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Abstract

Flow-mediated vasodilation is endothelium dependent. Wehy-
pothesized that flow activates a potassium channel on the endo-
thelium, and that activation of this channel leads to the release
of the endogenous nitrovasodilator, nitric oxide. To test this
hypothesis, rabbit iliac arteries were perfused at varying flow
rates, at a constant pressure of 60 mmHg. Increments in flow
induced proportional increases in vessel diameter, which were

abolished by LN-mono-methylarginine (the antagonist of ni-
tric-oxide synthesis). Barium chloride, depolarizing solutions
of potassium, verapamil, calcium-free medium, and antagonists
of the Kc. channel (charybdotoxin, iberiotoxin) also blocked
flow-mediated vasodilation. Conversely, responses to other ago-

nists of endothelium-dependent and independent vasodilation
were unaffected by charybdotoxin or iberiotoxin. To confirm
that flow activated a specific potassium channel to induce the
release of nitric oxide, endothelial cells cultured on micro-
carrier beads were added to a flow chamber containing a vascu-

lar ring without endothelium. Flow-stimulated endothelial cells
released a diffusible vasodilator, the degree of vasorelaxation
was dependent upon the flow rate. Relaxation was abrogated by
barium, tetraethylammonium ion, or charybdotoxin, but was

not affected by apamin, glybenclamide, tetrodotoxin, or oua-
bain.

The data suggest that transmission of a hyperpolarizing
current from endothelium to the vascular smooth muscle is not
necessary for flow-mediated vasodilation. Flow activates a po-

tassium channel (possibly the Kc. channel) on the endothelial
cell membrane that leads to the release of nitric oxide. (J. Clin.
Invest. 1991, 88:1663-1671.) Key words: Shear stress * endo-
thelium-derived relaxing factor * nitric oxide

Introduction

As blood flow increases through a conduit artery, the vessel
dilates (1). This phenomenon is directly dependent upon
changes in flow, rather than pressure, and is mediated by a

nonneurogenic local mechanism (2). The mechanism of flow-
mediated vasodilation is not well understood. Recently a num-

ber of groups have provided evidence that flow-mediated vaso-

dilation is dependent upon an intact endothelium (34). These
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investigators have proposed that vasodilation is mediated by
the endothelium-derived relaxing factor (nitric oxide), first de-
scribed by Furchgott and Zawadzki (7). Other investigators
have found specific ionic channels within the endothelial cells
to be activated by mechanical deformation of the membrane
(8, 9). Oleson et al. proposed that flow-mediated vasodilation
may be partly due to activation of an inwardly rectifying potas-
sium channel within the endothelium; the resulting hyperpolar-
ization is transmitted through gap junctions to the underlying
smooth muscle to contribute to the vasodilation (9).

In a previous investigation, we found that endothelial cells
exposed to shear stress released a diffusible vasodilator (10).
This endogenous vasodilator had the characteristics of nitric
oxide, in that the vasodilation was blocked by hemoglobin,
methylene blue, and L,N-monomethylarginine. To link our ob-
servations with those of Oleson et al., we proposed a unifying
hypothesis that flow activates a potassium channel on the endo-
thelium, and that activation of this channel leads to the release
of the endogenous nitrovasodilator, nitric oxide. The present
investigation was designed to test this hypothesis.

Methods

Preparation of blood vessels. NewZealand white female rabbits weigh-
ing 2-3 kg were anesthetized with intravenous sodium pentobarbital
(30 mg/kg). The thoracic aorta and iliac arteries were excised and the
tissue placed in cold physiologic saline solution of the following com-
position (mM): NaCl, 11 8.3; KCI, 4.7; CaCl2, 2.5; MgSO4, 1.2;
KH2PO4, 1.2; NaHCO3, 25.0; calcium disodium edetate, 0.026; and
glucose, 1 1.1. The vessels were cleaned of adherent connective tissue
and the aorta was cut into rings (5 mmin length) for study in the organ
and flow chamber experiments (below). Side branches of the iliac artery
were occluded using electrocautery, and the vessel cut into 15-mm
segments for study in the arteriograph (below). In some aortic rings, the
endothelium was removed by gentle rubbing with a watchmaker's for-
ceps inserted into the lumen.

Organ chamber studies. To study pharmacological responses in the
absence of flow, rings of rabbit thoracic aorta were suspended in organ
chambers filled with 25 ml of physiologic saline solution (37°C) aer-
ated with 95%0J5% CO2. Rings were connected to force transducers
(FTO3C; Grass Instrument Co., Quincy, MA) and changes in isometric
force were recorded continuously (Grass polygraph 79B). Over a 90-
min period the vascular rings were stretched to the optimal point of
their length-tension relationship (determined by periodically stimulat-
ing the tissue with 10-6 Mnorepinephrine). Subsequently, in all rings
the EC50 (concentration of drug inducing a half-maximal response) for
norepinephrine was determined by exposing the tissues to increasing
concentrations of norepinephrine, added to the organ chamber in half-
log increments in a cumulative manner. After a maximal response to
norepinephrine was obtained, the vascular rings were washed repeat-
edly with fresh physiologic saline solution until tension returned to the
previous baseline value. Tissues were then exposed to antagonists or
vehicle controls for 20 min. To study vasodilating agents, rings were
then contracted by the EC5o concentration of norepinephrine. After a
stable contraction was obtained, the tissue was exposed to cumulative
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increases in concentration of the vasodilator in half-log increments;
relaxations are expressed as a percentage of the response to the EC5,
concentration of norepinephrine.

