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Endothelial cells (ECs) line the mammalian vascular system and
respond to the hemodynamic stimulus of fluid shear stress, the
frictional force produced by blood flow. When ECs are exposed to
shear stress, one of the fastest responses is an increase of K�

conductance, which suggests that ion channels are involved in the
early shear stress response. Here we show that an applied shear
stress induces a K� ion current in cells expressing the endothelial
Kir2.1 channel. This ion current shares the properties of the
shear-induced current found in ECs. In addition, the shear current
induction can be specifically prevented by tyrosine kinase inhibi-
tion. Our findings identify the Kir2.1 channel as an early compo-
nent of the endothelial shear response mechanism.

The response of endothelial cells (ECs) to their hemodynamic
environment is crucial for the regulation of vascular tone and

health, and is directly implicated in the formation of atheroscle-
rotic lesions in large vessels. Endothelial responses to shear stress
include changes in morphology (1), gene regulation (2), ion
currents (3–6), cellular messenger systems (6, 7), and release of
vascular factors (8, 9), but the mechanism by which ECs sense
shear is not yet understood.

A variety of ionic conductances are observed in electrophys-
iological studies of arterial ECs (10–14). The major endothelial
voltage-gated current has properties typical of a K� inward
rectifier current (13, 14): it is strongly inward rectifying with a
reversal potential near the K� equilibrium potential, its ampli-
tude is a function of the extracellular K� concentration, and it
is blocked by extracellular Ba2�. Initiation of laminar shear stress
(LSS) on ECs rapidly results in a K� current (3, 4), which has
inward rectifying properties, including block by Ba2�. This
shear-induced endothelial current is rapidly activated, its am-
plitude varies with the magnitude of the imposed shear stress and
remains constant throughout an applied steady shear, and it is
fully reversible on cessation of flow. At hyperpolarized potentials
the inward currents are large, but at depolarized voltages the
outward currents are relatively small. The molecular nature of
this shear-induced current is unknown.

We cloned a Kir2.1 K� ion channel from bovine aortic ECs
(11). Expression of this Kir2.1 clone in Xenopus laevis oocytes
resulted in an inward rectifying K� current (IK) that has prop-
erties similar to the major voltage-gated current present in
large-vessel ECs (13). The similarity of the cloned Kir2.1 cur-
rents to EC shear-stress currents suggests that Kir2.1 may play
a role in endothelial shear-stress response. Further support for
this hypothesis is given by work showing that the Kir2.1 gene is
necessary for endothelial vascular responses in the cerebral
artery (15). To test this hypothesis, we examined Kir2.1 currents
for response to shear.

Materials and Methods
Flow Apparatus. The experimental apparatus used to deliver the
fluid-shearing flow was designed to ensure laminar flow across
the oocyte surface. The pipette (1.5 mm i.d.) was such that the
inner diameter of the exit was 1.5 times the diameter of the
oocyte (1.0 mm), and the position of the pipette tip was
maintained to be within 0.5–1.0 diameter from the oocyte to

minimize the divergence of the flow before it reached the oocyte.
Placement of a pipette (1.5 mm i.d.) at a distance of less than one
pipette-opening diameter away from the cell produces exposure
to laminar flow (16). The Reynolds number Re was determined
to be between 14 and 80, which is well within the required range
for laminar flow of submerged jets (16), with the relation Re �
(��D)�� (where � � f luid density, � � average freestream
velocity, D � sphere diameter, and � � viscosity of water).
Visual observations verified that the flow field was smooth and
encompassed the oocyte. Flow was gravity driven, and the flow
rate was varied by adjustment of hydrostatic pressure. A com-
puter controlled the flow-switch valve during voltage-clamp
protocols. The approximate average shear stress on the oocyte
surface because of flow was calculated on the basis of the velocity
profiles for a laminar flow field around a sphere (17). For
Reynolds numbers Re in the range of 14–80, the coefficient of
drag on a sphere is Cd � 1. The relationship used to calculate LSS
is Fdrag � 1�2�A�2Cd (where A � cross-sectional area of sphere
and � � water density). The LSS � (Fdrag�surface area of
oocyte).

