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Abstract

Endothelial cells (ECs) are constantly exposed to blood flow-
induced shear forces in the vessels and this is a major deter-
minant of endothelial function. lon channels have a major
role in endothelial function and in the control of vascular
tone. We hypothesized that shear force is a general regulator
of ion channel expression, which will have profound effects
on endothelial function. We examined this hypothesis using
large-scale quantitative real-time RT-PCR. Human coronary
artery ECs were exposed to two levels of flow-induced shear
stress for 24 h, while control cells were grown under static
conditions. The expression of ion channel subunits was com-
pared between control and flow-adapted cells. We used
primers against 55 ion channel and exchanger subunits and
were able to detect 54 subunits. Five dyn/cm? of shear in-
duced downregulation of 1 (NCX1) and upregulation of 18
subunits, including Kc,2.2, Kca2.3, CX37, K, 1.5 and HCN2. Fif-
teen dyn/cm? of shear stress induced the expression of 30
ion channel subunits, including Kc,2.3, Kc,2.2, CX37, K;,2.3
and Kc,3.1. Our data demonstrate that substantial remodel-
ing of endothelial ion channel subunit expression occurs

with flow adaptation and suggest that altered ion channel
expression may significantly contribute to vascular pathol-
ogy associated with flow-induced alterations.

Copyright © 2011 S. Karger AG, Basel

Introduction

Endothelial cells (ECs) line in the luminal side of blood
vessels and are constantly exposed to shear stress due to
fluctuations in blood flow. Changes in these shear forces
are sensed by the endothelium and are responsible for
mechanochemical signal transduction [1]. It is well docu-
mented that flow-sensitive ion channels, integrins, recep-
tor tyrosine kinases, G protein-coupled receptors, lipid
domains of the membrane and the cytoskeleton are all
involved in sensing of shear [2, 3]. This results in activa-
tion of intracellular signaling pathways and subsequent
changes in structural elements as well as alterations in
gene expression patterns of the EC. Cumulatively, these
responses lead to major changes in endothelial functions,
including proliferation, apoptosis, alignment, migration
and permeability [3, 4]. The ability of ECs to sense flow
allows acute flow-mediated arterial vasoconstriction and
vasodilation as well as wall remodeling due to chronic
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changes in flow [5]. Moreover, abnormalities in flow-me-
diated responses of ECs, for example during endothelial
dysfunction, are associated with vascular pathology. Ac-
cumulating data suggest that disturbed or oscillatory
tlow is proatherogenic, through the induction of proin-
flammatory, procoagulant, proliferative and proapoptot-
ic molecules, and sustained laminar flow provides pro-
tection from atherosclerosis through the induction of an-
tithrombotic and antiproliferative factors [3, 5, 6].

Among the first cellular components identified to me-
diate the endothelial response to shear were ion channels.
In particular, it was shown that shear stress induces rapid
activation of inward-rectifying K* currents that result
in membrane hyperpolarization and Ca** entry. Subse-
quently, various types of Ca®*-permeable cation chan-
nels, K" channels, and Cl~ channels have also been impli-
cated in endothelial mechanosensing [7-11]. The long-
term effects that flow has on ion channel expression and
function are poorly investigated. It has been reported that
flow mediates changes in the expression of specific ion
channel subunits in the endothelium. For example, the
intermediate-conductance Ca?* channel subunit Kg,3.1
[12], ATP-sensitive K" (K yrp) channel subunit K;,6.2 [13]
and the T-type voltage-gated Ca** channel subunit Ca,3.1
[14] are reported to be upregulated by flow. Based on
these findings, we hypothesized that shear force is a gen-
eral regulator of ion channel expression, which will have
profound effects on endothelial function. In order to test
our hypothesis, we used a large-scale quantitative RT-
PCR assay (QRT-PCR) to examine the transcriptional lev-
els of about 60 ion channel and exchanger subunits in ECs
that have been cultured under static or flow-adapted con-
ditions. We found that a remarkable transcriptional up-
regulation of ion channels occurs with flow adaptation
that is also dependent on the levels of flow.