Arteriograph studies. To study the effect of changes in flow upon
vessel diameter, iliac arteries were mounted in an arteriograph (Living
Systems Instrumentation, Burlington, VT), filled with oxygenated
physiologic saline solution at 370C. Both ends of the vessel were cannu-
lated by glass capillary tubing for perfusion with oxygenated physio-
logic saline solution. The proximal cannula was connected to a syringe
(driven by a pressure-servo system) that delivered the perfusate at a
constant luminal pressure of 60±2 mmHg. The outflow cannula was
connected to a flexible plastic tubing that was threaded through a
thumbscrew clamp. The resistance of the outflow tubing was varied by
adjusting the thumbscrew clamp. This system permitted rapid changes
in flow (0-5 ml/min) at constant pressure to be correlated with simulta-
neous measurement of vessel diameter. Changes in vessel diameter
were monitored by a video system consisting of a Leitz inverted micro-
scope, RCAvideo camera (RCA Electro-Optics & Devices, Lancaster,
PA), and video monitor. Midplane transverse diameters were mea-
sured with a caliper accurate to 0.01 mmdirectly applied to the video
screen. Absolute calibration was obtained before each experiment with
a micrometer grid placed at the level of the vessel. With this system,
highly accurate measurements of vessel diameter are obtained (11).
The images were stored on VHStape using a Panasonic VHSrecorder.
Before studying the effects of flow on the vessel, perfusate-containing
antagonists or vessel control was instilled intraluminally and incubated
with the tissue for 20 min under no-flow conditions. Subsequently the
vessel was exposed to 60±2 mmHg pressure under no-flow conditions,
and then contracted by adding norepinephrine (10-' M) or potassium
chloride (80 mmol) to the external bath. When the vessel diameter
stabilized at a pressure of 60±2 mmHg, flow was initiated. Flow was
measured by collecting the outflow from the distal cannula and weigh-
ing it on a Mettler scale. Vessel diameter was measured after 1 min of
flow stimulus. For each condition to which the vessel was exposed (i.e.,
control solution or antagonist), the flow stimulus was repeated two to
four times and measurements of vessel diameter and flow rate were
averaged. To determine the response to receptor-mediated vasodila-
tors, after contraction to norepinephrine, perfusate containing the va-
sodilator was instilled intraluminally and incubated with the tissue for
5 min in the absence of flow at a pressure of 60±2 mmHg, and measure-
ments of vessel diameter were repeated.

Microcarrier endothelial cell cultures. Endothelial cells were iso-
lated from bovine aorta using established techniques and were cultured
on a microcarrier system of negatively charged plastic beads (BiosilonR;
Nunc, Roskilde, Denmark) as previously described (12). Bovine aorta
endothelial cells were grown in DMEcontaining 25 MHepes and 10%
FCS. DMEwas composed of (mM): NaCl, 109; KCI, 5.5; CaCI2, 1.8;
MgSO4, 1.7; NaHC13, 51; NaH2PO4, 1.0; Fe(N03).9 H20, 3.6 X 10-3;
glucose, 30; sodium pyruvate, 1.0; and phenosulfonphthalein, 4.2
X 10-2. Cells were cultured for 1 wk, placed on microcarrier beads, and
then grown to confluence. Before use, the cells (on microcarrier beads)
were resuspended in fresh DMEwithout calf serum. Cells were then
drawn up and permitted to settle to a packed volume of 0.4 ml in a I -ml
Eppendorf pipette tip, and transferred to the flow chamber for study.

Flow chamber studies. If flow-mediated vasodilation is largely due
to a wave of hyperpolarization spreading from the endothelium to the
underlying vascular smooth muscle, intercellular connections (i.e., gap
junctions) would be required. Conversely, if flow-mediated vasodila-
tion is largely due to the release of a diffusible factor, intercellular con-
nections would not be necessary. To test the hypothesis that cell con-
tact with the vascular smooth muscle is essential for vasorelaxation by
flow-stimulated endothelial cells, a flow chamber was used (10, 13, 14).
This apparatus is a small jacketed glass chamber (2 cm3 volume, 1.5 cm

i.d.), containing a stainless steel stir bar, and is affixed to a magnetic
stirrer (Thermix 120MR; Fisher Scientific Co., Pittsburgh, PA). The
chamber is filled with oxygenated physiologic saline solution at 37°C.
A vascular ring mechanically denuded of endothelium is suspended on

two stainless steel prongs, one attached to a force transducer and the

other to a displacement micrometer. Changes in isometric force are
recorded continuously (Grass polygraph 79B). The vascular ring is im-
mersed in the flow chamber and contraction induced by the addition of
norepinephrine (10-6 M) to the solution in the presence of antagonist
or vehicle control. Once the contraction has stabilized, bovine aortic
endothelial cells on microcarrier beads (EC) are added to the chamber.
Vortical flow is then induced by activation of the magnetic stirrer. The
flow velocities generated by this system (measured by laser Doppler
velocimetry) induce endothelial shear stresses of 0.1-0.4 dyn/cm2. This
shear stress is well within the range of values attained in conduit vessels
in vivo. Under these conditions, endothelial cells release a vasodilator
that also inhibits platelet aggregation (10, 13, 14).

