
Introduction
KATP channels respond to changes in the intracellular
ATP content by altering a cell’s membrane potential (1,
2). KATP channels are widely expressed in neural,
endocrine, and muscle tissues where they are inhibited by
ATP and stimulated by ADP. KATP channels are an
octameric complex consisting of four potassium channel
subunits, either Kir6.1 or Kir6.2, and four sulfonylurea
receptor subunits, SUR1 or SUR2 (3–9). SURs, named for
their ability to bind with high affinity the hypoglycemic
sulfonylurea agents, are members of the ATP-binding cas-
sette (ABC) transporter family of transmembrane pro-
teins. SUR1 and SUR2 are 70% identical proteins encod-
ed by different genes. SUR2 undergoes differential
splicing altering its carboxy-terminal 42 amino acids,
yielding channels with unique pharmacologic properties.

In cardiomyocytes, where KATP channels modulate pro-
tection from ischemia, SUR1 and SUR2 are coexpressed

(10, 11). In smooth muscle and voluntary striated mus-
cle, only SUR2 is expressed (11). The physiology and
pharmacology of KATP channels have been most exten-
sively studied in the pancreatic β cell. Here, sulfonylurea
agents such as glibenclamide inhibit KATP channels by
binding to SUR1, which results in the closure of the
channel and the stimulation of insulin release (3). In vas-
cular smooth muscle, potassium channel openers, such
as nicorandil, implicate KATP channels in the regulation
of tonic vasomotor activity. These agents, useful in the
treatment of hypertension and angina, open KATP chan-
nels leading to potassium efflux, membrane hyperpo-
larization, and vasodilation (12–14). Potassium channel
openers alter membrane potential through KATP chan-
nels and thereby activate voltage-dependent calcium
channels producing changes in vascular smooth muscle
contractility (15). In skeletal muscle, KATP channels affect
glucose metabolism. Using mice with a targeted disrup-
tion of the Sur2 gene (16), we demonstrated that the loss
of KATP channels increased insulin responsiveness medi-
ated by striated muscle.

The diversity of responses to individual pharmaco-
logic agents that act through KATP channels derives in
part from the tissue-specific expression of KATP sub-
units and the composition of KATP channels within a
cell. Since pharmacologic agents act through the SUR
subunit, the significant homology between SUR iso-
forms and their overlapping expression pattern com-
plicates the interpretation of pharmacologic studies in
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vivo. To better understand the potential role of KATP

channels in the vascular smooth muscle physiology, we
studied mice with a targeted disruption of the Sur2
gene (Sur2–/–) (16). We observed elevated resting blood
pressure in Sur2–/– mice and found that Sur2–/– dis-
played sudden death from ST segment elevation and
coronary artery vasospasm. Furthermore, we inhibited
ST segment elevation with nifedipine, a calcium chan-
nel antagonist. These data highlight the importance of
the vascular smooth muscle KATP channel in the tonic
and episodic regulation of vasomotor tone.

Methods
Telemetric blood pressure monitoring. Blood pressure record-
ings were performed in conscious, freely mobile adult
mice (12–16 weeks). Surgical anesthesia was achieved
with inhaled isoflurane (Sigma-Aldrich, St. Louis, Mis-
souri, USA) (1.5% mixture with 02, 1 l/min flow through
nose cone; VetEquip Inc., Pleasanton, California, USA).
Gel-tipped pressure-transducing catheters connected to
implantable radio transmitters (TA11PA-C20; Data Sci-
ences International, St. Paul, Minnesota, USA) were used
to cannulate the left carotid artery and were sutured into
position. Continuous recordings were made during non-
feeding hours (8 am–8 pm) starting at postoperative day
2. Alternatively, recordings were made under general
anesthesia with intravenous infusions of various agents,
as described below.

Intravenous drug infusions. Jugular veins were cannulat-
ed with PE-10 tubing connected to a triple port adapter.
Each port was connected to a 5-cc syringe pump (Har-
vard Apparatus Co., Holliston, Massachusetts, USA) set
to infuse at 10 µl/min. The left carotid artery was can-
nulated with a TA11PA-C20 pressure-transducer
catheter, as described above. Drugs were infused at a rate
of 10 µl/min. Pinacidil (Sigma-Aldrich) was adminis-
tered at a rate of 5 µg/kg/min and glibenclamide (Sigma-
Aldrich) at 100 µg/kg/min. Infusions and recordings
were made under 1.5% isoflurane-inhaled anesthesia.