Materials and Methods

Flow Adaptation of ECs

Human coronary artery ECs (HCAECs; Lonza, Walkersville,
Md., USA) were grown in EGM2-MV (Lonza) and were used be-
tween the 4th and 6th passage. HCAECs were exposed to defined
amounts of shear stress using an artificial capillary system (Fiber-
Cell™ 4300-C2025) as previously described [15]. Artificial capil-
laries were activated according to the manufacturer’s instructions
and precoated with 0.2% gelatin. Cells were allowed to attach for
18 h and constant laminar flow sufficient to generate 5 or 15 dyn/
cm? of shear force was applied for 24 h. The two levels of shear
stress were selected based on a large body of previously published
data. Control cells (same passage and confluence) were grown in
plates under static culturing conditions.
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Large-Scale gRT-PCR

We used qRT-PCR to quantify the mRNA expression of alarge
number of ion channel transcripts, as described previously [16].
We used primers against 56 ion channel and exchanger subunits,
designed with the Primer3 software [17]. The selection was made
based on expression profiling data obtained from microarray data
with ECs and other literature sources. Primers were designed to
span two exons to avoid PCR amplification of genomic sequences.
Other design considerations included a melting temperature of
60°C and a PCR amplicon of 90-120 base pairs. Total RNA was
extracted from control and flow-adapted cells by the acid phenol
guanidinium method (TriReagent, Sigma-Aldrich, St. Louis, Mo.,
USA). Total RNA was reverse transcribed using the Superscript
I enzyme (Invitrogen) with random hexamer primers according
to the manufacturer’s guidelines. PCRs were performed with an
ABI Prism 7900HT sequence detection system (Perkin-Elmer
Applied Biosystems) with a SYBR green master mix (Perkin-EI-
mer Applied Biosystems). The thermal cycling conditions com-
prised an initial denaturing step at 95°C for 10 min and 40 cycles
at95°Cfor 55s,60°C for 15s,and 72°C for 15 s, followed by a melt-
ing curve analysis.

Data Analysis

The PCR threshold cycle (the fractional cycle number at which
the fluorescence level is distinguishable from the background, Ct)
values were measured within the exponential phase of the PCR
using SDS software (version 2.2, Applied Biosystems). Reactions
with any evidence of nonspecificity (low melting temperatures or
multiple peaks in melting-point analysis) were excluded from the
analysis. We performed an initial characterization of the qRT-
PCR assay in terms of its reproducibility and sensitivity. There
was a high degree of reproducibility within plates [16]. The me-
dian value of the coefficient of variation of Ct values for triplicate
reactions for the data presented in this study was 1.58% (range:
0.01-18.68%).

It is increasingly common with qRT-PCR to use a set of refer-
ence genes to estimate gene expression levels (e.g. [16, 18]). We have
used this technique in the present study and calculated expression
values of each gene relative to the geometric mean of the three ref-
erence genes (‘housekeeping’ genes). For a given experiment, the
expression of each gene was measured in triplicate (technical rep-
licates), which was averaged to obtain a single expression value for
that gene. The values plotted in figure 1 represent the average from
6 independent experiments (biological replicates). The subset of
reference genes used included histone H3, hydroxymethylbilane
synthase and dihydrofolate reductase, as previously described [16].
The selection of stable reference genes (i.e. that did not change
their expression with flow adaptation) was made using the Norm-
finder algorithm [19]. The relative expression of ion channel sub-
units calculated for the flow-adapted cells was compared with the
relative expression of the subunits calculated for the control cells
(cultured under static conditions) to obtain the fold induction or
suppression of the subunit expression. Statistical analysis was per-
formed using a nonparametric test, the Significance Analysis of
Microarrays (SAM) [20]. For this analysis, we used the Multi Ex-
periment Viewer software (MEV, version 4.5.1); the parameters of
the analysis included: use of all unique permutations, selection of
S0 using the method of Tusher etal. [20] and cutoff A-value at false
discovery rate zero. Data in figures 1 and 4 are presented as means
+ SEM. Heat maps were produced using the MEV software.
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Fig. 1. Expression of ion channel subunits and exchangers in HCAECs under basal conditions. qRT-PCR assays
of 6 separate experiments were performed for 54 subunits of ion channels, exchangers and pumps. For each ex-
periment, the expression was calculated relative to that a set of reference genes (see Methods) and depicted on
alogarithmic scale. Data are presented as mean £ SEM.

Analysis of Microarray Data

Microarray data produced by different investigators are pub-
licly available in Gene Expression Omnibus provided by the Na-
tional Center for Biotechnology Information. We examined stud-
ies that investigated changes in endothelial gene expression levels
due to changes in shear forces. We then looked for changes in ion
channel and transporter gene expression. The data used were
from the GSE1518 data set record. Raw data were analyzed using
the Genespring GX10 software.