Drugs. The following drugs were used: acetylcholine chloride, apa-
min, barium chloride, glybenclamide, norepinephrine hydrochloride,
ouabain octahydrate, saponin, sodium nitroprusside, tetrodotoxin, ve-
rapamil hydrochloride (Sigma Chemical Co., St. Louis, MO), sodium
pentobarbital (Abbott Laboratories, North Chicago, IL), L,N-mono-
methyl-arginine sulphonate (Calbiochem-Behring Corp., San Diego,
CA), tetraethylammonium chloride (Kodak Laboratory and Specialty
Chemicals, Rochester, NY), and charybdotoxin and iberiotoxin
(kindly provided by Dr. Maria Garcia, Merck Sharpe & Dohme Re-
search Laboratories, West Point, PA). Glybenclamide and LN-mono-
methylarginine were dissolved in 50% ethanol; all other agents were
soluble in distilled water or physiological saline solution. In experi-
ments employing L,N-monomethylarginine or glybenclamide, the con-
trol vessel was exposed to the same concentration of vehicle. When
barium chloride was employed, the physiologic saline solution was
modified to increase the solubility of barium by replacing KH2PO4and
MgSO4with equimolar concentrations of KCI and MgCl, respectively.
In experiments employing BaCl, the control vessel was exposed to this
modified saline solution. In flow chamber experiments employing oua-
bain, endothelial cells were separately incubated for 20 min with physio-
logic saline solution alone, or that containing ouabain (5 X 10 -6 M); the
cells were then transferred to the flow chamber for study. This was done
to avoid the effects of ouabain on smooth muscle tone (15).

Data analysis. In the organ and flow chamber studies, the tension
remaining after exposure to vasodilators is expressed as percent of the
initial contraction to norepinephrine. Responses to vasodilators were
analyzed by determining the EC.0 (concentration of drug-inducing
half-maximal relaxation, expressed as the negative logarithm) and the
maximal response (the tension remaining after maximal vasodilation,
expressed as a percentage of the initial contraction to norepinephrine).
All experiments in the flow and organ chambers employing antagonists
were performed with simultaneous controls.

In the arteriograph, tissues were exposed to norepinephrine (10-5
M), or in some experiments KCI (8 X 10-2 M). Whenthe vessel diame-
ter stabilized (after 20-30 min) at a luminal pressure of 60±2 mmHg
(in the absence of flow), a baseline diameter was recorded. Changes in
vessel diameter with flow are expressed as a percentage of this baseline.

Data are expressed as mean±SEM, and comparisons are made us-
ing paired t tests; where multiple means were compared, an analysis of
variance was performed followed by a Neumann-Keuls test unless
stated otherwise. A P value < 0.05 was accepted as statistically signifi-
cant.

Results

Arteriograph studies. After exposure to norepinephrine (i0-5
M) and at a constant pressure of 60±2 mmHg, flow induced an
increase in the diameter of the iliac artery which was directly
proportional to the rate of flow (Fig. 1). Removal of the endo-
thelium abolished the vasodilation to flow as well as that to

acetylcholine iO-7 M, but did not affect the response to nitro-
glycerine (Fig. 2). The antagonist of arginine metabolism,
L,N-monomethylarginine (1O-' M) reversed flow-mediated va-

sodilation to a vasoconstriction (Fig. 3). L,N-monomethylar-
ginine did not affect contractions to norepinephrine (Table I).
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Figure 1. Fow-mediated vasodilation is proportional to the flow rate,
and is blocked by charybdotoxin (arteriograph studies). Increments
in flow-induced proportional increments in vessel diameter under
control conditions (.; linear regression values of r = 0.66, P = 0.003).
In the presence of charybdotoxin (10-' M), increments in flow were
no longer associated with increases in vessel diameter (o; linear re-
gression values of r = -0.33, P = NS).

Flow-mediated vasodilation was also reversed by barium
chloride (l0-3 M) and by depolarizing solutions of potassium
chloride (8 x 1O-2 M) (Fig. 3). The abolition of flow-mediated

vasodilation was not due to changes in vascular smooth muscle
tone, since contractions to norepinephrine were not altered by
barium (Table I). Likewise, when depolarizing solutions of po-
tassium chloride were substituted for norepinephrine the con-
tractions induced were not different from those to norepineph-
rine (Table I).

