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Abstract

Objective—To identify plasma membrane ion channels mediating calcium influx at the blood-
brain barrier in response to disrupting stimuli.

Methods—We examined the expression and function of candidate transient receptor potential
channels using RT-PCR, Fura-2 calcium imaging and permeability assays.

Results—Immortalized mouse brain microvessel endothelial cells expressed multiple transient
receptor potential isoforms: transient receptor potential C1, C2, C4, and C7, M2, M3, M4 and M7,
and V2 and V4. Similar profiles were observed in freshly isolated cerebral microvessels and
primary cultured rat brain endothelial cells. Thrombin-stimulated calcium influx in brain
endothelial cells was blocked by transient receptor potential C inhibitors. Transient receptor
potential V activating stimuli also increased intracellular calcium. This increase was inhibited by a
transient receptor potential V blocker or by removal of extracellular calcium. Barrier integrity was
compromised by thrombin, hypo-osmolar stress, and PMA treatment. The increase in barrier
permeability induced by transient receptor potential V activators was blocked by transient receptor
potential V inhibition, while thrombin effects were inhibited by transient receptor potential C
inhibitors.

Conclusions—These results demonstrate that transient receptor potential C and transient
receptor potential V' channels mediate calcium influx at the blood-brain barrier, and as a
consequence, may modulate barrier integrity.
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INTRODUCTION

The blood-brain barrier (BBB) is a critical organ in the regulation of central nervous system
homeostasis (37). Permeability of the barrier is dependent on tight cell-cell contacts
mediated by tight junction complexes, low levels of paracellular diffusion, and low
transcellular endocytosis. The uptake of ions, peptides, and drugs into the central nervous
system is largely mediated by specific transport processes and carrier proteins differentially
expressed on the blood (luminal) and brain (abluminal) sides of brain capillary endothelial
cells. Regulation of barrier function relies on numerous processes, but recent evidence has
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implied an important role for intracellular calcium in modulating BBB paracellular
permeability (11,54).

Although calcium has been implicated in mediating endothelial paracellular permeability
both at the BBB and in other endothelial tissues (36,45), the mechanism by which calcium
enters BBB endothelial cells is as yet unknown. BBB endothelial cells express many
different types of calcium channels, including calcium transporters like the sodium-calcium
exchanger (15), the plasma membrane calcium ATPase (26), P2X receptors (5), as well as
calcium influx triggered by peptide receptor activation (45,52). Recent work has identified a
new superfamily of cation-permeable channels called the transient receptor potential (TRP)
family. There are currently seven identified families of TRP channels (33), and they mediate
calcium influx in response to a diverse range of stimuli, including receptor activation, store-
operated calcium release, temperature, shear or mechanical stress, and pH (38). Of particular
interest to our studies are the TRPC (canonical), and TRPV (vanilloid) and TRPM
(melastatin) subfamilies. TRPC (canonical) channels are the best characterized, and have
been proposed to mediate multiple receptor-operated calcium influxes (33,47); there are
seven TRPC isoforms. TRPC channels are also considered potential candidates for
mediating store-operated calcium influx (31,58,61). The TRPV subfamily is named after the
founding member, the capsaicin or vanilloid receptor (TRPV1). There are six TRPV
isoforms, which respond to a wide variety of environmental stimuli (9,39), including stimuli
that are important to consider at the BBB, such as shear stress (60). The TRPM channels,
named after the founding member, the melastatin receptor (TRPML1), are involved in
mediating responses to cold (23) and cytosolic alkalinization (27). The TRPMs also respond
to intracellular signals such as increased intracellular calcium (38) and ADP-ribose (25).
Members of each of these families have been identified in vascular endothelial cells (28,38).

While calcium is acknowledged to be important in modulating BBB integrity (11), there is
no consensus on the mechanism by which changes in intracellular calcium occur. We
hypothesize that TRPC and TRPV channels mediate calcium influx in BBB endothelial cells
in response to numerous stimuli that also disrupt BBB function. In this study we examined
the expression of three TRP channel families in BBB endothelial cells, and characterized the
calcium response of BBB endothelial cells to known TRPC and TRPV channel activators or
disrupting stimuli.

MATERIALS AND METHODS

Cell Culture

bEnd3 cells, an immortalized mouse cell line generated from brain capillary endothelial cells
(34), were grown according to the supplier’s instructions (American Type Culture
Collection, Manassas, VA) in DMEM with 4.5 g/L glucose, 3.7 g/L sodium bicarbonate, 4
mM glutamine, 10% FBS, 100 U/ml penicillin and 100 ug/ml streptomycin. Cells were
maintained in a humidified cell culture incubator at 37°C and 10% CO,/90% room air as
instructed by the manufacturer. The higher CO, concentration maintains appropriate pH and
accounts for the difference in sodium bicarbonate concentrations between the commercial
media used and the recommended media. For all experiments, cells were trypsinized and
seeded at a density of 0.5-1.0 x 104 cells/cm? (13,42) onto glass coverslips or Transwell™
permeable supports. Cells seeded onto Transwells™ were allowed to reach confluence (6-7
days). The media in the lower chamber was then removed, filters were washed with PBS,
and media in the lower chamber was replaced with serum-free DMEM. Cells were further
cultured for at least 4 days before experiments were performed (13).
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RNA isolation and RT-PCR

