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Abstract. Human aortic endothelial cells (HAEC) re-
spond to flow with Ca2+ entry, activation of a nonselec-
tive cation channel, activation of a chloride channel, and
activation of a calcium-activated potassium channel.
Conversely, human capillary endothelial cells were un-
affected by similar flow rates. In HAEC the flow in-
duced cytosolic free calcium increase ([Ca2+] i) and the
ionic currents associated with it were sustained for up to
15 min after perfusion was stopped. In the absence of
extracellular Ca2+, fluid flow was unable to evoke the
[Ca2+] i increase or the increase in membrane currents but
the response could be restored by addition of extracellu-
lar Ca2+. Surprisingly, the flow response was inhibited
in 50% of the cells by inhibitors of nitric oxide produc-
tion. The results suggest that the sustained flow response
in HAEC may be partially mediated by nitric oxide pro-
duction and release.
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Introduction

Endothelial cells are ideally situated to respond to shear
forces resulting from the flow of blood. Endothelial cells
respond to these shear forces with increases in intracel-
lular Ca2+ and cGMP and release of vasoactive sub-
stances such as nitric oxide, endothelin, prostaglandin
and prostacyclin, as well as by induction of endothelial
transforming growth factor beta-1 [5, 6, 10, 22, 26, 32,
33]. Large vessels experience higher laminar shear
stress from blood flow across their inner surface than
capillary vessels that are exposed to low-velocity pulsa-

tile blood flow [6]. Ionic channels responsive to shear
stress and stretch have been described from large vessels
of bovine, porcine, and human umbilical cord endothelial
cells [16, 25, 27, 31]. Those activated by flow include an
inward rectifier type channel and activation of a nonse-
lective cation channel [27, 31]. These channels remain
activated as long as the shear stress is present but quickly
decay upon termination of flow. Increases in intracellu-
lar calcium in response to shear stress have also been
reported for endothelial cells but again these appear to
only last for the time the stress is applied [10]. An en-
dothelial cell’s response to blood flow may vary depend-
ing upon the vessel type and size, the animal species, and
the ion channels present [6, 29] as well as by the dynam-
ics of Ca2+ handling. We report here on a flow-activated
prolonged increase in intracellular Ca2+, mediated in part
by Ca2+ entry through a nonselective cation channel and
on the sustained activation of a chloride channel and a
calcium-activated K+ channel by flow in human aortic
endothelial cells (HAEC). We find that this flow re-
sponse is unique to HAEC as it is not found in human
capillary endothelial cells and that it is partially mediated
via the nitric oxide pathway.

Materials and Methods

CELL CULTURE

Human aortic endothelial cells (HAEC) and human capillary endothe-
lial (HCEC) cells were obtained from Clonetics and grown in endo-
thelial cell growth media (EGM™, Clonetics, Kirkland, WA). The
culture medium was changed each day and cells were split at 60–90%
confluence. The cells were used up to passage 6.

ELECTROPHYSIOLOGICAL MEASUREMENTS

Cells were recorded in whole-cell voltage clamp with the patch tech-
nique [14]. Patch electrodes were pulled from borosilicate glass (SutterCorrespondence to:F. Jow
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Inst. O.D. 1.0 mm, I.D. 0.5 mm) and had resistance from 3–6 MOhms.
The input resistance of cells at −60 mV measured in excess of 1
Gigaohm. Seal resistance was typically 20 Gigaohms or greater. All
recordings were done at room temperature. An EPC9 amplifier with
the acquisition program Pulse-PulseFit from HEKA (Lambrecht, Ger-
many) was used for recording, data acquisition, and analysis. Series
resistance compensation was used and currents were filtered at 3 KHz.
The standard pipette solution for whole-cell recordings was (in mmol/
l): 120 K-aspartate, 20 KCl, 0.05 EGTA, 5 HEPES (pH 7.2 with KOH),
5 Mg-ATP, 5 phosphocreatine-Na2, 1 MgCl2. In dual recordings 0.05
mM Fura2 acid was added in the standard pipette solution. The stan-
dard bath recording solution consisted of (in mmol/l) 140 NaCl, 5.4
KCl, 5 HEPES (pH 7.2 with NaOH), 15 dextrose, 1.8 CaCl2, 0.8
MgSO4, 0.4 KH2PO4, 0.3 Na2HPO4. Cells were activated with flow by
perfusing the 35 mm dish at a rate of 1 ml/min with the bath solution.
No differences could be seen in the cells’ response when they were
perfused over a range of 0.5–6 ml/min. No attempt was made to cal-
culate the shear force in dynes/cm−2 as this can only be accurately
determined for closed perfusion systems with laminar flow. Sodium
substitution experiments used a Na+-free bath solution in which
NMDG-Cl was substituted for NaCl in the standard bath solution.
Chloride substitution experiments used a reduced Cl− bath solution in
which NaMeSO3 was substituted for NaCl. Iberiotoxin (IbTx) was
purchased from Peptide Institute, NPPB (5 Nitro-2-(3-phenylpro-
pylamino)benzoic acid was from RBI, Fura2 acid from Molecular
Probes (Eugene, OR) and ionomycin and all salts from Sigma (St.
Louis, MO).