Nanomolar concentrations of iberiotoxin or charybdotoxin
also reversed flow-mediated vasodilation (Figs. 1 and 3). Con-
versely, vasodilation to acetylcholine chloride (l-7 M) and
sodium nitroprusside (1I-' M) was preserved in the presence of
charybdotoxin 1o-8 M(data not shown). Likewise, iberiotoxin
(10-9 M) did not impair vasodilation to acetylcholine chloride,
l0-7 M(17.8±4.1 vs. 12.0±2.8% increase in vessel diameter,
control vs. experimental group, P = NS). Low concentrations
of verapamil (10-9 M, 10-8 M) that did not affect the contrac-
tion to norepinephrine (Table I) also inhibited the flow re-
sponse (Fig. 4). The reversal of flow-mediated vasodilation by a
higher concentration of verapamil (1 0-7 M) was not due to an
inability of the vessel to relax further, since addition of vera-
pamil (l0-5 M) in the absence of flow induced a further in-
crease in the vessel diameter (11.8±4.7%, n = 4). This effect of
verapamil was probably due to inhibition of extracellular cal-
cium entry, since removal of calcium from the perfusate also
blocked flow-mediated vasodilation (Fig. 5). Abolition of flow-
mediated vasodilation by the potassium channel antagonists or
by the inhibitor of nitric oxide synthesis was not due to differ-
ences in flow rates or changes in vessel response with time
(Table I, Fig. 3). With the exception of charybdotoxin and the

FLOWMEDIATEDVASODILATION: Figure 2. Photographs of original records from one
ENDOTHELLUMDEPENDEN experiment, representative of five, demonstrating

that flow-mediated vasodilation is endothelium
INTACTENOWHELM ENWTHELIALDEMlDATN dependent.

Intact endothelium (first two columns): (a)
FLOW (ml/min) 0 FLOW (ml/min) 2 FLOW (mlmin) 0 FLOW (mlmin) 2 Rabbit iliac artery segment contracted by norepi-

VEH VEH VEH VEH nephrine 10-6 M. Intraluminal perfusate flow is
a * e F 0 ml/min. Intraluminal pressure is 60 mmHg, and
U.;_R- I s was held at this level throughout the experiment.

I_;_- (b) Immediately after recording the previous pho-
tograph, the flow of perfusate (physiological saline
solution; VEH) was increased to 2 ml/min for 2
min and this photograph recorded. The vessel has
visibly dilated. (c) Flow is discontinued and the

VEH ACH 10-7 VEH ACH 10-7 vessel returns to its preconstricted diameter over
30 min. (d) Immediately after recording the pre-

U aw;-e| ffi- 9 vous, photograph, perfusate containing acetylcho-
,. -m line 10-' Mis instilled into the lumen. The vessel

U 5 _ :has visibly dilated. After endothelial denudation
(last two columns): (e) After these observations

3;x}_fj=_ _ were made, the endothelium of this vessel was re-
moved using saponin. The vessel was again con-
tracted by norepinephrine 10-6 M, and this pho-
tograph was taken when the contraction had sta-

FLOW (ml/min) 0 FLOW (ml/min) 2 bilized at an intraluminal flow of 0 ml/min and a
VEH NTG 10-5

VEH=VEHICLE 3 pressure of 60 mmHg.(This record is repeated in
ACH=ACETYLCOUNEe 1the third column for ease of comparison to subse-

ACH CETLCHOUNE._ quent records.) (f) Immediately after recording
NTG=NITROGLYCERINE the previous photograph the flow of perfusate was

increased to 2 ml/min for 2 min and this photo-
graph taken. Flow-mediated vasodilation has been

5 abolished. (g) Subsequently the vessel is perfused
with physiological saline solution containing ace-

tylcholine 10-' M. The endothelium-dependent vasodilation to this agonist has been abolished. (h) Subsequently the vessel is perfused with
physiological saline solution containing nitroglycerin (10-s M). The response to this exogenous nitrovasodilator is preserved.
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Figure 3. Flow-mediated vasodilation is abolished by inhibitors of
potassium channel activity and of nitric oxide synthesis. Pressurized
perfused iliac arteries contracted by norepinephrine IO-' Mdilated
in response to increases in flow. After flow was discontinued, perfus-
ate containing drugs or solvent controls was instilled intraluminally
and incubated with the vessel for 20 min under no-flow conditions.
The vessel was then exposed to the flow stimulus again. Whenthe
perfusate contained L,N-monomethylarginine I0` M(LNMMA),
barium chloride lO-' M(BaCI), charybdotoxin I0-' M(CTX), or
iberiotoxin 10-' M(IBX), flow-mediated vasodilation was blocked
(dark bars) in comparison to vehicle controls (open bars). Whenpo-
tassium chloride 8 X 10-2 M(KCl, dark bar) was substituted for nor-
epinephrine (open bar), flow-mediated vasodilation did not occur.
Time (first flow stimulation, open bar; second flow stimulation, dark
bar) had no effect on vascular response. For each condition to which
the vessel was exposed, the flow stimulus was repeated two to four
times, and measurements of flow rates and vessel diameter averaged
for each vessel (see Table I). *Significantly different from paired con-
trol, P = 0.01. **Significantly different from paired control, P< 0.001.

highest concentration of verapamil (10-7 M), the antagonists
did not affect vessel diameter before flow, in comparison to
vehicle controls (Table I).