Confluent bEnd3 monolayers grown on glass coverslips or permeable supports were lysed
with TR1zol® Reagent (Invitrogen, Carlsbad, CA). The expression of RNA for TRPC,
TRPV and TRPM proteins was examined using SuperScript one-step RT-PCR kit
(Invitrogen) and specific primers (Table 1). RT-PCR was performed on a Gene Amp PCR
System 2400 (Perkin Elmer, Wellesley, MA). Products were separated by electrophoresis on
1% agarose/TBE gels and stained with ethidium bromide. Gels were photographed using the
ChemiGenius? bioimaging system (Syngene, Frederick, MD).

Calcium imaging

Changes in intracellular calcium were monitored in cultured cells using the fura-2
fluorescent indicator technique in ratiometric mode (18) as previously described (17). Cells
on coverslips were loaded with 2-5 uM fura-2/AM in growth media for 60 min at 37°C. In
some experiments, 100 uM probenicid and 0.67% pluronic were added to the media to
enhance Fura-2/AM loading. Coverslips were attached to the bottom of a custom designed
perfusion chamber, and placed on the microscope stage of an InCa workstation (Intracellular
Imaging, Inc.) at 37°C. Intracellular calcium levels were estimated from fura-2 fluorescence
images by ratioing the emission images at 510 nm upon excitation at 340 nm and 380 nm. In
all studies, cells were initially bathed in aerated modified balanced salt solution (1SO,
containing in mM: 140 NaCl, 5.4 KCI, 0.5 MgCly, 0.4 MgSQOyq, 3.3 NaHCO3, 2.0 CaCls, 10
HEPES, 5.5 glucose, pH 7.4, adjusted to 310 mOsm/L with mannitol).

To assess TRP channel activity and calcium influx in response to environmental and
pharmacological stimuli, coverslips were prepared as described above. Drugs were added to
the chamber in the indicated final concentrations. For hypo-osmotic studies, the MBSS in
the chamber was removed and replaced with hypo-osmotic MBSS (ISO minus 40 mM NacCl,
HYPO, 220 mOsm/L). The change in fura-2 fluorescence in response to these treatments
was followed over time. In experiments where TRPC (SK&F 96365 or LOE 908) or TRPV
(ruthenium red, RR) inhibitors were used, these drugs were added shortly before the addition
of the stimulating agent. GdCl3, a general TRP channel blocker, was also added prior to the
addition of the stimulating agent. Histamine, bradykinin, thrombin, phorbol 12-myristate 13-
acetate (PMA), and 4a-Phorbol 12,13-didecanoate (4a-PDD) were added as indicated.

Monolayer permeability

Paracellular solute permeability studies were performed using [*4C]sucrose to determine
paracellular diffusion at 37°C across confluent bEnd3 monolayers grown on permeable
supports. Apical-to-basolateral diffusion was determined by dividing the pmoles of
radioactive marker appearing in the receiver chamber by the time in minutes from which the
apparent permeability coefficient was calculated:

P (cm/ min)=[ (volume/(SA = C,))) = (C, /time)]

where volume is the volume of media in the receiving chamber, SA is the surface area of the
cell monolayer, Cp is the initial concentration of radioactive marker in the donor chamber,
and Cp is the concentration of the radioactive marker in the receiving chamber at a specific
time. The concentration of marker in the receiving chamber at the end of the experiments
presented here was 8.6% of the initial donor concentration.

Effects of various TRP channel activators on paracellular permeability were examined over
time. For thrombin studies, thrombin was added at the same time as the radiolabeled
sucrose. Diffusion of radiolabeled sucrose was followed over time. For studies examining
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the effects of osmolar stress, monolayers were washed and incubated in 1ISO, ISO + 1 uM
RR, HYPO or HYPO + 1 uM RR for 120 min. Radiolabeled sucrose was added at the
beginning of the time course, and permeability was followed over time. For studies
examining the effects of phorbol esters, radiolabeled sucrose was added and the cells were
returned to the incubator for 1 hr to allow for determination of basal permeability. PMA or
40-PDD (100 nM, from a 1 mM stock in DMSO) was then added and permeability changes
were followed over time. In studies were inhibitors were used, the inhibitors were added at
the same time as the radiolabeled sucrose.

All data are presented as mean +/— SEM of raw data (340/380 ratios) or percent of time=0
(permeability data). Results were analyzed using Sigma Stat 3.5 (SPSS Inc, Chicago, IL)
with a significance level set at p<0.05. Data were analyzed using one-way or two-way
analysis of variance (ANOVA) with post-hoc tests as appropriate, or by t-test as indicated.