Molecular Biology and Cell Culture. Kir2.1 cDNA (11) and all
mutant constructions were transcribed for in vitro injection
experiments. B4H cells were prepared as stable transfectants of
HEK-293 cells by using Lipofectamine and pcDNA3.1zeo(�)
with the Kir2.1 clone in the NotI–HindIII sites. Kir2.1 deletion
mutation �382 was prepared by insertion of a termination codon
at residue 382 and removal of the downstream 47 codons
383–427. Kir2.1 deletion mutant �402 was made by insertion of
a termination codon at residue 402 and deletion of codons for
residues 403–427. Kir2.1 was digested with PflmI and BsaBI; the
fragment was isolated and cloned, and site-directed mutagenesis
was performed to mutate Y242 to an F residue. A BstEII and
NheI digestion fragment of Kir2.1 was used for site-directed
mutation of Y366 to an F. Mutated fragments were sequenced
and reinserted into the appropriate restriction-digested Kir2.1.
All mutations were confirmed by DNA sequencing. Site-directed
mutations of Kir2.1 were made by using QuickChange Site
Directed Mutagenesis (Stratagene).

Voltage Clamping. cDNA clones were transcribed in vitro; the
capped RNA was injected into defolliculated Xenopus laevis
stage V–VI oocytes. Oocytes were injected with either Kir2.1
cRNA (27 ng) or Kv1.1 cRNA (4 ng). They were two-
microelectrode voltage clamped after 2 days. Electrophysiology
recordings were made by using a Dagan TEV200 and analyzed
with PCLAMP software (18). Electrodes were 1–3 M�. IKS
amplitudes are reported as the averages � SEM. Extracellular
bath solution was ND38, composed of 38 mM NaCl, 60 mM KCl,
1.8 mM CaCl2, 1 mM MgCl2, 5 mM Hepes (pH 7.5), and 0.3 mM
niflumic acid. Where necessary, KCl was substituted for NaCl to
maintain osmolarity of solutions containing different K� con-
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centrations. The bath solution was constantly exchanged, and
shear stress was applied by using the apparatus shown (Fig. 1A).
Membrane capacitance was determined (18). Oocytes were
incubated overnight in normal buffer with one of the following
added to the buffer before clamping (18): 1 mM gadolinium (19),
1 mM amiloride (20), 0.5 mM H-7, 0.5 mM dibutyryl-cAMP, or
0.9 mM dibutyryl-cGMP. Ca2� levels were reduced (21). Neo-
mycin was used at 5 mM (22). Genistein and diadiazein were
injected to a final cytoplasmic concentration of 75 �M (23).
Phenylarsine oxide was used at 10 �M (24). B4H cells were
cultivated (25) with zeocin (0.2 mg�ml). For patch-clamp elec-
trophysiology (26), cells were plated on 35-mm Petri dishes
(precoated with poly-D-lysine) at a density of �104 cells per dish.
Cells were suitable for recordings for 2–3 days after plating. The
pipettes had resistances �2 M�, and approximately 75% of the
access resistance (range, 3–4 M�) was canceled electronically.
Extracellular solutions were composed of 5 mM NaCl, 150 mM
KCl, 1.8 mM CaCl2, 1 mM MgCl2, 10 mM D-glucose, and 5 mM
Hepes, pH 7.4. Internal solutions for filling pipettes were com-
posed of 134 mM KCl, 1 mM CaCl2, 2 mM MgCl2, 10 mM
EGTA, and 10 mM Hepes, pH 7.4.

Data are shown as mean � SEM. Statistical significance was
calculated with ANOVA followed by Dunnett’s test or Student’s
t test where appropriate. P � 0.05 was considered statistically
significant.

Results
Expression of a Shear-Sensitive Current in Oocytes Expressing Kir2.1.
Voltage-clamped Xenopus oocytes were exposed to shear stress
by laminar fluid flow (16) from a vertical pipette (17) (Fig. 1 A).
A voltage-clamped control cell displays very little current change
in response to the onset of flow (Fig. 1B). However, for an oocyte
expressing the Kir2.1 channel, and held at �40 mV, the onset of
flow increased the inward current (Fig. 1B). The difference

between current amplitude observed during zero-flow condi-
tions (IK) and current amplitude generated during applied flow
is called IKS (K� shear current). IKS amplitude was greatest at
hyperpolarizing membrane potentials (Fig. 1C). If the flow was
introduced elsewhere into the chamber (i.e., not directly on the
cell), then no shear response was observed (data not shown). The
solutions in the bath and perfusate were identical, bath level did
not alter the shear response, pipette movement did not give rise
to IKS, and high extracellular K� concentration precluded a
K�-washout effect.