Organ chamber studies. To determine whether potassium
channel antagonists affect endothelium-dependent or indepen-
dent relaxations of rabbit thoracic aorta in the absence of flow,
responses of vascular rings (with endothelium) were studied in
the organ chamber. Sodium nitroprusside induced concentra-
tion-dependent relaxations of vascular rings that were unaf-
fected by tetraethyl-ammonium ion, barium, or charybdotoxin
(Table II). Likewise, iberiotoxin (10-9 M) did not affect relax-
ation to nitroglycerin (Table III). Contractions to norepineph-
rine were unaffected by barium or the other antagonists (Tables
II and III).

Acetylcholine is known to induce relaxations in vitro that
are dependent upon the presence of endothelium (7). In the
presence of tetraethylammonium ion, relaxations to acetylcho-
line were observed but the maximum response was slightly
decreased (Table II). Barium ion, charybdotoxin, or verapamil
had no effect on the EC50 or maximal response to acetylcholine
chloride (Tables II and IV). Likewise, iberiotoxin (I0-' M) did
not affect endothelium-dependent relaxation to acetylcholine
chloride, adenosine diphosphate, or calcium ionophore (Ta-
ble III).

Flow chamber studies. The arteriograph studies suggested
that activation of an endothelial potassium channel and the
release of nitric oxide were necessary for flow-mediated vasodi-
lation. To determine whether flow-mediated activation of a
potassium channel plays a role in the release of nitric oxide,
endothelial cells cultured on microcarrier beads were stimu-
lated by flow in the absence or presence of a variety of potas-
sium channel antagonists. Under control conditions, relax-
ation of the ring occurred, the degree of which was directly
related to the endothelial shear stress induced by flow (Fig. 6);

Table I. Vessel Diameter and Flow Rates in the Presence of
Antagonists (Arteriograph Studies)

Vessel diameter
Condition before flow Flow rate

'sm* ml/mint

Control (n = 4) 1,380±70 2.9±0.4
Time control (n = 4) 1,450±70 2.8±0.6
Control (n = 3) 1,260±50 1.7±0.5
In the presence of LNMMA

(n = 3) 1,300±70 2.0±0.6
Control (n = 5) 1,320±30 2.4±0.4
In the presence of BaCl

(n = 5) 1,290+50 2.5±0.3
Control (n = 3) 1,420±160 3.7±0.1
In the presence of KCI

(n = 3) 1,360±180 2.9±0.4
Control (n = 5) 1,630+40 2.2±0.3
In the presence of CTX

(n = 5) 1,460±405 (P = 0.004) 2.1±0.3
Control (n = 4) 1,340±120 2.2±0.2
In the presence of IBX

(n = 4) 1,360±170 2.2±0.2
Control (n = 6) 1,250±90 2.0±0.3
In the presence of

V 109M(n = 4) 1,330±120 2.0±0.3
V lo-8 M(n = 4) 1,380±100 2.0±0.3
V 10-' M(n = 4) 1,380±90§ (P = 0.005) 2.0±0.3

* Vessel diameter after exposure to norepinephrine (10-s M) at a
pressure of 60±2 mmHg and at a flow rate of 0 ml/min. The excep-
tion is where KCI (8 X 10-2 M) was substituted for norepinephrine.
In these experiments vessel diameter after exposure to norepinephrine
(control) was not different from that with KCI.
* For each condition to which the vessel was exposed, the flow stimu-
lus was repeated two to four times, and measurements of flow rate
and vessel diameter averaged.
§ Significantly different from paired control value (P value in paren-
theses).
Abbreviations: BaCQ, barium chloride (10-3 M); CTX, charybdotoxin
(l0-" M); IBX, iberiotoxin (10-' M); KCI, potassium chloride (8
X 10-2 M); LNMMA,L,N-monomethylarginine (10-' M); V, vera-
pamil.

this relaxation was completely antagonized by barium (IO-' M;
Fig. 6) or by tetraethylammonium ion (10-3 M; Table V).
Charybdotoxin (10-i M) also reversed flow-mediated relax-
ation (Fig. 7), whereas glybenclamide (10-5 M), tetrodotoxin

0i-
~-EI1.5

3E
w N
I-
w

5
CI
C)
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10

5

-5
10M

Figure 4. Calcium de-
pendency of flow-me-
diated vasodilation.

O VEHICLE Same protocol as illus-
* VERAPAMIL trated in Fig. 2. Vera-

pamil (V; dark bars) in-
duced a dose-dependent
inhibition of the flow
response when it was

1 J1 _ added to the perfusate.
*, **Significantly differ-
ent from vehicle control

* * (CTRL; open bar), *P
8M 10CM < 0.05, **P < 0.005.

1666 J. P. Cooke, E. Rossitch, Jr., N. A. Andon, J. Loscalzo, and V. J. Dzau

15r

w

-5



FLOWMEDIATEDVASODILATON:

DEPENDENCYUPONCALCIUMAVAILABILITY

F(ml/min) P(mm/Hg)
0 60

F(ml/min) P(mm/Hg)
5 60

Figure 5. Photographs of original records from
one experiment, representative of five, demon-
strating the calcium-dependency of flow-me-
diated vasodilation. (a) Rabbit iliac artery seg-
ment contracted by norepinephrine 10-6 M. In-
traluminal perfusate flow is 0 ml/min.
Intraluminal pressure is 60 mmHg, and was

held at this level throughout the experiment. (b)
Immediately after recording the previous photo-
graph, the flow of perfusate (physiological saline
solution; PSS) was increased to 5 ml/min for 2
min and this photograph recorded. The vessel
has visibly dilated. (c) Flow is discontinued and
the vessel returns to its preconstricted diameter
over 30 min. (d) Immediately after recording the
previous photograph, the flow of perfusate (cal-
cium-free saline solution; 0 Ca) was increased to
5 ml/min for 2 min and this photograph re-

corded. Flow-mediated vasodilation has been
abolished. In two other experiments, calcium
was readded to the perfusate, and the flow re-

sponse was largely restored.