Results

Expression Profiles of lon Channel Subunits in

HCAECs

Our first goal was to assess the transcriptional pro-
file of ion channel, exchanger and pump subunits in
HCAECs. Microarray data have not been helpful in this
regard since ion channels are generally expressed at low
levels and are sometimes not readily detected with this
method. We therefore used a large-scale qRT-PCR assay
[16] and focused on a subset of ion transporter subunits
identified from the literature and our past experience. We
used a well-characterized commercial primary cell line of
HCAECs. Of 55 ion channel, exchanger and pump sub-
units examined, we found 54 to be expressed at varying
degrees in HCAECs under basal conditions (i.e. when
cells were grown under static conditions). Their expres-
sion levels were calculated relative to 3 reference genes

Endothelial Flow Adaptation and Ion
Channel Remodeling

(histone H3, hydroxymethylbilane synthase, dihydrofo-
late reductase) and the average expression levels of 6 sep-
arate experiments are shown in figure 1. The qRT-PCRs
failed for one of the ion channel subunits (Ca,«28), which
could be attributed to low expression levels or to ineffec-
tive PCR primers. In a few cases, in particular when the
channel expression levels were very low, the PCRs did not
result in detectable amplification product for some genes.
The average expression of the respective genes was calcu-
lated from the remaining successful reactions.

K* Channel Subunits

The expression of all 4 members of the K;;2 inward
rectifying K* (K;;) channel subfamily was relatively abun-
dant, with K;,2.1 and K;;2.3 present at higher levels than
K;:2.2 and K;;2.4. The other K;, subfamily examined
(K;;6) displayed preferential expression of K;,6.2 relative
to K;,6.1. The K;,;6 subunit forms a tetrameric assembly
with an accessory subunit, the sulfonylurea receptor
(SURX). Interestingly, we found SURI to be expressed at
higher levels relative to SUR2. We also examined expres-
sion of Ca’-activated K* (K¢c,) channel subunits. The
large-conductance channel subunit (K¢c,1.1 or slo) was
abundantly expressed. K¢,4.2 (or Slo2.1) was expressed at
equivalent levels. Amongst the small-conductance Ca**-
activated K" channel subunits, K¢c,2.3 was expressed at
higher levels relative to K¢,2.1 and K¢,2.2. Strong tran-
scriptional expression was observed for the intermediate-
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conductance Ca®*-activated K channel subunit, Kc,3.1
(or IKc,1). Consistent with previous reports [21], we
found expression of some of the subunits of the voltage-
gated K* (K,) family. Of note is the relatively high expres-
sion level of K,3.4 and K\4.1. Amongst the auxiliary sub-
units of K, channels examined, K,2 and MiRP2 were
expressed at equivalent levels and at higher levels relative
to K,B1.

Ca?* Channels, Exchangers and Pumps

ECs are nonexcitable and do not depend on voltage
changes for alterations in intracellular Ca** [21]. Never-
theless, we could detect expression of all 4 of the plasma-
lemmal voltage-gated Ca** (Ca,) channel subunits that
we examined. Of these, Ca,3.2 was the most abundantly
expressed (we did not examine any of the Ca** channel
subunit auxiliary subunits). Perhaps not surprisingly,
higher expression levels were found for subunits involved
in alternative pathways for plasmalemmal Ca®* entry, in-
cluding ORAII and the stromal interaction molecule 1
(STIM1) subunit. Possible mechanisms for plasmalem-
mal Ca?* extrusion include the plasma membrane Ca?*
pump (PMCAL1, which was expressed at very low levels)
and the Na*/Ca2* exchanger (NCX1, which was expressed
at higher levels). Although our focus was not on intracel-
lular channels, we examined the sarcoplasmic/endoplas-
mic reticulum Ca?* pump (SERCA2), which was robustly
expressed in these ECs. Extracellular ATP induces Ca®*
influx across the plasma membrane and activates Ca®*
release from intracellular pools in vascular ECs. This
process is thought to be mediated by P2X4 purinergic re-
ceptors [22], which we found to be expressed relatively
abundantly in HCAECs.

Transient Receptor Potential Channels

Since the transient receptor potential (TRP) channels
are important in endothelial function [21], we systemati-
cally examined the expression of 12 members of this
channel subunit family. Amongst the TRPCs, TRPC1
was expressed at the highest levels, whereas TRPM4,
TRPM7 and TRPM3 were most abundantly expressed in
the TRPM subfamily. All 3 members of the TRPV sub-
family examined (TRPV1, TRPV2 and TRPV4) were
found to be expressed at relatively at high levels.