A group of oocytes expressing Kir2.1 (�4,361 � 659 nA at
�40 mV, n � 8) exhibit IKS (�370 � 42 nA) (Fig. 1D). Oocytes
isolated from the same donors, but not injected with Kir2.1 RNA
transcript, displayed very little shear-induced current (�14 � 7.2
nA, n � 6). To determine whether oocyte expression of another
K� channel results in currents similar to IKS, a mouse Kv1.1 clone
(18) was tested. Oocytes expressing Kv1.1 (�5,498 � 150 nA, n �
8) were tested for shear-induced current at �40 mV, but only
small currents (similar to controls) were observed (�28 � 25 nA,
n � 8). Because the Kv1.1 channel is active at depolarizing
potentials, measurements were also made at �20 mV, where this
channel carries large outward currents (4,529 � 740 nA, n � 4);
still very little IKS-like current was observed (18 � 28 nA, n �
4). We conclude that IKS observed when cells expressing Kir2.1
are exposed to LSS is not a generic feature of K� channels.

Properties of the Shear-Induced Current. The characteristics of the
shear-induced current of Kir2.1 are displayed in Fig. 2. The
IKS�voltage (I�V) relation (Fig. 2A) exhibits large inward cur-
rents at potentials more negative than the K� reversal potential
(Erev � �30 mV), and smaller outward currents when the
applied voltage is elevated above the reversal potential. These
properties were also reported for the I�V relation of the shear-
induced current in ECs (3). The voltage dependence of IKS varies
with external K� concentration (data not shown). Ionic selec-
tivity of IKS was determined by measuring the reversal potential
at different extracellular K� concentrations. The reversal po-
tential shifts 55 mV per 10-fold change in [K�]o, as predicted by
the Nernst equation, which indicates IKS is carried predominately
by K� ions. The possibility that chloride conductance contributes
to IKS was tested by using the chloride channel inhibitors nif lumic
acid (0.3 mM) and 4,4	-diisothiocyanatostilbene-2,2	-disulfonic
acid (1 mM); they had no effect (data not shown).

The endothelial IKS varies with time and shear force magni-
tudes. Flows of a duration longer than 12 sec result in steady
levels of current induction (Fig. 2B). Short-duration flow (�2
sec) is not long enough to achieve a steady current level even
though IKS onset occurs rapidly (Fig. 2C). Flow cessation results
in decrease of IKS, but recovery to preshear current levels is much
slower than the rate of induction (Fig. 2C). Successive shear
applications result in IKS responses with magnitudes and activa-
tion kinetics similar to the initial response (Fig. 2C). Thus IKS in
oocytes does not display flow desensitization. Recovery time to
preflow current levels was found to vary (1–5 min) with oocyte
donors. To determine the dependence of IKS on shear magni-
tude, various force levels were applied. Current amplitude was
larger when the shear magnitude was increased (Fig. 2D). IKS
maximum was between 10 and 28.5 dynes�cm2 (Fig. 2E). LSS
required to achieve 50% of maximum IKS was 0.7 dynes�cm2,
which is similar to LSS at the half-activation observed (3) in ECs,
which is 0.75 dynes�cm2. The sensitivity of IKS to Ba2� was tested;
Ba2� is a widely used inhibitor of inward rectifiers. A typical IKS
(Fig. 2F, top trace) was inhibited by addition of Ba2� to the bath
(Fig. 2F, middle trace), and restored on Ba2� removal (Fig. 2F,
bottom trace). The average amplitude of IKS for oocytes sub-
jected to a LSS of 8.6 dynes�cm2 was �272 � 70 nA (Fig. 2G).
After addition of Ba2� to the bath solution, the amplitude of IKS
was reduced to 0 (Fig. 2G), and when the Ba2� was washed out,