(l0-' M), apamin (l0-' M), and ouabain (5 X 10-6 M) had no

effect (Table V).

Discussion

The present study demonstrates that flow induces the endothe-
lium to synthesize and release an endogenous nitrovasodilator.
More importantly, this investigation reveals for the first time
that the release of this nitric oxide by flow is dependent upon

activation of a potassium channel on the endothelial cell mem-

brane. Barium or depolarizing solutions of potassium inacti-
vate most potassium channels and are also known to inactivate
the endothelial potassium channel activated by shear stress (9,
16). In our investigation, these agents reversed flow-mediated
vasodilation to a vasoconstriction, suggesting that a potassium
channel is involved in the response. Our additional studies sup-

port the hypothesis that the channel involved in the flow re-

sponse is the calcium-activated potassium (Kc) channel. Tet-
raethylammonium ion (1 mM) markedly reduces the open-

state probability and single-channel conductance of the K<,
channel, whereas many other potassium channels (such as the
ATP-sensitive inward-rectifier) are insensitive to this concen-

tration of tetra-ethylammonium ion (17, 18). Charybdotoxin is

a potent antagonist of the Kc. channel without any activity
against sodium channels, L- or T-type calcium channels, or a

variety of other potassium channels (19, 20). However, it also
inhibits the voltage-dependent potassium channel found in
lymphocytes; an intermediate conductance calcium-activated
channel in Aplysia neurons; and, as expressed in oocytes, the
Shaker channel as well as a neuronal A-type channel (20-23).
Therefore, the observations that tetraethylammonium ion and
charybdotoxin block flow-mediated vasodilation suggest that
the Kc. channel is involved, but do not entirely rule out a role
for other channels.

By contrast, iberiotoxin is highly selective for the Kc. chan-
nel and does not inhibit the other charybdotoxin-sensitive po-
tassium channels (24). In nanomolar concentrations, iberio-
toxin blocked flow-mediated vasodilation. As further evidence
that the Kc channel is involved, other potassium channel an-

tagonists had no effect on flow-mediated vasodilation. Specifi-
cally, glybenclamide (the antagonist of the ATP-associated po-
tassium channel), apamin (the antagonist of the low conduc-
tance calcium-activated potassium channel), tetrodotoxin (the
sodium channel antagonist which also blocks the sodium-acti-
vated potassium channel), and ouabain (the antagonist of so-

dium, potassium, ATPase) had no effect. The most likely expla-
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Table II. Effect of Potassium Channel Antagonists upon Endothelium-dependent and -independent Vasorelaxation (Organ Chamber
Studies)

Response* to sodium nitroprusside Response* to acetylcholine

Maximal Maximal
Condition Contractiont EC50 response Contractiont EC50 response

g -log M % g -log M %

Control (n = 6) 7.5±0.6 6.5±0.3 0 7.5±0.6 7.3±1.4 43±10
In the presence of TEA

(n = 6) 7.4±0.7 6.5±0.8 1±1 6.8±0.8 - 65±4
In the presence of BaCi

(n = 6) 7.5±0.8 6.6±0.4 0 5.0±0.6 7.5±0.5 52±4
In the presence of CTX

(n = 6) 7.6±0.3 5.8±0.9 0 7.7±0.3 7.9±0.3 54±7

* Expressed as the ECo (concentration of drug, in -log M, inducing a half-maximal response) and as the maximal response (the tension re-
maining after maximal vasodilation, expressed as a percentage of the initial contraction to norepinephrine). Where the maximal response was
depressed, an ECso was not calculated (37). t Isometric force (measured in grams) generated in response to the EC50 concentration of norepi-
nephrine. I Significantly less relaxation in comparison to control, P = 0.05. Abbreviations: TEA, tetraethylammonium ion (10-' M).

nation for these results is that the high conductance calcium-
activated potassium channel is involved in the flow response.
Consistent with this interpretation of the data is the observa-
tion that verapamil also abolished the flow response, at concen-
trations that did not affect other endothelium-dependent re-
sponses. Sustained activity of the Kc. channel is known to be
dependent upon extracellular calcium (25, 26); thus a calcium
entry antagonist would be expected to interfere with the flow
response if the Kc. channel plays an important role. This de-
pendency upon extracellular calcium was confirmed by demon-
strating that calcium-free perfusate did not elicit a flow-me-
diated vasodilation.