Other Subunits

Other subunits examined include those involved in
cation and chloride fluxes, and cell-cell communication.
We examined two members of the hyperpolarization-
activated cyclic nucleotide-gated (HCN) channels and
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found both (HCN2 and HCN4) to be expressed in
HCAECs. Transcripts of all 3 of the voltage-gated chlo-
ride channel family examined (CLC-3, CLC-4 and CLC-
7) were highly expressed, whereas TMEMI16A (a recently
discovered subunit of Ca**-activated Cl~ channels [23])
was expressed at relatively low levels. Finally, amongst the
connexins (CX), we found CX43 to be expressed at high-
er levels relative to CX37 and CX40.

Transcriptional Remodeling of Ion Channel Subunits

by Flow Adaptation

Our next goal was to examine the transcriptional re-
modeling of ion channel subunits when ECs adapt to in-
creasing shear stress. We employed two levels of flow-
induced shear that are commonly used in the literature (5
and 15 dyn/cmz; it should be noted that these values are
less than what has been estimated as normal for in vivo
shear levels [24]). Cells were grown in an artificial capil-
lary system and subjected to two different flow rates that
correspond to two different shear levels (5 or 15 dyn/cm?)
for 24 h. Transcriptional analysis by qRT-PCR was per-
formed as described above and ion channel expression
levels were compared to cells grown under static (no flow)
conditions. We performed the SAM test (with false dis-
covery rate set to zero) on the data to determine differen-
tially expressed transcripts. With 5 dyn/cm?, we found
that the expression of 18 subunits was significantly up-
regulated and expression of 1 subunit (NCX1) was re-
duced (fig. 2a). Note that, with the exception of 1 subunit
(TRPM?7), all of these transcripts were up- or downregu-
lated by more than 2-fold (log, value higher than 1 or
lower than -1). In some cases, e.g. with K¢,2.3 and K¢,2.2,
the upregulation was more than an order of magnitude.
The same subset of ion channel transcripts that was up-
regulated by 5 dyn/cm? was also upregulated by an in-
creased shear force of 15 dyn/cm? (table 1). At these high-
er shear forces, an additional 12 transcripts demonstrated
upregulated expression and many were upregulated by 10
times or more (including K¢,2.3, K¢,2.2, Cx37, K;;2.3,
HCN2 and K¢,3.1; fig. 2b). Interestingly, NCX1 was not
found to be downregulated by the higher shear. It is im-
portant to note that ion channel transcriptional remodel-
ing is not a general feature of the EC response to shear
since expression of more than 40% of the transcripts ex-
amined (24/54; table 1) was unaffected by shear. More-
over, the expression levels of the endothelial marker von
Willebrand factor (vWF) and of endothelial nitric oxide
synthase (eNOS) were examined. These proteins repre-
sent a negative and positive control, respectively, of shear
stress-induced transcriptional modulation [25, 26]. In
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Fig. 2. Shear-induced changes in ion chan-
nel subunit expression levels. Only the
genes that were found to be significantly
differentially expressed (by SAM analysis)
are shown. HCAECs were exposed to
shear force of 5 dyn/cm? (a) or 15 dyn/cm?
(b). qQRT-PCR was performed and expres-

log; ratio

sion levels were calculated relative to refer-
ence genes. Shown are the ratios (after log,
transformation) of the expression levels
under flow compared with the expression
levels under static (control) conditions.

agreement with the literature, vVWF was not affected by
shear and eNOS was significantly upregulated by both
flow levels. The data are summarized as a heat map in
figure 3, which demonstrates not only the heterogeneity
of ion channel transcription in HCAECs but also clusters
genes with similar expression levels and alterations with
shear. Finally, we examined the degree to which the two
different levels of shear used in this study influenced the
expression profiles of ion translocator subunits. To this
end, we plotted the mRNA expression (as a percentage of
the set of reference genes) measured at 15 dyn/cm? as a
function of the expression measured at 5 dyn/cm? (fig. 4).
Data were reasonably well described by a linear equation,
with a slope of about 2.4. This relationship demonstrates
that higher shear levels are associated with increased lev-
els of ion translocator mRNA expression.