PHOTOMETRY

Intracellular Ca2+ was monitored simultaneously with patch clamp re-
cordings in some of the experiments. A T.I.L.L. Photonics (Germany)
photometer adapted for the EPC-9 (Applied Scientific Instrumentation)
was used to monitor the fura ratio. Calcium concentration was calcu-
lated from min/max, andKd values entered into the Pulse Fura program
and verified against a calcium calibration curve generated with Mo-
lecular Probes calibration kit F-6774. Calcium concentrations reported
with this technique represented the mean of four individual measure-
ments taken during the voltage ramp or pulse.

Results

Whole cell voltage clamp recordings from human aortic
endothelial cells (HAEC) had an average cell capaci-
tance of 56.6 ± 8.4 pF (n 4 80). The average resting
membrane potential of the cells, determined immediately
after break in was −50.45 ± 1.77 mV (n 4 23). Polar-
izing the cell from −120 to +100 mV from a holding
potential of −60 mV elicited both inward and outward
currents [17]. Figure 1 shows the response of HAEC to
continuous perfusion at 1 ml/min. Figure 1A shows the
whole cell currents activated before and after flow. The
currents were elicited in response to voltage steps from
−120 to +100 mV and had fast kinetics of activation with
little inactivation. In this cell the outward current in-
creased quickly (within 30 sec) with the onset of perfu-
sion and produced a twofold increase in outward current
7 min after flow. The perfusion was stopped and 7 min

later the current slowly reached the steady-state level
shown. Figure 1B andC are recordings from a different
HAEC loaded with Fura 2 acid through the pipette and
responding to flow. Figure 1B shows the change in in-
tracellular Ca2+ after initiation of flow. Underneath is
the current response during the same time plotted as peak
current at +100 mV and −120 mV. The activation of
inward and outward currents parallels the increase in
intracellular calcium. The current-voltage ramp in Fig.
1C illustrates the activation of both inward and outward
currents in this cell after perfusion and shows the large
shift in the zero current level from −62 mV to +3 mV.
The average increase in intracellular Ca2+ level in re-
sponse to flow was 11.5 ± 1.7-fold in 24 cells and the
shift in zero current potential was 63.8 ± 2.5 mV (n 4 5)
positive. The flow induced increase in current (and in-
tracellular Ca2+) decayed back to preflow levels 15 min
after perfusion was stopped in three cells where this was
examined.

Human capillary endothelial cells (HCEC) had simi-
lar baseline currents [17] but did not respond to flow
even at much higher rates (6 ml/min) (n 4 43). How-
ever large outward currents could be activated in them by
the Ca2+ ionophore A23187 (10mM) or by perfusion with
hypoosmotic external solution (197 mosmvs.300 mosm)
suggesting that ion channels were present but not acti-
vated by flow.