BBB endothelial cells express RNA for TRPC, TRPV and TRPM isoforms

We investigated the expression of TRPC, TRPV and TRPM isoforms at the BBB using RT-
PCR and specific primers. RT-PCR was performed on an immortalized mouse brain
endothelial cell line (bEnd3) that has been recently characterized as a BBB model system
(13) and freshly isolated mouse brain microvessels (24), Figure 1). The mouse brain
microvessel RNA was tested for the expression of GFAP (astrocyte marker) and desmin
(vascular smooth muscle marker); neither marker was detected (data not shown). bEnd3
endothelial cells and brain microvessels express TRPC1, C2, C4, and C7. Mouse brain
microvessels also express TRPC3, C5 and C6; the expression of these other isoforms may be
due to contamination from other cell types. Both source tissues express TRPV2 and TRPV4;
mouse brain microvessels also express TRPV6. bEnd3 and mouse brain microvessels cells
express TRPM2, M3, M4, and M7 (Figure 1). TRPC, TRPV and TRPM RNA expression
was also assessed in primary cultures of rat brain microvessel endothelial cells. Rat primary
brain endothelial cells expressed TRPC1, C3, C4, and C7, TRPV2, V3 and V4, and TRPM3,
M4 and M7 (data not shown). These results indicate presence or absence of a transcript, and
do not reflect relative expression levels of each transcript within the tissue.

BBB endothelial cell calcium responses to TRPC and TRPV-activating stimuli

We examined bEnd3 cell intracellular calcium responses to a number of stimuli known to
activate TRPC and TRPV receptors and to cause disruption of endothelial barrier systems.
Histamine activates TRPC4 through the histamine H1 receptor (40), and disrupts the BBB
(1). In our hands, histamine increased intracellular calcium in a very small number of bEnd3
cells (13-20%, Table 2,Figure 2A). There was no significant difference in the amplitude of
intracellular calcium response between 100 and 300 uM doses, and no significant difference
in the percentage of cells activated. Bradykinin, another TRPC activator (41) and disruptor
of BBB function (16), also increased intracellular calcium in a small percentage of bEnd3
cells (Figure 2B, Table 2), with no significant variation in response for doses ranging from
1-10 uM. Thrombin activates TRPC channels (3), and increased intracellular calcium levels
in bEnd3 cells (Figure 2C). Thrombin is known to disrupt endothelial barriers (10), but in
our hands only about half of the cells showed a response to thrombin application (Table 2),
although the response tended to trend upward at higher doses (65% at 10 U/ml).
Significantly more cells responded to the 10 U/ml dose then to 1 U/ml [one-way ANOVA,
F3’32=3.390, p=0.031].
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We further examined the effects of thrombin on bEnd3 cell calcium levels using 3 U/ml of
thrombin as a stimulus in conjunction with TRPC and TRPV channel inhibitors (Figure 2D).
The TRPV inhibitor ruthenium red (RR, (7) had no effect on thrombin-stimulated calcium
influx, even at a high concentration. A low dose of the TRPC inhibitor SKF 96365 (29) had
no effect, but at a 10 uM, calcium influx was significantly reduced. Another general TRPC
inhibitor, LOE 908 (29) significantly decreased calcium influx after thrombin stimulation.
The non-specific cation channel blocker GdCls also significantly decreased the thrombin-
induced calcium influx (Figure 2D).

Since bEnd3 cells also express TRPV channels, we examined bEnd3 calcium responses to
stimuli associated with TRPV activation: increasing temperature (9), hypoosmolar stress
(17), and phorbol esters (17). For temperature experiments, bEnd3 cells were loaded with
Fura-2 and placed in the imaging chamber; the heating system was then turned on, and
levels of intracellular calcium were measured over time as the temperature inside the
imaging chamber rose. Intracellular calcium levels rose with increasing temperature over
time, with a marked increase occurring at around 28°C (Figure 3). This is within the
threshold range of activation temperatures reported for the TRPV channels (9), particularly
TRPV3 and TRPV4, and likely reflects activation of TRPV channels in bEnd3 cells.

bENd3 cells also showed an increase in intracellular calcium in response to other TRPV-
selective stimuli. Exposure to hypo-osmolar solution significantly increased intracellular
calcium (Figure 4A). This increase was significantly inhibited by application of RR. bEnd3
cell intracellular calcium levels were increased by treatment with phorbol 12-myristate 13-
acetate (PMA, Figure 4B), a PKC-activating phorbol ester which has been shown to activate
TRPV4 (17) and TRPV1 (14). 4a-Phorbol 12,13-didecanoate (4a-PDD), a hon-PKC
activating phorbol ester that is a specific activator of TRPV4 (59), also increased
intracellular calcium in bEnd3 cells (Figure 4C), demonstrating functional TRPV4 channels.
The effects of both PMA and 4a-PDD were significantly inhibited by RR. Furthermore, the
increase in intracellular calcium after phorbol ester treatment was dependent on the presence
of extracellular calcium; when cells were exposed to either PMA or 4a-PDD in Ca**-free
ISO solution, there was no increase in intracellular calcium as detected by changes in Fura-2
fluorescence (data not shown).