Endothelial Flow Adaptation and Ion
Channel Remodeling

Microarray Data Results

In order to obtain a different perspective of ion chan-
nel remodeling by shear forces, we examined publicly
available microarray data sets. We focused on studies that
compared the gene expression patterns of ECs under stat-
ic conditions in comparison to different levels of applied
shear forces. In one such study (GSE1518), gene expres-
sion profiles of human umbilical vein ECs (HUVECsS)
were examined in response to 4, 10 and 25 dyn/cm? shear
levels [27]. Using ANOVA (p < 0.01), we obtained 8 ion
channel and transporter genes that were differentially
regulated between the three conditions (fig. 5). These in-
clude 2 lysosomal H* ATPase subunits (ATP6VIA and
ATP6V1B2), 2 mitochondrial ATP synthase subunits
(ATP5H and ATP5C1), 2 potassium channel subunits (a
two-pore channel, KCNK1) and 3 genes encoding pro-
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Table 1. Ion channel subunit expression with two flow-induced shear conditions

Subunits affected

Subunits affected

Subunits not affected by

by 5 dyn/cm? by 15 dyn/cm? flow-induced shear
Ca,l1.2 K 1.1 Ca,l.2 Kir6.2 Ca,l.1 K2
CLC-3 K,1.5 Ca3.1 K,1.1 Ca,13 MiRP2
CX37 K,3.4 CLC-3 Ky1.5 Ca,3.2 P2X4
HCN2 K41 CLC-7 K,3.4 CLC-4 STIM1
Ke,2.2 ORAII CX37 K41 CX40 SURI
Ke,2.3 PMCAL1 CX43 K,9.3 K11 SUR2
Kca3.1 TRPM3 HCN2 ORAIl Kca4.2 TMEMI16A
Ki2.4 TRPM7 HCN4 PMCA1 Ky2.1 TRPC1
K,(6.2 TRPV1 K2 1 SERCA2 K;6.1 TRPC3
NCX1 Kca2.2 TRPM3 Kyl11.1 TRPC4

Ke2.3 TRPM4 K,7.3 TRPM1

Keo3.1 TRPM? K,B1 TRPM2

K, 2.2 TRPV1

K,2.3 TRPV2

K, 2.4 TRPV4

We performed a SAM test to determine genes regulated by flow: 18 subunits were statistically upregulated
and one (NCX1) downregulated by 5 dyn/cm? shear. A total of 30 subunits were upregulated by 15 dyn/cm?
shear. About 44% of the subunits (24/54) were not significantly regulated by either of the shear levels.

teins of the solute carrier family; the Na* bicarbonate
co-transporter isoform 3 (SLC4A7), the Na*-K'-Cl-
co-transporter (SLC12A2) and K*-Cl~ co-transporter 4
(SLCI12A7).

Discussion

The vascular endothelium is sensitive to alterations in
shear forces resulting from alterations in blood flow. The
ECs respond by alterations in function, which has impor-
tant consequences for the regulation of vascular function
and blood flow. Acute changes in shear forces cause tran-
sient adjustments in vessel diameter that are mediated
by the release of vasoactive substances and changes in
smooth muscle tone. However, changes in shear forces
are often chronic, which causes important adaptive al-
terations in the shape and composition of the blood vessel
wall, a process referred to as vascular remodeling. The
endothelial events occurring with vascular remodeling
may include alterations in the barrier function (cellular
permeability), the inflammatory response and altera-
tions in cell proliferation. Genome-wide assays have been
performed to identify the expression profiles of endothe-
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lial genes in response to shear forces and have identified
genes with diverse biological functions, including those
encoding growth factors, adhesion molecules, coagula-
tion molecules, chemoattractants, proto-oncogenes and
vasoactive substances [27-32]. Ion channel subunits can
be subject to chronic transcriptional remodeling (e.g.
during perinatal development [16]). However, despite a
known role for ion channels in endothelial function and
sensing alterations in flow-induced shear [21], the effects
of shear forces on ion channel transcriptional remodeling
are largely unknown. Our study provides insight into the
transcriptional remodeling of a large subset of ion chan-
nel subunits that are expressed in the coronary vascular
endothelium.