Figure 2 demonstrates that the flow-induced in-
crease in outward current in HAEC could be prevented
when external Ca2+ was buffered to low levels by addi-
tion of 10 mM BAPTA to the perfusate (Fig. 2B). A
return to normal 1.8 mM Ca2+ containing perfusate re-
stored the cell’s ability to respond to flow and a large
increase in outward current was immediately observed
(Fig. 2C). Similar results were seen in five additional
cells. After the perfusion was stopped the outward cur-
rents induced by flow remained as seen in Fig. 2D and in
two other cells where they persisted for up to 15 min.
Therefore, extracellular Ca2+ and flow are both required
to trigger the increase in outward currents that is then
maintained even in the absence of perfusion. In other
cells (n 4 3) changing from perfusion with normal bath
solution to bath solution containing no external Ca2+ (2
mM EGTA) produced a rapid decrease in intracellular
Ca2+ levels and flow activated ionic currents. This sup-
ports the role of external Ca2+ entry in maintaining the
flow response. Four cells recorded with 20mM BAPTA,
zero Ca2+ in the pipette solution and nominally free ex-
ternal Ca2+ failed to respond to flow. Interestingly, cells
recorded with pipette solutions containing 10 or 20 mM

BAPTA (n 4 5) or 10 mM EGTA (n 4 2) and zero Ca2+

in the pipette all responded robustly to flow with bath
solution containing normal external Ca2+ suggesting an
inability to buffer the pertinent intracellular calcium
stores through the recording electrode [3].
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Fig. 1. Human aortic endothelial cells (HAEC) response to shear stress induced by perfusion. (A) Current traces of a HAEC before and 14 min after
perfusion at 1 ml/min. Cell held at −60 mV and pulsed from −120 to +100 mV in 20 mV steps with a duration of 1 sec. (B) A different HAEC
showing the effect of perfusion on cytosolic Ca2+ concentration and currents are shown in the top and bottom panel, respectively. Ramp current
traces of 1 sec duration were elicited every 10 sec from −120 to +100 mV with a holding potential of −60 mV. Current data plotted as peak current
at −120 (squares) and +100 mV (circles). The dotted line occurs at 325 sec and allows for a comparison of the time for a significant increase in
[Ca2+] i vs. the time the ionic currents activateB. (C) Ramp current traces before and after perfusion for the same cell. Zero current level shifted
from −62 to +3 mV following perfusion.
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Figure 3 shows that the ionic currents elicited by
flow in HAEC were activated only when extracellular
Ca2+ levels were relatively high. Figure 3A shows
changes in intracellular Ca2+ from a HAEC loaded with
Fura2. In the presence of 0 mM extracellular Ca2+, flow
produced no increase in intracellular Ca2+ and no induc-
tion of ionic current (3B andC). Perfusion with 0.5 mM

Ca2+ produced a substantial increase in intracellular Ca2+

to a steady-state level of 120 nM but this level of intra-
cellular Ca2+ was unable to activate significant amounts
of ionic current. Perfusion with normal 1.8 mM Ca2+

solution increased intracellular Ca2+ levels to 230 nM and
induced large ionic currents (3B and C). This experi-
ment shows that extracellular Ca2+ entry is involved in

Fig. 2. The flow response of HAEC is dependent upon extracellular Ca2+. HAEC held at −60 mV and pulsed from −120 to 100 mV in 20 mV steps
of 1 sec duration. (A) Control in the absence of perfusion. (B) After perfusion at 1 ml/min with extracellular solution containing very low Ca2+ (10
mM BAPTA, no Ca2+ added). (C) Same cell now perfused with normal extracellular solution containing 1.8 mM Ca2+. (D) Same cell after termination
of flow in stationary solution.
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the flow response and that there is a threshold level of
intracellular Ca2+ required for induction of the flow
stimulated ionic currents.