BBB endothelial cell monolayer disruption after TRPC and TRPV-activating stimuli

Levels of intracellular calcium have been implicated in mediating BBB integrity (11). Since
a number of stimuli increased intracellular calcium levels in bEnd3 cells, we investigated
whether these same stimuli can alter monolayer permeability by loosening tight junctions
between adjacent endothelial cells and increasing paracellular permeability of sucrose. The
mean basal monolayer permeability for all permeability experiments was 5.12 + 0.7 x 10~#
cm/min.

We exposed confluent bEnd3 cell monolayers to increasing doses of thrombin and followed
monolayer permeability over time. Thrombin treatment significantly increased monolayer
permeability as compared to control [two-way ANOVA, F3 95=5.949, p=0.001, Figure 5A];
this effect was due to the increase in permeability seen with 10 U/ml thrombin, which was
significantly different from control (p=0.001), 1 U/ml (p=0.011) and 3 U/ml (p=0.027). This
increase in permeability appeared 60 min after the beginning of thrombin exposure. There
was also a significant effect of time [two-way ANOVA, F4 9g=9.627, p<0.001], due to the
increase in permeability over time with the 10 U/ml treatment. Control monolayers had no
significant change in permeability over the time course of the experiment [one-way
ANOVA, F417=1.105, p=0.395].. We also investigated the ability of the TRPC inhibitors
SK&F 96365 (10 uM) and LOE 908 (1 uM) to block thrombin-induced barrier disruption.
Both inhibitors were effective (Figure 5B) at doses similar to those needed to block
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intracellular calcium influx in response to thrombin (Figure 2D). There was a significant
effect of treatment [two-way ANOVA, F4 152=6.732, p<0.001]; treatment with 10 U/ml
thrombin significantly increased monolayer permeability. This increase was significantly
inhibited by co-treatment with either SK&F 96365 and LOE 908. Interestingly, LOE 908
treatment appears to increase permeability at later time points, but this increase was not
statistically significant at 120 min [one-way ANOVA, F3 39=2.519, p=0.079].

We also investigated the effects of TRPV activators on bEnd3 cell monolayer permeability.
To examine the effects of hypo-osmolar stress, we exposed confluent bEnd3 monolayers to
HYPO solution (225 mOsm/L) and followed diffusion of radiolabeled [*4C]sucrose for 2
hrs. There was a significant effect of HYPO treatment [two-way ANOVA, F3,327=5.701,
p<0.001]. HYPO treatment rapidly increased paracellular permeability after only 5 min of
exposure (Figure 6). This increase was partially blocked by co-treatment with 1 uM RR.
This increase in permeability resolved quickly, and the permeability of HYPO treated
monolayers was not significantly different from control monolayers after 30 min. There was
some increase in permeability in all monolayers, including the control. This likely reflects
disruption of the barrier due to mechanical stress involved in changing the solution in the
Transwells prior to the start of the experiment.

We examined the effects of TRPV-activating phorbol esters on bEnd3 monolayer
permeability. In monolayers exposed to 100 nM PMA with and without 1 pM RR, there was
a significant effect of treatment [two-way ANOVA, F3 463=46.346, p<0.001] and of time
[F10463=4.439, p<0.001], with no interaction between the two factors. 100 nM PMA caused
an increase in monolayer permeability (p<0.001, Figure 7) that was partially inhibited by
treatment with 1 uM RR. This increase was initially significant after 45 min of exposure to
PMA, and continued to increase throughout the 120 min monitoring period. Monolayers
exposed to PMA and RR still exhibited a significant increase in paracellular permeability,
although this increase was not as dramatic as in the monolayers treated with PMA alone
(p<0.001). RR alone had no effect on permeability over time. In contrast, monolayers
exposed to 100 nM 4a-PDD did not exhibit increased permeability in response to the
phorbol ester (Figure 7).

DISCUSSION

Calcium is a critical and ubiquitous signaling molecule in cells. In addition to directly
regulating the function of many proteins and enzymes, calcium serves as a trigger for a
multitude of signaling cascades that modulate diverse processes ranging from cell growth
and development to apoptosis and cell death. Calcium ions involved in signaling can be
derived from two main sources in response to a stimulus: release from intracellular stores
such as the endoplasmic (sarcoplasmic) reticulum or mitochondria, or influx from the
extracellular milieu through plasma membrane cation channels (48).