Fig. 1. LSS induces currents in oocytes expressing the Kir2.1 channel. (A)
Experimental system showing an oocyte with two microelectrodes and the
flow pipette in position to apply the LSS. (B) Upper trace, current recorded
from a control oocyte, not expressing Kir2.1, when a steady flow is applied,
holding potential �40 mV; lower trace, current from an oocyte expressing
Kir2.1. The bar indicates the onset and duration of the flow. (C) The shear-
induced current is visualized by subtracting the current traces recorded during
flow from traces recorded in no-flow conditions. The oocyte was held at �20
mV with pulses from �50 to �90 mV in 10-mV steps. The difference current
shown here is for 8.6 dynes�cm2 shear force. (D) The average amplitudes of IKS

caused by an applied LSS of 8.6 dynes�cm2 at �40 mV in a bath of ND38 for
control oocytes (n � 6), oocytes expressing the Kv1.1 channel (n � 7), and
oocytes expressing the Kir2.1 channel (n � 8).
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the amplitude rapidly recovered to 96 � 7% of the original IKS

(�232 � 60 nA, n � 7). The sensitivity of IKS to Ba2� is consistent
with the premise that IKS arises from the Kir2.1 channel and is
not caused by another phenomenon such as increased nonspe-
cific current leakage caused by flow. In addition, IKS displays the
same inhibition by Ba2� as reported for EC IKS (3, 4).

The rate of IKS activation by shear was determined by mea-
suring �act (time from start of f low to half-maximal IKS) at LSS
of 1.2–14.8 dynes�cm2. The value of �act at a LSS of 3.7 dynes�cm2

(407 � 45 ms, n � 9) was similar to the value at 8.57 dynes�cm2

(390 � 91 ms, n � 5) or 14.8 dynes�cm2 (335 � 66 ms, n � 5).
At 1.2 dynes�cm2, �act was larger (720 � 75 ms, n � 4), which is
probably because the perfusion system equilibrates more slowly
at low shear magnitudes (data not shown). The value of �act does
not seem to vary with the magnitude of LSS. The rapid rate at
which IKS is induced by flow is similar to the rapid rate at which
EC IKS is induced (3, 4).

In summary, the IKS found in oocytes expressing Kir2.1 shares
the characteristics of ion selectivity, I�V, desensitization, Ba2�

sensitivity, kinetics, and response to shear-force magnitude with
those reported for the shear currents in bovine aortic ECs.

Expression of the IKS in HEK-293 Cells Transfected with Kir2.1. To
verify that the shear responsiveness of Kir2.1 is not limited to
oocytes, we expressed the channel in human 293 cells. A stable
transfectant of HEK-293 cells with Kir2.1, B4H, was found to
express currents with waveforms (Fig. 3A) and I�V properties
(Fig. 3B) consistent with those of Kir2.1. Cells were exposed to
fluid flow delivered from a 1.5-mm-i.d. pipette placed at a 45°
angle to the substrate. The bottom of the pipette was �1 mm
from the cell, and the flow rate was 5.7 ml�min, so the flow was
laminar at the pipette tip. This configuration produces a shearing
flow over the cell, but does not ensure that the flow is laminar.
In addition, the cell is so small (�0.05–0.1 mm diameter) that it
is not possible to position the pipette relative to the cell
sufficiently accurately to estimate the fluid velocity at the cell
and therefore the shear stress on the cell, which can be crudely
estimated to be between 3 and 7 dynes�cm2.

B4H cells exposed to this f low responded with an inward
current (Fig. 3C, Kir2.1). Applying the same flow to cells
transfected only with vector did not result in any IKS (Fig. 3 A and
C, control). The average response was a current increase of 18%
� 3% (n � 7) at �100 mV (Fig. 3D). Results from previous work
with bovine aortic ECs (4), which were subject to applied LSS of
5 dynes�cm2 in a flow chamber, showed a 40% current increase
at �140 mV. Thus, the B4H clone displays an IKS of the same