We believe that one component of the ionic current
activated by flow is a nonselective current that is further
characterized in Fig. 4A. The large current-voltage plot
shows raw current traces from a HAEC ramped from

−120 to +100 mV before and after flow. Flow induced a
large increase in both outward and inward current and
shifted the reversal potential in the depolarizing direc-
tion. Following flow, substitution of external NaCl with
NMDG-Cl blocked the inward current and a good por-
tion of the outward current. This suggests that not only
is NMDG+ impermeant to the pore but that it also pro-

Fig. 3. Dependence of intracellular calcium
[Ca2+] i and flow-activated currents on external
Ca2+. [Ca2+] i and currents were measured as a
function of time from ramp current traces from
−120–100 mV for 1 sec. (A) [Ca2+] i (close
circles). (B) Outward current at 100 mV (open
circles). (C) Inward current at −120 mV (open
squares) before and after perfusion with bath
solution containing 0.5 mM Ca2+ and 1.8 mM

Ca2+. Initially the cell was resting in low Ca2+

bath solution (1.8 mM Ca2+ + 10 mM BAPTA).
The dotted lines occur at 170 sec and 580 sec,
and allow for a comparison of the time for a
significant increase in [Ca2+] i vs. the time the
ionic currents activate.
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Fig. 4. Fluid flow activates a nonselective cation current that reverses at +7 mV and is blocked by substitution of external Na+ with NMDG+. (A)
Ramp traces from −120 to +100 mV for 1 sec from a holding potential of −60 mV, in stationary bath solution (control), after perfusion (flow), and
after substitution of NaCl in the bath solution with NMDG-Cl. The NMDG+ sensitive difference current is shown in the inset and reverses at 7 mV.
Figure 4B shows raw current traces for another HAEC held at −60 mV and pulsed from −120 to +100 mV in 20 mV voltage steps. The cell started
in stationary solution, was perfused with normal external bath solution, and then perfused with bath solution containing 100mM Gd3+.
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duces a partial block of outward going K+ ions. The
inset plots the NMDG+-sensitive current from the same
cell after perfusion with NMDG+ and shows that it has a
reversal potential of +7 mV. NMDG+ was observed to
block the flow-activated nonselective current in three
other HAEC. Figure 4B shows raw current traces from
another HAEC before and after flow activation of ionic
currents. 100mM Gd3+ was added after induction of
flow-activated currents and it blocked them back to con-
trol levels seen before perfusion. Interestingly, block of
the nonselective cation current by substitution of external
Na+ with NMDG+ also caused a reduction in intracellular
Ca2+ levels by 24.2 ± 13% (n 4 5). This suggests that a
portion of the sustained increase in intracellular Ca2+

produced by flow is mediated through Ca2+ entry, pre-
sumably via this nonselective cation channel pathway.
This is illustrated in Fig. 5 for a HAEC that has been
switched from perfusion with normal bath solution to a
perfusate in which NMDG+ has been substituted for Na+.
NMDG+ blocked all of the inward and the outward cur-
rent that was presumably carried by the nonselective cat-
ion channel. This produced a fall in intracellular Ca2+

levels, supportive of a role for a nonselective channel in
a portion of the flow induced Ca2+ entry.

Figure 6A explores the possible contribution of a
chloride current to the flow-activated response. External
Na+ was substituted with NMDG+ during perfusion to
block the large nonselective cation current. The nonspe-
cific chloride channel blocker NPPB (100mM) was then
added to block the Cl− current so it could be differenti-
ated from the underlying K+ conductance. The NPPB-
sensitive current is shown in the inset and has a reversal
potential of −47 mV which is close to the predicted re-
versal of −48 mV for Cl−. NPPB was effective in block-
ing the flow-activated Cl− current in 5 cells that were
examined. In a different series of experiments NPPB
was shown to be ineffective in blocking the flow induced
increase in Ca2+ once it was activated, eliminating the
possibility that NPPB was blocking the Cl− current by
blocking Ca2+ entry. Figure 6B shows current step data
from another HAEC before and after activation of out-
ward current by flow. Following activation, the cell was
switched to an external solution containing the imper-
meant anion MeSO−3 that blocked much of the outward
current. This suggests that in this particular cell most of
the flow activated outward current was carried by a Cl−

influx presumably through a Cl− channel. MeSO−3
substitution for external Cl− reduced flow activated out-
ward currents in five cells that were tested.