Charybdotoxin (10-1 M) did induce a contraction of the
iliac artery, probably due to antagonism of Kc. channels pres-
ent on vascular smooth muscle (19, 24, 27). Despite this eleva-
tion ofbasal tone, relaxations to sodium nitroprusside (an endo-
thelium-independent vasodilator) were preserved. Therefore,

Table III. Effect of Iberiotoxin upon Endothelium-dependent and
-independent Vasorelaxation (Organ Chamber Studies)

In presence of iberiotoxin
Control response* (10-9 M)*

Maximal Maximal
Agent EC5o response EC50 response

-log M % -log M %

NTG(n =4) 7.5±0.6 11±4 7.2±0.5 8±4
ACh (n = 4) 7.7±0.1 54±8 7.7±0.3 33±10
ADP(n = 4) 6.8±0.4 15±12 6.2±0.5 22±10
A23187 (n = 4) 6.5±0.3 63±2 6.7±0.5 49±10

* Vasodilatory responses are expressed as the ECso (concentration of
drug in -log Minducing a half-maximal response) and as the maxi-
mal response (the tension remaining after maximal vasodilation, ex-
pressed as a percentage of the initial contraction to norepinephrine).
Contraction to norepinephrine in the presence of iberiotoxin (10-'
M) was not different from vehicle control (3.9±0.9 vs. 3.6±1.2 g, n
= 4, P = NS).
Abbreviations: A2317, calcium ionophore A23187; ACh, acetylcho-
line chloride; NTG, nitroglycerine.

antagonism of flow-mediated vasodilation by charybdotoxin
was not due to a direct effect on the vascular smooth muscle.
Furthermore, charybdotoxin did not block relaxations to ace-
tylcholine chloride (an endothelium-dependent vasodilator).
Likewise, iberiotoxin (10-9 M) did not affect endothelium-in-
dependent vasorelaxation to nitroglycerine, or endothelium-
dependent responses to acetylcholine chloride, adenosine di-
phosphate, or calcium ionophore. A plausible explanation of
these findings is that the calcium-activated potassium channel
is involved in transduction of the flow stimulus, but is not
required for the synthesis or release of nitric oxide since antago-
nism ofthis channel does not affect receptor-mediated endothe-
lium-dependent relaxation. Thus, opening of the Kc channel

Table IV. Effect of Verapamil upon Endothelium-dependent
Vasorelaxation (Organ Chamber Studies)

Response* to acetylcholine chloride

Condition Contractiont EC5" Maximal response

g -log M %

Control (n = 2) 5.5±0.2 6.8±0.5 20±10
In the presence of

Verapamil 10-'
M(n = 2) 7.5±0.5 6.9±0.1 0±0

In the presence of
Verapamil I0-'
M(n = 2) 7.0±0.4 6.6±0.3 23±14

In the presence of
Verapamil 10-7
M(n = 2) 4.9+0.3 7.2±0.4 24±11

In the presence of Verapamil 10-6
M(n = 2) 4.3±0.6 6.7±0.5 26±11

* Expressed as the ECso (concentration of drug, in -log M, inducing a
half-maximal response) and as the maximal response (the tension
remaining afrer maximal vasodilation, expressed as a percentage of
the initial contraction to norepinephrine).
$ Isometric force (measured in grams) generated in response to the
ECso concentration of norepinephrine.

1668 J. P. Cooke, E. Rossitch, Jr., N. A. Andon, J. Loscalzo, and V. J. Dzau



50' ' ' I

0.0 0.1 0.2 0.3 0.4 0.5 0.6

SHEAR STRESS (DYNES/CM2)
Figure 6. Abolition of flow-mediated vasorelaxation by barium (flow
chamber studies). Vascular rings denuded of endothelium were placed
in the flow chamber, contracted by norepinephrine 1O-6 M, and then
exposed to endothelial cells on microcarrier beads. Until stimulated
by flow, endothelial cells in solution did not relax the vascular rings.
Increases in flow (inducing endothelial shear stresses in the range of
0.1-0.5 dyn/cm2) induced relaxations of the vascular rings in control
solution (-; n = 4), but not in the presence of barium 10-3 M(o; n

= 4). Relaxation is expressed as a percent of the initial contraction to
norepinephrine, 10-6 M(3.2±1.8 vs. 4.0±0.8 g, control vs. barium
group, P = NS). *Relaxation in the presence of barium is significantly
less than that in the presence of vehicle controls.

may set in motion a series of events that leads to the release of
nitric oxide, in much the same way that activation of these
same channels drives exocrine secretion by mammalian sali-
vary and lacrimal glands (17, 28, 29).

SHEAR STRESS (DYNES/CM2)
Figure 7. Abolition of flow-mediated vasodilation by charybdotoxin
(flow chamber studies). Vascular rings denuded of endothelium were

placed in the flow chamber and endothelial cells on microcarrier
beads were then added to the solution. Increases in flow (inducing
endothelial shear stresses of 0.1-0.3 dyn/cm2) induced relaxations of
the vascular rings in control solution (o; n = 6), but not in the pres-
ence of charybdotoxin 10-' M(e; n = 6), the specific antagonist of
the Kc. channel. Relaxation is expressed as a percent of the initial
contraction to norepinephrine 10-6 M(3.7±1.2 vs. 4.2±1.7, control
vs. charybdotoxin group, P = NS). *Relaxation in the presence of
charybdotoxin is significantly less than that in the presence of vehicle
controls (n = 4 in each group).