In many tissues, calcium-permeable channels have been extensively studied and
characterized. However, in the endothelial cells of the blood-brain barrier (BBB), the
molecular identity of calcium influx channels has not been specifically described. BBB
endothelial cells are typically characterized as “epithelial-like”, and exhibit a polarity of
plasma membrane protein expression. Potential candidates for calcium transport across the
plasma membrane include P2X receptors, cation exchange proteins and the transient
receptor potential (TRP) superfamily of cation channels. While P2X receptors are found in
other types of endothelium (49,56), there are few reports of their presence in the BBB (4).
There are a number of calcium transporter proteins expressed by BBB endothelial cells,
including the sodium-calcium exchanger (NCX) and the plasma membrane Ca**-ATPase
(PMCA). The NCX normally transports calcium out of the cell, but under certain conditions,
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such as hypoxic stress, the NCX reverses (30,46), causing an increase in intracellular
calcium. PMCA is expressed in a calcium-sensitive manner in brain barrier systems (26),
and is important for clearance of high intracellular calcium levels after signaling events (53).
Under normal conditions however, these transporters are not good candidates for mediating
Ca** influx at the BBB.

In this study we investigated the potential for the transient receptor potential (TRP)
superfamily of cation permeable channels to mediate calcium influx in BBB endothelial
cells. BBB endothelial cells express RNA for a number of channels in the TRPC, TRPV and
TRPM families. We tested BBB endothelial calcium responses to a number of stimuli
known to disrupt the BBB and activate TRPC channels, including histamine (52),
bradykinin (8,52) and thrombin (8). While we did see increases in intracellular calcium in
response to these three compounds, the percentage of responding cells was not high, ranging
from 13-65% (see Table 1). bEnd3 cell responses to histamine and bradykinin were lower
then was expected, but not out of the range previously described for brain endothelial cells
in culture (45). bEnd3 calcium responses to thrombin showed dose-dependence, increasing
from 32% of cells responding at a dose of 1 U/ml up to 65% of cells responding at a dose of
10 U/ml. While there was no significant dose response (in terms of the magnitude of the
increase in intracellular calcium) for histamine, bradykinin or thrombin, there was a trend
towards a dose response with thrombin at the highest doses. This trend, coupled with a
significant increase in the percent of responding cells with increasing thrombin levels, may
explain why the only change in monolayer permeability seen was with the highest dose of
thrombin, even though there were increases in intracellular calcium at the lower doses for a
subpopulation of cells.

A role for TRP channels in mediating receptor-mediated stimulation of calcium influx is
likely. A number of inflammatory-related peptides, including histamine, bradykinin and
thrombin, have been shown to activate TRPC and TRPV cation channels in a range of
tissues (2,40,41), leading to calcium influx. bEnd3 cell responses to an intermediate
concentration of thrombin (3 U/ml) were inhibited by the general TRPC channel inhibitors,
SK&F 96365 and LOE 908, and by the non-selective cation channel blocker, GdCls, but not
by RR, a TRPV family inhibitor. These results suggest that bEnd3 cell responses to
thrombin are mediated through TRPC channels. This is in agreement with studies
implicating TRPCL1 (3) and TRPC4 (55) in calcium influx into lung endothelial cells after
exposure to thrombin. Since RR had no effect on the calcium influx after thrombin
treatment, TRPV channels do not mediate this response. As expected, thrombin transiently
increased BBB endothelial monolayer permeability. This is similar to other studies where
thrombin increased endothelial permeability both in vitro (10) and in vivo (19). This
increase was significantly inhibited by SK&F 96365 and LOE 908 at early time points,
further supporting a role for TRPC channels in mediating BBB permeability in response to
thrombin.

TRPV channels are also strategically placed to mediate BBB endothelial cell response to a
number of physiological and pathological stimuli. TRPV2 and V4 have both been shown to
have mechanosensitive properties (17,35), which may be activated by changes in shear
stress or cell volume that occur within the brain capillaries after changes in blood flow.
TRPV4, in addition to being mechanosensitive, is activated by heat, phorbol esters and
osmolarity (9,17), and has been shown to mediate barrier permeability in other epithelial
(51) and endothelial (6,22) cell systems. In the BBB, TRPV2 and TRPV4 may be very
important in mediating changes in cell calcium after changes in flow, as in a stroke; studies
are currently underway to address this question. In our hands, BBB endothelial cells are
sensitive to temperature, with spontaneous activation of calcium influx above 27°C, the
gating temperature for TRPV4. Calcium influx through TRPV channels is also triggered by
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exposure to a hypo-osmolar solution, a mechanical stimulus for both TRPV2 and V4, by a
PKC-activating phorbol ester, PMA, and by a non-PKC activating phorbol ester, 4a-PDD, a
specific activator for TRPV4. These responses are dependent on the presence of
extracellular calcium, indicating that the effects of these stimuli are not due to release of
calcium from intracellular stores.