The primary K+ current activated following flow is
the iberiotoxin sensitive calcium-activated K+ current.
Figure 7A shows ramp data from −120 to 100 mV in
normal solution (HBS) and after substitution of external
Na+ by NMDG+. NMDG+ appears to have blocked the
inward current through the nonselective cation channel

and also reduced the outward K+ efflux through the non-
selective channel. Application of 100 nM iberiotoxin
blocked most of the remaining outward current activated
by flow. The inward rectifier current seen at more nega-
tive potentials was not affected. Figure 7B shows indi-
vidual raw current traces from another cell before, after
flow, and after addition of 100 nM iberiotoxin. In this
particular cell most of the flow-activated current was
carried by the Ca2+ activated K+ channel which was sub-
sequently blocked by iberiotoxin. Iberiotoxin blocked a
portion (70.3 ± 7.7%) of the flow activated outward cur-
rent in four additional cells.

The increase in intracellular Ca2+ and ionic currents
during flow could be blocked by inhibitors of nitric oxide
synthase in a subset of cells tested (50%). Figure 8A
shows current traces before flow, after flow with external
solution containing 10mM L-NAME, and after perfusion
with normal external solution. The induction of ionic
currents by flow was prevented in the continued presence
of L-NAME for this particular cell. Figure 8B shows
Fura2 Ca2+ data from another HAEC before flow, after
flow with solution containing L-NAME, and for perfu-
sion with normal external solution (HBS). Figure 8C
shows simultaneous current data from the same cell for
peak currents seen at −120 and 100 mV. L-NAME was
effective in blocking both the increase in intracellular
Ca2+ and the subsequent induction of ionic currents in
50% of all cells tested with dual recording (n 4 8). In
five different experiments, another nitric oxide inhibitor,
10 mM L-NIO blocked the increase in intracellular Ca2+

in 50.7% of the cells studied (n 4 148).

Discussion

Endothelial cells are ideally situated to respond to shear
forces resulting from the flow of blood. The walls of
large aortic vessels are subjected to different shear and
stretch forces than are the walls of small arterioles or
capillaries [6]. Endothelial cells can respond to these
shearing forces with increases in intracellular Ca2+ and
release of vasoactive substances such as nitric oxide [6,
18, 26, 34, 36]. Human aortic endothelial cells (HAEC)
respond to the shear force produced from moderate (1
ml/min) perfusion of a 35 mm tissue culture dish, with a
sustained increase in intracellular Ca2+ and ionic cur-
rents. Conversely, human capillary endothelial cells
(HCEC) were unresponsive to flow (up to 6 ml/min)
although they have similar baseline currents [17] and do
respond to cell swelling and treatment with the calcium
ionophore A23187. It is attractive to postulate that the
differences seen between the human aortic and capillary
endothelial cells response to flow may reflect true dif-
ferences seen in vivo but such extrapolation from an
in-vitro cell culture system should be discouraged. The
studies presented here are from primary endothelial cells
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maintained in cell culture and that their complement of
ion channels and associated signaling pathways may be
modified from those in vivo.

The increase in ionic currents with flow in HAEC

can be divided into three components: (i) A nonselective
cation current that is blocked by NMDG+ and Gd3+ and
reverses at +7 mV. (ii) A voltage-dependent outwardly
rectifying Cl− current that reverses near ECl− and is

Fig. 5. Block of the nonselective cation current by NMDG+ also reduced the increase in intracellular Ca2+ produced by flow. (A) Shows intracellular
Ca2+ levels in a HAEC perfused with bath solution containing 0.5 mM Ca2+, 1.8 mM Ca2+, and after substitution of external Na+ with NMDG+.
Perfusion with 1.8 mM Ca2+ elicits a large increase in intracellular Ca2+ (A, solid circles) as well as increases in peak current at +100 mV (B,
triangles) and −120 mV (B, squares). Perfusion with bath solution containing 1.8 mM Ca2+ and NMDG+ substituted for Na+ blocks all of the inward
current and reduces the outward current and intracellular Ca2+ concentration. The dotted lines occur at 545 and 720 sec, and allow for a comparison
of the time for a significant increase in [Ca2+] i vs. the time the ionic currents activate.
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blocked by substitution of NaCl with NaMeSO3 and the
Cl− channel blocker NPPB. (iii) A calcium-activated po-
tassium current that is blocked by iberiotoxin. The in-
crease in ionic current is dependent on flow and ex-

ternal Ca2+. Increases in intracellular Ca2+ levels have
been associated with flow in bovine aortic [10, 32] and
human umbilical vein endothelial cells [31, 33]. The in-
crease in [Ca2+] i of HAEC is dependent on external con-