Fig. 2. IKS properties. (A) The IKS I�V relation for oocytes expressing Kir2.1
(external K� � 60 mM) at a LSS of 8.6 dynes�cm2. Cells were held at �40 mV,
and voltage pulses were 10-mV steps ranging from �50 to �90 mV for
100-msec duration. Currents shown are normalized (n � 9). (B) IKS attains a
steady amplitude during long (12 sec) applied flows of 8.6 dynes�cm2 when
cells are held at �40 mV. (C) Recovery from repeated shear applications. The
flow (8.6 dynes�cm2) was applied at time 0 as indicated by the bar. Total cell
current is shown. The oocyte was continuously clamped (�40 mV) through the
experiment. Currents are not shown during the long recovery times between
the dotted lines. (D) IKS induced by LSS of 3.7 dynes�cm2 (top trace) and 8.6
dynes�cm2 (lower trace). Both flows were applied for 8 sec, and the oocyte
recovered original IK amplitude between flow applications. Cells were held at
�40 mV. (E) Relation of IKS amplitude to the LSS magnitude. IKS amplitudes
were normalized to the maximum shear response of each oocyte. Each oocyte
(n � 6) was exposed to the entire range of stress, and response for each shear
was averaged (bars � �SEM) with holding potential of �40 mV. (F) Reversible
inhibition of IKS by extracellular Ba2�. IKS currents induced in Kir2.1-injected
oocytes by an applied LSS of 14.8 dynes�cm2 at a voltage of �40 mV in ND38.
Current traces for a typical Kir2.1-injected oocyte are shown in the top trace.
For the same oocyte, addition of 1 mM Ba2� to the bath solution completely
eliminates IKS when flow is applied again, but IKS recovers after removal of
Ba2� from bath solution. (G) Average amplitude of IKS for Kir2.1-injected
oocytes (n � 7) in response to flow, after addition of 1 mM Ba2�, and after
removal of Ba2�. Conditions were as in F.

Fig. 3. IKS induced in HEK-293 cells. (A) B4H cells are a stable transfectant of
the endothelial Kir2.1 clone into HEK-293 cells. Cell currents were recorded for
potentials ranging from �50 to �120 mV. The upper traces labeled control are
recorded from cells transfected with only the vector. The lower traces are
recorded from Kir2.1-transfected cells. (B) I�V relation shows the inward
rectification at hyperpolarizing potentials in B4H cells transfected with either
vector (control) or Kir2.1 DNA. (C) The difference currents obtained by sub-
tracting the total currents of cells subject to flow (2 dynes�cm2) from the
currents under stationary conditions. The top trace is from a control HEK cell
transfected with vector only; the lower traces are from a Kir2.1-transfected
cell, B4H. (D) The I�V relation from B4H cells recorded with and without LSS
(n � 7). The I�V is shown as normalized currents.
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order of magnitude as found in the bovine aortic ECs. The
difference in IKS is certainly affected by the differences in
experimental methods and may also be caused by differences in
cell geometry and B4H cellular components.

Shear-Induced Current Mechanisms. To explore the mechanism and
determine whether IKS is influenced by second messenger sys-
tems known to respond to LSS in ECs, IKS was measured in
oocytes exposed to reagents that activate or inhibit cellular
components (Fig. 4). The cell capacitance was measured to
determine whether LSS induces oocyte membrane changes. The
membrane capacitance of oocytes exposed to LSS (8.5 dynes�
cm2) was normalized to membrane capacitance during nonshear
conditions and was found to be equivalent (100% � 2%, n � 10).
Therefore, the cell membrane surface area is not appreciably
altered by LSS.

Gadinolium and amiloride inhibit mechanosensitive ion chan-
nels (19, 20). Their failure to alter IKS (Fig. 4) indicates that these
types of mechanosensitive channels are not involved. The Kir3.1
K� channel has been reported to display mechanosensitivity (27)
because of membrane stretch. To determine whether membrane
stretch was involved in the LSS response, IKS was measured in
oocytes exposed to hypoosmotic stress. IKS in normal osmotic
conditions (�411 � 91 nA, n � 5) was similar to IKS under
hypoosmotic conditions (�389 � 85 nA, n � 5). The Kir2.1 IK
at �70 mV was also measured under normal osmotic conditions
(�3,297 � 1,282 nA, n � 5) and was found to be similar to the

current under hypoosmotic conditions (�3,420 � 417 nA, n �
5). Therefore, membrane stretch induced by hypoosmotic stress
did not alter IKS or IK. The lack of effect of osmotic stress on the
Kir2.1 IK current has been reported (27).

Cellular Ca2� levels increase during shear and alter EC IKS
(12–14). Removal of intra- and extracellular Ca2� by internal and
external application of EGTA, respectively, had no significant
impact on IKS.