In order to determine the role of TRPV channels in mediating BBB endothelial cell
permeability, we investigated changes in BBB monolayer permeability over time after
exposure to TRPV2 and TRPV4 activating stimuli. Confluent bEnd3 monolayers were
exposed to hypo-osmolar solution and permeability was assessed at multiple time points
over a two hour period. Exposure to hypo-osmolar solution, and presumably activation of
TRPV2 and TRPV4 channels, rapidly and transiently increased monolayer permeability.
The involvement of TRPV channels is further supported by the finding that this transient
increase in permeability was blocked by co-treatment with ruthenium red (RR), a TRPV
family inhibitor. While many previous studies have examined the effect of hyper-osmolar
stress on BBB permeability both in vitro (45) and in vivo (12), and hyper-osmolar disruption
of the BBB is used clinically to treat brain tumors (20), there are fewer studies looking at the
effect of hypo-osmolar stress on BBB permeability (44). This study is the first
demonstration of hypo-osmolar disruption of the BBB in vitro, and may represent a good
model for more fully investigating the effects of hypo-osmolar solutions on barrier structure
and function.

Ruthenium red, while used in these studies as an inhibitor of TRPV channels, has many
other targets. Originally used as a contrast agent for electron microscopy (50), RR will block
mitochondrial calcium uptake (21), stimulate calcium loading by the sarcoplasmic reticulum
(57), and inhibit activity of the ryanodine receptor (43). The doses used in the above models
range from 2.5 — 10 uM RR, and the ICsq for inihibition of transmembrane calcium fluxes is
7 uM. Since we are using a lower dose of ruthenium red in our studies (1 pM), the results
we see are not likely due to these other off-target actions of RR. Furthermore, the inhibition
of calcium influxes in response to TRPV activating stimuli by RR seen in BBB endothelial
cells is identical to the inhibition of calcium responses mediated by TRPV4 channels in a
heterologous expression system using either RR (17)or siRNA directed against TRPV4 (60).

Barrier permeability was increased by treatment with PMA, a PKC activator that has been
shown to regulate TRPV4 (17). The increase in monolayer permeability was inhibited by
treatment with RR, although this treatment did not completely protect the monolayer. This
suggests that activation of PKC modulates BBB permeability through multiple mechanisms,
including the activation of TRPV channels. Surprisingly, treatment with 40-PDD, a selective
activator of TRPV4 (59), did not alter monolayer permeability at any of the time points
investigated. This suggests several possible explanations: firstly, the possibility that TRPV4
channels are not important in mediating BBB monolayer permeability under the conditions
of our experiments, potentially implicating TRPV2 in this process, since this is the only
other TRPV channel expressed in this system. Alternatively, the 4a-PDD response of
TRPV4 after the relatively low dose of 4a-PDD employed may be too transient for a change
in endothelial permeability to be observed, similar to the results seen with lower doses of
thrombin. Furthermore, in contrast to TRPV4 heterologous expression systems,
endogenously expressed functional TRPV4 channels may be made up of heterotetrameric
complexes that, while containing TRPV4 proteins, do not respond to 4a-PDD in the same
fashion as homomeric TRPV4 channels investigated in expression systems. We have
preliminary evidence that TRPV4 and TRPV2 are associated in kidney cortical collecting
duct cells (data not shown), suggesting that the endogenous channels in BBB endothelial
cells could consist of both isoforms. This may account for the differences in our data versus
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those studies done in expression systems, and explain why TRPV4 activation alone is not
sufficient to disrupt the BBB.

Endothelial cells of the BBB also express a number of the TRPM isoforms. Although we did
not specifically address TRPM activation in our studies, these channels may also be critical
in regulating BBB permeability under both normal and pathophysiological conditions.
TRPM channels are activated by a number of stimuli. Some isoforms of TRPM3 are
activated by hypo-tonicity (23), but we do not know if these isoforms are expressed in
bEnd3 cells. However, hypo-osmolar activation of TRPM3 can be inhibited by lanthanides
or gadolinium, but is not inhibited by SK&F 96365 (23). Further studies will determine if
SK&F 96365 can inhibit hypo-osmolar disruption of BBB monolayers in our system.
TRPM4 is a calcium-activated non-selective cation channel (23), which could certainly be
activated at the BBB under conditions that increase intracellular calcium, such as those
demonstrated in this study. TRPM 2 and TRPM7 are very interesting in that they are
channels with kinase activity (32). TRPM2 has been suggested as a sensor for oxidative
stress, and is activated by ADP-ribose and hydrogen peroxide (23). TRPM?7 is thought to be
involved in cellular Mg** homeostasis, and is activated by Mg-ATP, breakdown of PIP, or
increases in cellular cAMP levels (23). Clearly these channels are also important to consider
in the regulation of BBB permeability and function.