Fig. 6. Another component to the flow-activated current in HAECs is blocked by 100mM of the chloride channel blocker NPPB. (A) Ramp current
traces from a HAEC in stationary bath solution (control), following perfusion with NMDG-Cl perfusate, and after blocking the chloride current with
100mM NPPB. NMDG+ was substituted for external Na+ to block the nonselective cation channel that is also activated by flow. The NPPB-sensitive
difference current (in the continual presence of NMDG+) is shown in the inset. (B) Current traces from another HAEC in response to 20 mV voltage
steps from −120–100 mV from a hold potential of −60 mV, in normal stationary bath solution, after perfusion, and following perfusion with bath
solution in which NaMeSO3 is substituted for NaCl. MeSO3 is impermeant through many types of Cl− channels.
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centrations of Ca2+ and may be mediated through a flow
activated Ca2+ permeable channel [31]. We were unable
to detect the presence of such a Ca2+ current immediately
following perfusion, although the concurrent Ca2+ mea-
surement showed a clear increase in Ca2+ (Figs. 1, 3, 5
and 8). The inability to detect a Ca2+ current even
though intracellular Ca2+ is increasing has been de-

scribed in human umbilical vein endothelial cells for the
calcium release activated current (ICRAC) mediated in-
crease in intracellular Ca2+, where it was attributed to the
low magnitude and sustained nature of the presumed
Ca2+ current [11, althoughsee7]. The rise in intracel-
lular Ca2+ may directly activate the ionic currents we see
or initiate a cascade of intracellular processes that leads

Fig. 7. Iberiotoxin block of a flow-activated outward current from a human aortic endothelial cell. (A) Current voltage ramps from a HAEC before
(control) and after perfusion with normal bath solution (HBS). NMDG+ was substituted for external Na+ to block the nonselective cation channel
that is also activated by flow. Iberiotoxin at 100 nM blocked over 80% of the remaining outward current in this cell. Figure 7B shows raw current
traces from a HAEC held at −60 mV and pulsed from +100 to −120 mV in stationary, perfused solution, and perfused with 100 nM iberiotoxin. In
this particular cell most of the outward current after block of the nonselective current was carried by the iberiotoxin-sensitive current.
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Fig. 8. Nitric oxide synthase inhibitor, L-NAME blocks the flow-activated current and [Ca2+] i increase in subpopulation of HAEC. (A) HAEC held
at −60 mV and pulsed from −120 to +100 mV in 20 mV voltage steps. Control shows the cell in stationary solution, after perfusion with 100mM

L-NAME and after wash out of L-NAME with normal bath solution. [Ca2+] i (B, solid circles) and peak outward current at +100 mV (C, hollow
circles) and peak inward current at −120 mV (C, hollow squares)vs. time from the same cell.
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to the increase in currents. The inability of zero Ca2+ and
20 mM BAPTA or EGTA inside the pipette to block the
flow activation of currents taken together with the strict
dependence on external Ca2+ suggests that intracellular
Ca2+ release may not be involved and that the site of
increase of intracellular Ca2+ is localized to the entry
sites and the ion channels that are modulated, and are
inaccessible to bulk Ca2+ buffering through the pipette
[35].

A flow-activated, inwardly rectifying K+ current has
been described in cultured bovine aortic endothelial cells
[27]. We see no evidence for such a flow-activated in-
wardly rectifying K+ current from our cells as can be
seen by the overlapping inward rectifier current in Fig. 4
for a cell in stationary solution and after perfusion with
external NMDG+ to block the nonselective cation current
activated by flow. A shear stress-activated cation current
has been reported in human umbilical cord endothelial
cells. The current reverses at 1.5 mV in normal 1.5 mM

external Ca2+ bath solution and has a current-voltage
relationship similar to the one we observe in HAEC.
In contrast to our study the nonselective current activated
in that report was only present for as long as the flow was
maintained [31].