Cytoskeletal components may be involved in mechanosensi-
tive channels and shear responses (19). Kir2.1 channels have
been found to link to the cytoskeleton (28). To determine
whether the cytoskeleton acts as a transducer of force, IKS was
measured in cells exposed to various inhibitors. Neither the
microfilament inhibitor cytochalasin B nor the more potent
cytochalasin D had an effect on IKS (Fig. 4). To test further the
possible role of cytoskeletal protein interaction with Kir2.1,
deletion mutants (�382 and �402) were tested and found to
express IKS. These Kir2.1 mutations lack the postsynaptic density
protein, disc-large, zonulin-1 (PDZ) domain shown to interact
with the postsynaptic density protein�synapse-associated protein
(PSD�SAP) family (28–30). The microtubule inhibitor colchi-
cine had no effect.

Shear has been reported to alter phospholipase C and inositol
phosphate levels (12, 22). However, neomycin, an inhibitor of
both inositol phospholipid turnover and phospholipase C, did
not result in any large changes in the shear response (Fig. 4).

LSS activates a variety of EC protein kinases (7). Kir2.1
contains a potential protein kinase A (PKA) phosphorylation
site; thus, PKA activity may change IKS. PKA activation (by
cAMP) reduced IKS to 71%, but protein kinase G stimulation (by
cGMP) did not greatly alter IKS (Fig. 4). Conversely, the general
kinase inhibitor H7 did result in a reduction of IKS to 45% of that
of the controls (Fig. 4). If reducing the level of kinase activity
reduces IKS, then removal of the PKA phosphorylation site on
the channel would affect IKS. We tested a truncated deletion
mutant of Kir2.1, �382, lacking the PKA phosphorylation site,
but found the shear response intact (data not shown). If the
effects of kinase activity on IKS are due to actions on other cell
components, then the addition of endothelial mRNA encoding
such components may alter IKS. This idea was tested by coex-
pressing endothelial mRNA with Kir2.1 mRNA. Coexpression
resulted in higher IKS levels (129% � 22%) (Fig. 4), which could
be consistent with the mRNA enhancing the shear response. The
observed IKS elevation was not caused by more Kir2.1 channel
being expressed from EC mRNA, because the channel expres-
sion level from the EC mRNA was extremely low. Therefore,
other components may be involved in IKS. To determine whether
phosphotyrosine kinase (PYK) activity is required for IKS in-
duction, the kinase inhibitor genistein was injected, which pro-
duced a reduction (91% � 6%) of IKS (Fig. 4). The inactive
analog of genistein, daidzein (Fig. 4), did not inhibit IKS (97% �
25%). Because PYK activity may be required for IKS, tyrosine
phosphatase activity should also have an effect on IKS. The
tyrosine phosphatase inhibitor phenylarsine oxide was used to
treat cells before measuring IKS. The phosphatase inhibitor
treatment resulted in an increase in IKS (151% � 26%) (Fig. 4).
This result suggests that tyrosine phosphorylation may be nec-
essary to generate IKS. In summary, inhibition or activation of
second messenger systems did not result in significant (P � 0.05)
changes in the IKS amplitude; only kinase inhibition with H7 or
genistein produced significant IKS inhibition.

To determine whether genistein also inhibits the Kir2.1 inward
stationary current, we examined the current expression in con-
trol (DMSO-injected) and genistein-injected cells (Fig. 5A). The
currents found in the DMSO and genistein cells were indistin-
guishable (1.0 vs. 1.02) (Fig. 5A Right), which indicates that this
amount of genistein does not inhibit the Kir2.1 inward stationary

Fig. 4. Effects of pharmacological reagents on IKS. Results are normalized to
the IKS of control oocytes expressing Kir2.1 and exposed to LSS of 8.6 dynes�
cm2. The controls for each experimental condition were from the same donor
and were measured under identical conditions (see Materials and Methods).
Oocytes exposed to gadolinium or amiloride, inhibitors of stretch-activated
channels, still display IKS current. To reduce or eliminate any Ca2� elevation
caused by shear, EGTA was added to the perfusion solution and injected into
oocytes, but without effect. Microtubule or microfilament involvement was
tested by cytochalasin D, cytochalasin B, or colchicine. An inhibitor of inositol
phosphate release, neomycin, had no significant effect on IKS. To determine
whether some unknown factor was encoded in endothelial mRNA, mRNA (20
ng) was coinjected into oocytes, but this coinjection did not significantly alter
IKS amplitude. Activation of protein kinases A and G did not alter IKS amplitude.
Inhibition of protein kinase by H7 did result in a reduction of IKS amplitude.
Phosphotyrosine kinase (PYK) inhibition by genistein significantly reduced IKS