A number of groups have suggested that flow-mediated va-

sodilation is secondary to the release of a substance with the
characteristics of nitric oxide. This hypothesis is supported by
the observations that removal of the endothelium abrogates

Table V. Effect of Potassium Channel Antagonists on Flow-mediated Relaxation (Flow Chamber Studies)

Percent contractiont at each level of shear stress

dynes/cm2
Condition Contraction* 0 0.1 0.2 0.3

Control(n = 5) 3.7±1.2 100±0 88±6 73±0 62±6
In the presence of TEA 4.3±0.7 100±0 151±4 152±40§ 160±321

(n = 5) (P = 0.03) (P = 0.008)
Control (n = 5) 1.5±0.2 100±0 88±6 62±6 50±6
In the presence of GLY

(n = 5) 2.6±0.7 100±0 89±3 65±16 60±10
Control (n = 2) 3.2±1.8 100±0 87±4 68±8 54±8
In the presence of AP

(n = 2) 3.0±1.6 100±0 80±6 72±3 60±6
Control (n = 2) 2.6±0.8 100±0 90±3 70±3 56±8
In the presence of TTX

(n = 2) 3.0±0.8 100±0 81±2 72±12 62±6
Control (n = 5) 4.0±1.0 100±0 92±6 72±9 62±6
In the presence of OUAB

(n = 5) 3.6±2.0 100±0 88±3 72±12 54±16

* Isometric force generated in response to norepinephrine (10-6 M), expressed in grams. $ In the presence of endothelial cells on microcarrier
beads; expressed as a percentage of the initial contraction to norepinephrine. I Relaxation to the flow stimulus is significantly inhibited in
comparison to control (P value in parentheses). Abbreviations: AP, apamin (10-7 M); GLY, glybenclamide (10-I M); OUAB, ouabain (10-6 M).
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flow-mediated vasodilation and that exposure of the vessel to
methylene blue or eicosatetraenoic acid (agents known to in-
terfere with the action of nitric oxide) also inhibits flow-me-
diated relaxation (3-6, 30). Although prostacyclin is also re-
leased by increased flow (31), we have previously demonstrated
that aspirin or indomethacin do not inhibit the effects of flow-
stimulated endothelial cells on platelet or vascular reactivity
(10, 13, 14). Our findings are supported by the previous obser-
vation that the perfused canine femoral artery releases a nitric
oxide as well as the prostacyclin metabolite, 6-keto-prostaglan-
din alpha, (32). However, when release of the prostanoid is
reduced to negligible levels in the presence of indomethacin,
the relaxing activity of the perfusate is unaffected.

The present investigation and our previous studies strongly
support the hypothesis that nitric oxide (33) or a similar endoge-
nous nitrovasodilator (34) is the major effector of flow-me-
diated vasodilation. In this study the antagonist of arginine
metabolism, L,N-monomethylarginine, abolished this phenom-
enon. In a previous study, we found that endothelial cells cul-
tured on microcarrier beads released a labile vasodilator when
stimulated by flow. The action of this agent was antagonized by
methylene blue, hemoglobin, or L,N-monomethylarginine
(10). Flow-stimulated endothelial cells also inhibited platelet
aggregation; this effect was associated with an increase in plate-
let cyclic GMPand was attenuated by methylene blue (13, 14).
These studies support a major role for an endogenous nitrova-
sodilator in the flow phenomenon, but do not exclude participa-
tion of the hyperpolarizing current, or other endothelium-
derived factors, i.e., the diffusible hyperpolarizing factor (35,
36). In addition to endogenous vasodilators, an endothelium-
derived contractile factor also may be released by flow, since
inhibitors of nitric oxide or potassium channel activity gener-
ally unmasked a vasoconstriction with flow (present investiga-
tion, ref. 10).

Other investigators have proposed that flow may have other
effects on the endothelial cell membrane that could lead to
vasodilation. Measurements of cell membrane potential reveal
that membrane stretch (induced by negative pressure applied
to the membrane by a microelectrode) induces depolarization
of the cell due to opening of a cationic channel (8). However,
this channel is not selective, allowing entry of calcium, sodium,
potassium, and cesium. Oleson et al. measured membrane po-
tential in endothelial cells lining a glass capillary tube as a func-
tion of rates of fluid flow through the lumen. The magnitude of
an inwardly rectifying potassium current varied directly and
temporally with the rates of flow and was abolished by millimo-
lar concentrations of barium. These investigators proposed
that the hyperpolarization of the endothelial cell induced by
this potassium current could be transmitted by gap junctions to
the underlying smooth muscle, resulting in vasodilation (9).

Our investigation reveals that gap junctions between the
endothelial cell and vascular smooth muscle are not necessary
for flow-mediated vasodilation. An endogenous nitrovasodila-
tor, rather than a wave of hyperpolarization, appears to be pri-
marily responsible for flow-mediated vasodilation. Our data
also suggest that the release of nitric oxide by flow is dependent
upon the activation of an endothelial potassium channel, possi-
bly the high conductance calcium-activated potassium chan-
nel. We hypothesize that this potassium channel acts as the
transducer of the flow stimulus, whereas nitric oxide is the
effector of the vasodilation.
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