
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key role in generating increased endothelial barrier
properties in vitro [28, 29]. Two cAMP-dependent signal
pathways, protein kinase A and Epac, are involved in
blood-brain barrier (BBB) formation. cAMP-dependent
protein kinase A regulates cytoskeleton rearrangement
[30]. Epac pathway modulates VE-cadherin junction
integrity and actin reorganization, resulting in decreased
endothelial permeability [31] and also mediates
redistribution, to sites of cell-cell contact, of tight
junction and adherens junction molecules [32].
Nevertheless, these findings are not indicative of a cAMP-
specfic effect. Note that prior work has demonstrated
that astrocytes enhance brain endothelial barrier
properties concurrent with reduced tPA [3, 4]; TGF-beta
also induces similar findings [5]. Moreover, enhanced
endothelial glutl is consistent with upregulation of
gamma glutamyl transpeptidase reported in prior similar
work [3, 4].

In the current study, forskolin with rolipram increased
TEER, increased expression of tight junction constituents
occludin and claudin-5 and influx transporter glutl, and
decreased endothelial permeability to both albumin and
70kDa dextran. Tight junctions, a principal determinant
of TEER [33], have multiple associated molecules
including occludin [34, 35], which has a sealant and
regulatory role for tight junctions [34]. Claudin-5 also
contributes to elevated TEER [36] and is one of the most
prominent tight junction proteins induced in BBB models
[37]. Our model demonstrated the expected strong
association between TEER and occludin expression.
We also demonstrated reduced endothelial permeability
to 70kDa FITC-dextran (a measure of paracellular
permability [38]) and to albumin. Albumin permeability is

generally viewed as indicative of trans-endothelial
permeability, probably via vesicles [39].

We observed that cAMP elevation agents forskolin
and rolipram decreased tPA release from HBECs. The
role of cAMP in regulation of tPA differs between in
vitro systems. cAMP stimulated the acute release of tPA
from passage one human umbilical vein endothelial cells
at 30 minutes [40]. Forskolin tended to decrease tPA
protein and mRNA in human thyroid follicular cells at
approximately 7 days [41]. We measured relatively long-
term, rather than acute, tPA release from passaged cells.
The in vitro nature of our investigation, using later passage
endothelial cells, represents a significant limitation of our
study and extrapolations to in vivo phenomena require
caution.

In conclusion, we show restricted expression of brain
microvascular tPA when increased barrier properties of
endothelial cells become manifest. This is consistent with
multiple lines of evidence showing tight regulation of
fibrinolysis factors in the brain microvasculature. These
findings indicate close linkage between expression of brain
microvascular tPA and endothelial barrier properties in
vitro.
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