amplitude when compared with the inactive analog daidzein (P � 0.05). The
tyrosine phosphatase inhibitor phenylarsine oxide (PAO) did not inhibit IKS.
Each bar represents the average ratio, with error bar SEM (n � 6–20). Asterisks
indicate a significant difference between the control and experimental IKS

amplitude (*, P � 0.05).
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current, IK. Therefore, genistein can selectively separate IKS
from the stationary IK by specific inhibition of IKS.

Tyrosine Phosphorylation Site Mutations. Although these experi-
ments clearly indicate that PYK activity is necessary for IKS
induction, they do not identify the target of kinase activity. Two
possibilities exist. First, the simplest mechanism would be a
shear-activated kinase that directly phosphorylates the channel.
Second, the kinase could act on some other protein(s), which
then interacts with the channel, enabling the LSS response. To
determine which mechanism is used, we mutated the two
canonical PYK sites in the Kir2.1 channel at Y242 and Y366.
Both mutants resulted in reduced levels of stationary current as
compared with the control (Fig. 5B). At �60 mV the ratio of the
Y242F current to that of control was 0.64 � 0.1 (n � 6), and for
Y366F the ratio was 0.28 � 0.07 (n � 8). Shear induction of
Y242F was very similar to control levels (0.87 � 0.13, n � 6); so
the PYK site Y242 is not necessary for IKS response. Shear-
induced current from mutant Y366F only expressed 0.26 � 0.16
(n � 6) of control levels, but Y366F also expresses a reduced
amount of IK. Therefore, the PYK site Y366 influences both
stationary and IKS, but the Y366F mutant still exhibits IKS. Taken
as a whole, the data do not prove that a PYK is at an earlier step
in LSS signal transduction, but they do show that the channel
requires kinase activity for shear response. Furthermore, muta-
tion of PYK channel sites failed to prevent IKS expression.
Therefore, the required kinase activity could be acting on an
unrecognized site on the channel or on another protein.

Discussion
In this report we show that the endothelial K� ion channel Kir2.1
responds to LSS. The properties of the shear-induced Kir2.1
current are similar to the observed EC shear-induced current.
The shear response of Kir2.1 is consistent with endothelial
sensing of hemodynamic LSS. Physiologically, ECs undergo
membrane hyperpolarization in response to LSS (31). The
hyperpolarization precedes release of vascular factors such as
NO and endothelin. Membrane potential changes also influence
the level of cytosolic Ca2� (6) and subsequent gene expression
(32). Extracellular K� has also been suggested as being impor-
tant for vasodilatation (33). Elevation of external K� would shift
the inward rectifier properties to increase the Kir2.1 shear
response. The loss of Kir2.1 resulted in loss of K�-mediated
vasodilatation (15). The Kir2.1 channel is therefore a good
candidate for being an early and necessary element in the
endothelial LSS response.

Our results identify the molecular identity of a LSS-activated
K� channel. The results also suggest a mechanism for LSS-
induced regulation. PYK activity is required for the channel to
be LSS sensitive. IKS activation is prevented by PYK inhibition
but does not change the regular Kir2.1 IK. Therefore, the
LSS-induced current can be completely separated from the
regular Kir2.1 current. Results with Kir2.1 mutations indicate
PYK does not act on known phosphorylation sites. PYK may act
on other channel sites or another protein. Such a hypothesized
accessory protein could then interact with the Kir2.1 channel to
facilitate the response to shear. The rapid response to shear
implies that any accessory protein would need to be in close
proximity to the channel protein and kinase. Tyrosine phospha-
tase activity would dephosphorylate the kinase site on the
channel or accessory protein, thereby returning the channel to a
shear-unresponsive state. Phosphatase inhibition would keep the
channel in a shear-responsive state. The identities of other sites
or potential accessory proteins are unknown, but Kir2.1 channels
are known to interact with cytoskeleton proteins and to undergo
regulation by kinases.