In summary, we examined the potential role for TRP channels in mediating calcium influx
in BBB endothelial cells after treatment with multiple stimuli shown to disrupt the BBB in
cell culture and in vivo models. BBB endothelial cells express numerous isoforms of the
TRPC, TRPV and TRPM channels, which may play an important role in mediating calcium
flux and barrier function at the BBB in many pathophysiological conditions, such as stroke.
We investigated the importance of the TRPV channels in BBB endothelial cells and found
RR-sensitive calcium influxes triggered by TRPV activating stimuli. These calcium influxes
in response to hypo-osmotic stress or treatment with PMA resulted in increases in barrier
permeability that could be inhibited by treatment with RR, implicating TRPV channels in
modulation of barrier function. These data implicate TRPV channels at the BBB as
potentially important players in the regulation of barrier function in response to changes in
osmolarity, shear stress and pH that may occur following stroke. The exact stoichiometry of
the endogenous channels remains to be determined, as does the specific triggers of channel
function in vivo. However, TRP channels of multiple families potentially play an important
role in mediating BBB endothelial cell calcium influx, and in modulating barrier function. It
will also be necessary to further examine the role of TRPV channels in mediating BBB
function through in vivo studies to confirm our results. Although a number of studies have
investigated the in vivo effects of hyper-osmolar stimulation of the BBB (12), there is little
known about the in vivo effects of hypo-osmolar stimulation. Furthermore, in vivo phorbol
ester treatment is problematic due to the many sites of action for these compounds in vivo.
With a better understanding of the distribution of TRPV channels at the BBB, and the
development of selective agonists and antagonists, we will be able to further elucidate the
role of these channels in mediating BBB disruption in physiological and pathophysiological
conditions.
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FIGURE 1.

Expression of TRP channels in bEnd3 cells and mouse brain microvessels. Total RNA was
reverse transcribed with primers specific to the TRPC, TRPV and TRPM isoforms. Both
bENd3 cells and freshly isolated mouse brain microvessels express message for TRPC1, C2,
C4 and C7, while mouse brain microvessels also express message for TRPC3, C5 and C6.
TRPV2 and TRPV4 are expressed in both tissues, with message for TRPV6 also seen in the
mouse brain microvessels. Finally, both source tissues express TRPM2, M3, M4 and M7
only. These results do not reflect relative expression levels of each transcript. Gels shown
are representative blots for 3—4 separate experiments.
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FIGURE 2.
bENd3 cell calcium responses to TRPC stimuli. bEnd3 cells were grown on glass coverslips

and loaded with 2-5 pM Fura-2/AM as described. Peptides were added in the indicated
doses and changes in intracellular calcium were assessed. A) Histamine increases [Ca]i in
bENd3 cells at doses of 100 and 300 uM, n=5 imaging experiments for each dose. B)
Bradykinin also increase bEnd3 [Ca]i, but there is no dose-response noted with increasing
concentrations of peptide from 1-10 pM, n=4-11. C) Thrombin causes an increase in [Ca]i,
and this response is dose-dependent, n=4-10. D) The increase in [Ca]i to 3 U/ml of thrombin
is inhibited by LOE 908 (LOE), SK&F 96365 (SKF) and GdCl3 (Gd), all TRPC or non-
selective cation channel inhibitors (t test, * p<0.05 vs. control, *** p<0.001 vs. control),
n=3-10.
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FIGURE 3.

bENd3 cell calcium responses to increasing temperature. bEnd3 cells were plated on glass
coverslips and loaded with Fura-2/AM as described. Coverslips were placed in a room-
temperature imaging system and fluorescent imaging was started. After 2-3 min, the heat in
the imaging chamber was turned on (arrow), and [Ca]i was assessed as the temperature
increased. bEnd3 cell calcium levels remained steady until the imaging chamber reached
26-30°C (a representative experiment is shown, n=5). This is the temperature range that has
been found to activate TRPV channels in heterologous expression systems, indicating the
presence of functional endogenous TRPV channels.
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FIGURE 4.

TRPV stimulation in bEnd3 cells. We assessed the bEnd3 cell [Ca]i responses to TRPV
selective stimuli in the presence or absence of 1 uM ruthenium red (RR), a TRPV channel
blocker. Cells were exposed to A) HYPO (220 mOsm/L), B) PMA (100 nM) or C) 4a-PDD
(4a-P, 100 nM) and changed in [Ca]i were measured as a change in the final 340/380 nm
ratio. All three stimuli triggered an increase in [Ca]l that could be significantly inhibited by
co-treatment with 1 uM RR (t test, *** p<0.001), n=10-16 separate imaging experiments
per group.
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FIGURE 5.

TRPC activation alters bEnd3 monolayer permeability. bEnd3 cells were grown on
permeable Transwell™ filters and barrier function was assessed by following the diffusion
of [14C]sucrose across the monolayers. A) 10 U/ml thrombin caused a significant increase in
barrier permeability 1 hr after the addition of the peptide, indicating that TRPC activation
can lead to barrier disruption. n for each time point = 3—-6. B) The increase in barrier
permeability induced by 10 U/ml thrombin could be inhibited by simultaneous treatment
with either 10 uM SK&F 96365 or 1 uM LOE 908, both inhibitors of the TRPC family. n
for each time point = 4-9. The mean basal monolayer permeability for all experiments was
5.12 + 0.7 x 10~ cm/min.

Microcirculation. Author manuscript; available in PMC 2011 April 15.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey JoyIny vd-HIN

Brown et al.

Page 18

7004 T —e— Control

T 600- = HYPO
= ~—HYPO +RR

o
o
L

400-
300-
200-
100+

Permeability (% of

0 20 40 60 80 100 120
Time (min)

FIGURE 6.