Endothelial Electrical Activity and Shear Forces

ECs are nonexcitable and as such do not generate con-
ducting action potentials in response to electrical or
chemical stimuli. Nevertheless, ion channels, pumps and
exchangers play a fundamentally important role in the
function of ECs [21]. For example, K;, channels act to sta-
bilize the membrane potential. We examined only 2 of
the 7 K;, subfamilies. The K;,2 subfamily is thought to
play a predominant role in stabilizing the membrane po-
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Fig. 3. Heat map of expression data. Data obtained under control
conditions and with externally applied shear forces were com-
bined in a heat map. All data are depicted as log, expression values
relative to the same set of reference genes (as described in the text)
within the range -12 (green) to 14 (red). Genes are grouped by
hierarchical clustering (using the Euclidean distance as a distance
measure). Values are shown for 6 control experiments with cells
grown under static conditions (C), for 3 experiments where cells
were exposed to 5 dyn/cm? (L) and 3 experiments where cells were
exposed to 15 dyn/cm? (H) shear for 24 h. The data shown here
represents the global dataset (three biological repeats for the two
flow conditions, with time-matched static conditions for each of
these experiments), which was used to construct figures 1, 2 and
4. The gray boxes represent missing data due to failed PCRs,
which predictably mostly occurred when gene expression levels
were low. Colors refer to the online version only.
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Fig. 4. Relationship between two different applied shear forces on
mRNA expression. The mRNA expression levels of 54 ion trans-
locator subunits, relative to the reference genes, were determined
at24 happlied shear of 5 or 15 dyn/cm? (expression values relative
to reference genes after log, transformation, same data as in fig. 3).
For each subunit, the expression levels at the two shear conditions
are plotted as a function of the other. The solid line represents a
least-squares fitting of a straight line to the data (slope = 2.4, in-
tercept forced through zero). For comparison, the dotted line in-
dicates a line with unity slope.

ATP6V1A
ATP5H
ATP5C1
SLC12A2
SLC12A7
ATP6V1B2
KCNK1
SLC4A7

Fig.5. Microarray analysis of alterations in ion channel and trans-
porter gene expression under different levels of flow. HUVECs
were exposed to flow levels of 4, 10 or 25 dyn/cm? and gene ex-
pression was examined using microarray analysis [27]. Follow-
ing log, transformation, data (ranging from -0.75 to 0.75) were
subjected to hierarchical clustering and a heat map was gener-
ated.
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tential [33] and is represented by 4 members (K;2.1-
K;.2.4). We found all 4 of the K;,2 members to be abun-
dantly expressed in ECs. Although K;,2.1 is the best char-
acterized member of this family in the endothelium, the
presence of all members has been previously reported in
human aortic ECs [34]. Furthermore, the expression of 3
of these (K;2.2-2.4) was upregulated by flow-induced
shear, which raises the possibility that shear-adapted ECs
may have a more negative membrane potential. We also
examined expression levels of another K;, subfamily,
namely the K;;6 subfamily members (K;;6.1 and K;;6.2),
which form an octameric complex with sulfonylurea re-
ceptors (SUR1 and SUR2) to form the Krp channel [33].
The latter channel is particularly important in linking
alterations in the cellular metabolic status with its electri-
cal activity, but there is also evidence for a role in mecha-
notransduction [35]. Similar to our previous report [36],
we found expression of both K;;6.1 and K;,6.2 in HCAEC,
with K;,6.2 being expressed at higher levels. SUR1 was
expressed at higher levels than SUR2, which may partly
explain the exquisite sensitivity of ECs to some pharma-
cological K,rp channel openers, such as diazoxide [37].
The shear-induced upregulation of some of these Krp
channel subunits observed in our experiments suggests
the possibility of an enhanced response of ECs to condi-
tions that impair energy metabolism (e.g. hypoxia) and/
or an increased response to mechanotransduction. In-
deed, one of the earliest and most rapid responses of ECs
to alterations in hemodynamic forces is the activation of
a K* conductance [11], which has recently been identified
as a Kurp channel current [38]. Thus, upregulation of
Karp channel subunits suggests an adaptive response of
the EC to further changes in shear forces.

Another important role for K* channels in ECs is to
maintain a negative membrane potential upon agonist-
induced Ca?* influx [21]. Although the K channels dis-
cussed above participate in this response, ECs express a
specialized class of Ca®*-activated K* (K¢,) channels that
are particularly suited for this role. We examined several
members of the K¢, family. In keeping with the literature
[21], we found strong expression of subunits of members
with large conductance (BKc,; K¢c,1.1 or slo) and interme-
diate conductance (IKc,; Kc,3.1), the latter being strong-
ly upregulated by both shear levels examined. Shear-in-
duced upregulation of K¢,3.1 expression has also been
noted by others [12]. We could also detect the expression
of small-conductance (SK¢, or Kc,2.x subfamily) Ca?*-
activated K* channel subunits, which were amongst those
subunits that were most upregulated by shear forces
(fig. 2, 3). This suggests that transcriptional plasticity of
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the small-conductance Ca**-activated K* channels might
have a previously unidentified role in the adaptive re-
sponse of the EC to chronic changes in blood flow.