Previous work has shown that Kir2.1 is regulated by phos-
phorylation. Specifically, Kir2.1 can be modulated by PKA (34,
35), protein kinase C (34, 36), receptor-activated PYKs (24, 37,
38), or phosphatases (24, 37, 38). The site of PYK modulation
was proposed to be Y242 (38). Recently, Tong et al. (24) also
found this site to be important for PYK regulation of the Kir2.1
channel and involved in down-regulation by way of internaliza-
tion. They also concluded that PYK activity is not acting directly
on the channel. The internalization mechanism proposed (24) is
most likely different, however, because we observed no oocyte
capacitance changes and no decrease in current levels, and the
time scales were different. Tyrosine phosphatase inhibitors
reduce the Kir2.1 currents in RBL and tsa cells (38). However,
the results reported here and in earlier studies (24, 38) do not
indicate any inhibition of Kir2.1 stationary currents in oocytes by
phosphatase inhibitors. Also, we did not observe genistein
inhibition of IK, perhaps because phosphorylation activity levels
differ between cell types. Recent work in signal transduction of
LSS has focused on PYK activity. We found that genistein
inhibits the LSS response just as LSS-induced kinases are
inhibited in ECs (39). This work establishes a link between LSS
signal transduction by kinase activation and by ion channels.

Inward rectifier function and localization are altered by non-
channel proteins. KATP channels are functionally altered by actin
binding in myocytes (40). But IKS was not altered by actin
disruption. G protein-coupled inward rectifier channels are
bound and modified by integrins (41). Inward rectifiers also
modify neuroblastoma cell integrin signaling (42). Endothelial
integrins are involved in LSS signal transduction (39). Integrin
PYK activity could be involved in LSS regulation of Kir2.1, but

Fig. 5. Effects of PYK inhibition and phosphorylation site mutations on
Kir2.1 currents. (A) Oocytes expressing Kir2.1 recorded at �60 mV. The am-
plitude of IK from DMSO-injected oocytes (1.0, n � 6) was used to normalize
the currents from genistein-injected oocytes (1.02 � 0.12, n � 8). The current
traces on the right are representative voltage-clamp traces of oocytes express-
ing Kir2.1 currents, which were injected with DMSO or genistein and were
held at �40 mV and clamped from �50 mV to �100 mV. (B) Mutations of the
Kir2.1 PYK phosphorylation sites were made for Y242F or Y366F. The means of
stationary IK are compared for mutant Kir2.1 channels and normal channels.
Current amplitudes were recorded at �60 mV for LSS of 8.6 dynes�cm2 and
were normalized by the average current amplitudes of controls (n � 8).
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Kir2.1 lacks the integrin protein interaction motif of RGD. In
neurons, the chapsyns or MAGUK protein family bind and
modulate Kir channels (28–30). However, the conserved
postsynaptic density protein, disc-large, zonulin-1 (PDZ)-
binding domain recognition sequence of Kir2.1 can be excluded
from LSS involvement on the basis of our studies of deletion
mutant expression. In nonneuronal cells, the scaffolding proteins
AKAP79 (43) and SAP97 (44) associate with Kir2.1. These
associations are also controlled by PKA activity. PYKs also
associate with SAP97 (45). The proposed accessory protein
could be a scaffolding-type protein that also exhibits regulation
by protein kinases and organizes channels as found in the
T-tubule system (44). In synaptic membranes, scaffolding pro-
teins bind and organize ion channels, receptors, kinases, and
enzymes such as nitric oxide synthase. We speculate that the rich
signaling of ECs also could use scaffolding proteins to keep

channels, receptors, kinases, and even nitric oxide synthase in
close proximity for rapid signal transduction.

The mechanisms used for signal transduction of mechanical
stimuli are not understood in most biological systems. This
report presents evidence that a Kir2.1 K� ion channel can act as
a LSS mechanotransducer, a significant and unique addition to
the known properties of inward-rectifying K� channels. Because
ECs express Kir2.1, and the endothelial shear current response
is very similar to the shear response displayed by the Kir2.1
channel, we suggest that endothelial shear current is caused by
modulation of the Kir2.1 channel.
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