Hypo-osmolar stress rapidly and transiently disrupts BBB monolayers. Confluent bEnd3
monolayers were exposed to continuous 1SO or continuous HYPO, with or without 1 uM
RR for 2 hours and paracellular permeability was measured. HYPO caused a rapid increase
in [14C]sucrose permeability that was partially inhibited by co-treatment with RR. This
increase from 5-15 min was gone after 30 min. Graphs represent data from 4 separate
permeability experiments, n = 6-16, * p<0.05 versus time 0.
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FIGURE 7.
TRPV activation alters bEnd3 monolayer permeability. We also assessed barrier function
after exposure of confluent monolayers to 100 nM PMA or 4a-PDD. Monolayers were first
incubated in media with [14C]sucrose for one hour to determine basal permeability before
the addition of phorbol esters. 100 nM PMA also caused an increase in barrier permeability
at 120 min (*** p<0.001 vs control, * p<0.05 vs control, * p<0.01 vs HYPO + RR). This
increase was prolonged, and partially inhibited by 1 uM RR. Interestingly, under the
conditions used in these experiments, 100 nM 4a-PDD did not alter barrier permeability. n =

5-9.
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Table 1
RT-PCR Primers for TRP channels in BBB endothelial cells.

Forward primer

Reverse primer

Amplicon size (bp)

TRPC1
TRPC2
TRPC3
TRPC4
TRPC5
TRPC6
TRPC7
TRPV1
TRPV2
TRPV3
TRPV4
TRPVS
TRPV6
TRPM1
TRPM2
TRPM3
TRPM4
TRPM5
TRPM6
TRPM7
TRPM8

gta ccc gag cac gga cct

ttg ctg gga gag tct ctg gt
att ctt cga agc ccc ttc at
gct gga gga gaa gac cat gg
taa cct gea tgc cca ttg ga
caa tcg cgg tgg ttt taa gt
cac gac atc aca ccc atc at
tga cta ccg gtg gtg ttt ca
tga tga agg ctg tgc tga ac
ctg gcc aag gaa gaa cag ag
atc aac tcg ccc ttc aga ga
act gea tgt agc tge cct ct
gca ctg ttc age acc ttt ga
gct tcg aag aca get gga aa
cag agc aaa cga agg aaa gg
tgg gce gaa aaa tct atg ag
gag agg atc atg acc cga aa
atg tcc tge tgg tgg act tc
tga cca gtt gaa tgc aga gc
gct cca tgg gga gtg ata ga
ttc tgg tca acc tec tgg tc

aac agc att tct ccc aag ca
tca atc atc ttg cca atg ga
ctc ctt gca ctc aga cca ca
gac ctg tcg atg tgc tga ga
ccc ttg gac gag aac cat ta
cgc atc atc ctc aat ttc ct
gag gac agg gtc ttc act gg
tga tcc ctg cat agt gtc ca
cag agc atg cag gac tgt gt
gec tet tee gtg tac tea ge
ggt gtt ctc tcg got gtt gt
aca ggc aaa ggt ttt gtt gg
gac cat act ctc gcc cac at
cgc agg gac tcg ttt atg ac
tca gta acg cct gca gaa tg
gat cat tcc cac cga gaa ga
gtc att cag cag agc atc ca
agc cat acg ctc agg aag aa
gag gct ctt gag gge ttt tt
atc aaa gcc acc aca gga ac

taa acc gat gcc tca tct cc

250
452
234
211
405
416
234
250
452
234
211
405
416
246
387
299
255
400
302
254
339
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All primers are listed in 5’-3' orientation. The size of the expected amplified fragment is included. For details on the RT-PCR procedure, see
Materials and Methods.
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Table 2
Response of bEnd3 cells to TRPC and TRPV stimuli.

Stimulus Percent of cells responding with increased intracellular calcium SEM, (n)
Histamine
100 mM 12.9£2.6 (5)
300 mM 20.4+5.9 (5)
Bradykinin
1mMm 27147 (7)
3mM 22.8+7.9(7)
5mM 32.9+7.2 (4)
10 mM 42.4+17.9 (4)
Thrombin
1 U/ml 32.3+4.8(4)
3 U/ml 53.9 + 2.3 (19)
5 U/ml 58.8 + 16.6 (4)
10 U/ml 64.9+88 (6)"
Hypo-osmolarity 61.4£5.8(21)
PMA 61.4+8.4 (7)
40-PDD 67.9 + 4.8 (20)
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bEnd3 cells were grown on glass coverslips and loaded with 2-5 uM Fura-2/AM. Increases in intracellular calcium after various treatments was

assessed as detailed in the Materials and Methods. The percent of responding cells represents an average from n coverslips.

*
p<0.05 versus 1 U/ml treatment.

n numbers reflect the number of coverslips investigated in each treatment group.

Microcirculation. Author manuscript; available in PMC 2011 April 15.