Ion channels that are selectively permeable to Cl™ ions
are ubiquitously expressed, and the EC is no exception
[21]. These channels are categorized into several func-
tional groups, which include those activated by voltage,
swelling, changes in cytosolic Ca**, and cyclic nucleo-
tides [39]. The molecular correlates of these functional
groups have not been completely resolved. We examined
a relatively small subset of CI” channel subunits and
found strong expression of CLC-3, CLC-4 and CLC-7,
which are CI/H* exchangers [40]. In contrast, we found
low expression levels of TMEM16A, a recently identified
subunit of a Ca®*-activated Cl~ channel. Only CLC-3 and
CLC-7 were upregulated significantly by flow-induced
shear, suggesting a role for Cl” channels in the adaptive
response of an EC to flow changes. Indeed, application of
shear stress induces rapid development of a Cl~ current in
ECs [41, 42].

Since ECs are nonexcitable, the expression of voltage-
gated channels may seem paradoxical. Nevertheless, a va-
riety of voltage-gated channels that are nonselective, or
specifically conduct Na*, CaZ* or K* ions, are expressed
in vascular ECs [21]. Voltage-gated K* channels can have
very important roles in nonexcitable cells (for example in
controlling T lymphocyte activation by K1.3 channels
[43]). We examined 7 voltage-activated K" (K;) channel
subunits and found relatively abundant expression of sev-
eral of these, in particular K,3.4, K;4.1 and K 9.3. It would
be of great interest to extend our screen to comprehen-
sively examine the large family of K channel subunits
[33]. An important potential role for K, channels in non-
excitable cells is to prevent excessive depolarization. As
the membrane potential depolarizes into the voltage
range where the K, channel activates, their opening will
minimize further depolarization and therefore clamp the
voltage to the activation threshold. In this regard, it is in-
teresting to note that the K, channels expressed in ECs
have very different activation voltages (K,4 and K,3 chan-
nels respectively activate at around -60 and -10 mV [33]),
which raises the possibility that these channels may serve
different roles in controlling the EC membrane potential.
It is of further interest to note that K,4.1 has been de-
scribed as molecular correlate of the oxygen-sensitive K*
channel in chemoreceptor cells of the rabbit carotid body
[44]. Its expression, and upregulation with shear forces,
suggests a similar role in the vascular endothelium. In
addition to the K, channel subunits, we also found sub-
units of the hyperpolarization-activated, nonselective
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cation channel (HCN2 and HCN4), which in other tissues
are involved in events such as pacemaking activity. These
channels are also important in a variety of other cellular
responses (e.g. in neurons they participate in motor learn-
ing, spatial learning and memory [45]) and their roles in
ECs remain to be elucidated. In addition to our gRT-PCR
data, the microarray data analysis revealed the electro-
genic Na* bicarbonate co-transporter 1 (NBC1; co-trans-
port of 2 HCO®* per 1 Na*) to be shear-regulated. Fur-
thermore, the Na*-K*-Cl" co-transporter (previously also
reported to be regulated by shear in HUVECs by 10 dyn/
cm? of laminar shear [46]) and the K*-Cl- co-transporter
4 expression levels were modified by shear. The two for-
mer subunits are electrically neutral; however, it seems
that the transporters that regulate the electrochemical
gradient of Na*, K" and CI" are, at least to some extent,
coregulated under different shear stress conditions.

Endothelial Ca** Homeostasis

One of the first, and perhaps the most important, re-
sponse of an EC when challenged with agonists or chang-
es in shear forces is an increase in cytosolic Ca?*, which
in turn controls events such as activation of proteins (e.g.
of eNOS), the release of vasoactive and immunoreactive
substances and activation of gene transcription pro-
grams. The control of cytosolic Ca?* is therefore of para-
mount importance and is orchestrated by ion channels,
exchangers and pumps. In addition to the ion channels
already discussed above, a rich variety of transport pro-
teins maintain cytosolic Ca%*, both directly and indirect-
ly. Of the limited set of subunits examined, we found sig-
nificant expression of those that mediate agonist-induced
Ca®* entry (such as TRP channels), those that are in-
volved in store-operated Ca** entry (ORAIl and STIM1),
and those that allow Ca®* entry when the membrane po-
tential is depolarized into their threshold potential (Ca,
channels). Additionally, we found strong expression of a
bidirectional Ca?* transporter, the Na*-Ca?* exchanger
(NCX1). It is interesting and informative that many of the
subunits involved in Ca?" transport pathways were up-
regulated by shear forces. This occurred in concert with
the upregulation of Ca**-activated K* channel subunits
that coregulate Ca®* influx (see above), which suggests
coordination of the transcriptional mechanisms involved
in controlling the levels of proteins implicated in Ca®*
handling.