If such a nonselective cation channel is involved in
the HAEC flow response then it may be responsible for
a portion of the Ca2+ entry resulting in the sustained
levels of intracellular Ca2+ observed following flow (Fig.
5). Interestingly, the nonselective cation current we see
activated in these human endothelial cells following flow
is maintained well after the flow has stopped. It may be
that the channel is activated by flow and Ca2+ entry and
that its continued activation is dependent upon high lev-
els of local intracellular Ca2+ or other factors activated as
a result of Ca2+ entry. The current has several properties
that link it to the trp-like family of ion channels and there
has been a recent report identifying trp in bovine aortic
endothelial cells [3].

The flow activated NPPB sensitive chloride current
seen in this study has a reversal potential of −47 mV
which is close to the predicted Nernst potential of −48
mV based on 149/22 mM Cl− external and internal, re-
spectively. This chloride current differs from most
stretch- or swelling-activated Cl− currents as once it is
activated by flow it remains activated even when the cell
is returned to stationary solution.

There are no reports of flow-activated chloride chan-
nels from endothelial cells although osmotically sensi-
tive Cl− channels are found in many cell types [20, 21].
A Ca2+ activated Cl− current has been described in bo-
vine artery endothelial cells that appears very similar to
the flow-activated Cl− current we describe in HAEC.
These similarities include: the current kinetics are time
and voltage independent and the current voltage relation-
ship shows strong outward rectification [22, 23, 24]. In-

deed it seem reasonable to suggest that the flow-
activated Cl− current we see in these HAEC is due to a
Ca2+-activated Cl− channel.

The calcium-activated potassium current that is ac-
tivated following flow is likely to be the large conduc-
tance Ca2+ activated K+ channel (BKCA) based on its
sensitivity to iberiotoxin [2, 12]. The whole cell current
recordings of HAEC were “noisy” in appearance and had
noninactivating kinetics similar to BKCA channels re-
corded in other endothelial cell preparations [30].

Endothelial cells are known to contain nitric oxide
synthase and to release NO in response to flow [26].
The mechanism by which NO is released is still in dis-
pute with some groups claiming a Ca2+-independent
mechanism [9, 28] possibly via phosphorylation of NOS
[4] while others observe a more conventional mechanism
mediated by increases in intracellular Ca2+ [19, see8 for
review]. We consistently find that 50% of the HAEC
have their flow-induced response blocked by NO syn-
thase inhibitors applied either prior to the flow or simul-
taneous with it. We postulate that by blocking NO syn-
thesis we reduce calcium-independent NO release and
that NO feeds back onto the endothelial cells to induce
calcium entry and activation of ionic currents. In support
of this idea, the NO donor SMOC has been shown to
increase intracellular Ca2+ levels in a cultured human
umbilical vein derived endothelial cell line [13] possibly
through Ca2+ entry. The 50% response level may occur
because NO synthase inhibitors only block NO produc-
tion and not release and there may be alternate pathways
available for induction of flow dependent increases in
intracellular calcium and ionic currents.

In summary, flow increased intracellular Ca2+ levels
in HAEC through an unknown Ca2+ entry mechanism
and induces the activation of a nonselective cation cur-
rent that further contributes to Ca2+ entry. The overall
increase in intracellular Ca2+ activates a Ca dependent
chloride current, and a Ca2+ activated K+ current that is
blocked by iberiotoxin. In contrast human capillary en-
dothelial cells were insensitive to flow although their
intracellular Ca2+ and ionic currents can be increased by
cell swelling and Ca2+ ionophore. In the HAEC, the
flow activated currents, and the Ca2+ influx responsible
for the increase in intracellular Ca2+, are maintained well
after the flow is terminated. Inhibitors of NO are suc-
cessful in blocking both the flow activated current and
calcium increase in 50% of HAEC possibly through a
calcium independent NO pathway. The observation that
calcium entry can occur directly through the flow acti-
vated nonselective channel, and the activation of ionic
currents that may affect the driving force for calcium,
suggests that these flow activated ion channels could
play an important role in the increase in intracellular
calcium levels seen in the endothelial cell’s response to
flow [1, 15, 18].
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