As with the K, channels discussed above, many have
questioned the presence or relevance of voltage-activated
Ca?* channels in ECs. Our study provides no additional
clues in answering this question. Nonetheless, it is clear

Endothelial Flow Adaptation and Ion
Channel Remodeling

that some ECs (e.g. from bovine capillary and adrenal
medulla) express both T- and L-type Ca** transient cur-
rents that have the ability to mediate Ca?* entry [47, 48].
There is evidence that T-type Ca®* channels participate
in Ca®" influx resulting from shear stress in pulmonary
ECs [14, 49]. The latter result is interesting when consid-
ering that the T-type Ca?* channel subunit Ca,3.1 was not
only detected but also upregulated by 15 dyn/cm? shear.
Future studies must be directed at unraveling the link
between shear and Ca, channels.

The TRP channel family is of particular interest given
the important role that it has in regulating EC membrane
potential and Ca?* homeostasis [50]. We found several
members of the TRP channel families to be expressed in
HCAECs. Furthermore, the expression levels of many of
these were strongly affected by shear. This finding is in
keeping with the literature. For example, TRPV4 (a Ca**-
permeable nonselective cation channel) is activated by
various environmental factors, including flow (3-20 dyn/
cm?) [51]. We found TRPV4 expression to be increased by
shear. TRPM7, a nonselective cation channel with pre-
dominant permeability for Ca?* and Mg?*, rapidly trans-
locates to the plasma membrane in response to changes
in flow [52]. Interestingly, TRPM7 expression was also
increased by shear in our experiments. Our data point to
a potential role for other TRP channels in the adaptive
response of an EC to shear.

Channels Involved in Atherosclerosis

Continuous exposure to a physiologic range of shear
stress, especially to unidirectional laminar flow, pro-
motes the establishment of important physiological char-
acteristics of the artery wall, leading to an anti-inflam-
matory, antithrombotic, anticoagulative and antihyper-
trophic state, while itis involved in flow-mediated dilation
[5]. Alteration of the shear forces alters the biology of the
endothelial monolayer and subsequently the susceptibil-
ity of vessels to atherosclerosis. Ion channels that are di-
rectly implicated in the development of atherosclerosis
have not been identified. However, channels that are in-
volved in flow-mediated artery vasodilation, such as
TRPV4 [8] and K¢,3.1 [53] (which are upregulated in our
study by 5 dyn/cm? or both 5 and 15 dyn/cm?, respec-
tively) or inhibition of EC proliferation, such as TRPM7
[54] (upregulated by both shear levels), could be corre-
lated with atheroprotective effects.

Limitations
A technical limitation inherent in large-scale qRT-
PCR is that the analysis often does not correct for differ-
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ences in primer efficiency. Although this is possible (e.g.
by producing standard curves for each transcript and
primer pair), this procedure is impractical at large scale.
Thus, the relative expression of the various subunits
(fig. 1) should be interpreted with this limitation in mind.
Another obvious limitation of the present study is that we
measured transcriptional levels of ion channel subunits,
which may not correspond to the functional states of the
various ion channels, exchangers and pumps. Transla-
tional and post-translational processes may skew this re-
lationship. Nevertheless, our data provide valuable infor-
mation regarding the profiles and plasticity of groups of
ion channels expressed in ECs as the cells adapt to chang-
es in shear forces. Although we examined the expression
profiles of a relatively large number (about 60) channel
subunits, the reader should note that this represents only
avery small subset of the genes identified to date that en-
code subunits of channels, pumps and exchangers. The
total number of transcripts is even larger if one includes
events such as alternative splicing and RNA editing. Fi-
nally, although we used a relatively well established EC
primary line (HCAEC), there may well be important dif-
ferences when comparing these cells to freshly isolated
cells or to ECs in vivo.
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Conclusions

In conclusion, this study provides for the first time a
large-scale analysis of ion channel subunit expression in
ECs and how this expression is modified by shear stress.
The ion channel remodeling observed is substantial and
suggests that altered ion channel and transporter expres-
sion may significantly contribute to vascular pathology
associated with flow-induced alterations. Taken together,
results presented here contribute to the understanding of
endothelial ion channel regulation and could aid in elu-
cidating their roles in flow-associated diseases.
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