Cell isolation. Single smooth muscle cells were isolated
from the mouse aorta by a modified method described by
Sturek et al. (17). Briefly, the thoracic aorta was resected
and put into ice-cold physiological buffer consisting of
135 mM NaCl, 5 mM KCl, 1 mM MgCl2, 0.44 mM
NaH2PO4, 0.34 mM Na2HPO4, 2.6 mM NaHCO3, 2 mM
HEPES, and 10 mM glucose, pH 7.4 (with NaOH). After
removing connective tissue, the aorta was opened,
endothelium removed, cut into 1- to 2-mm pieces, and
incubated in an enzymatic solution, which was the buffer
above with 1 mg/ml papain, 1.5 mg/ml dithiothreitol, 2
mg/ml collagenase type IV (Worthington Biochemical
Corp., Lakewood, New Jersey, USA), 0.9 U/ml type I elas-
tase (liquid type; Sigma-Aldrich), 1 mg/ml BSA, 2 mg/ml
hyaluronidase (Sigma-Aldrich), 0.25 mM Ca, for 20–30
minutes at 37°C. Cells were stored in physiological buffer
no longer than 6–8 hours during the study.

Electrophysiology and data analysis. Conventional patch-
clamp whole-cell recording was used at 20–22°C (18).
Axopath 200B amplifier and pClamp version 7.0 software

(Axon Instruments Inc., Union City, California, USA)
were used. Patch pipettes were drawn from borosilicate
glass (World Precision Instruments Inc., Sarasota, Flori-
da, USA) with a resistance of 1–2 MΩ when filled with
recording solutions. The bath solution contained 4 mM
KCl, 140 mM NaCl, 10 mM HEPES, 1 mM CaCl2, 10 mM
glucose, 1.2 mM MgCl2, and 50 µM nifedipine, pH 7.4,
with NaOH. Nifedipine was added to the bath solution
to block the L-type Ca2+ current. The pipette solution was
composed of 140 mM KCl, 20 mM HEPES, 5 mM EGTA,
2 mM MgCl2, 1 mM UDP, pH 7.25, with KOH. To ensure
the opening of two types of KATP channels reported in
smooth muscle cells (8, 19), ATP was omitted and Mg
and UDP were included in the pipette. The whole cell cur-
rent was generated by clamp pulses from a holding
potential of –70 mV to voltages ranging from –90 to 10
mV in 20-mV steps for 235 ms. The currents were filtered
at 1 kHz and sampled at 5 kHz. Data were digitally stored
for the off-line analysis using pClamp 6 software (Axon
Instruments Inc.). Whole cell currents usually reached
maximal levels 2 minutes after membrane rupture. 
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Figure 1
Cardiovascular physiology in Sur2–/– mice. (a) Sur2–/– mice exhibit
decreased survival. Survival of littermate control and heterozygous
mice (Sur2+/+ n = 15, 5 males and 10 females, and Sur2+/–, n = 41, 12
males and 29 females), homozygous mutant females (Sur2–/–, n = 18),
and homozygous mutant males (Sur2–/–, n = 17) as a function of age.
(b) Telemetric blood pressure recordings of Sur2–/– and normal lit-
termate control mice. Representative blood pressure tracings from
conscious, untethered control (Sur2+/+) and homozygous mutant
(Sur2–/–) mice. (c) Systolic (white bars), diastolic (gray bars), and
MAP (black bars) for littermate control and mutant mice (n = 6 and
4, respectively), recorded between days 2 and 4 after implantation.
*P < 0.04, **P < 0.03, ***P < 0.02 versus normal littermate controls
by two-tailed, unpaired Student t test. (d) Sur2–/– mice do not
respond to KATP vasoactive agents. Representative MAP tracings from
a littermate control mouse (dotted line) and a Sur2–/– mouse (solid
line) during infusions of the agents indicated. Pinacidil was adminis-
tered at 5 µg/kg/min and glibenclamide at 100 µg/kg/min. The inter-
rupted line for glyburide infusion indicates the beginning of infusion
for the normal control mouse (Sur2+/+), while the mutant mouse
(Sur2–/–) infusion begins with the solid line.



Extracellular application of pinacidil 200 µM (Parke
Davis, Ann Arbor, Michigan, USA) could not further
increase the current amplitude. The whole cell current
could be partially blocked by 20 µM glibenclamide
(Sigma-Aldrich). The glibenclamide-sensitive current was
interpreted as KATP current and was normalized by cell
capacitance to obtain the whole cell current density. Cur-
rent density for each cell was then averaged and com-
pared between Sur2+/+ and Sur2–/– mice. The data were
expressed as the mean plus or minus SE. A Student t test
was used to compare the data between two groups.

Telemetric electrocardiogram monitoring. Electrocardio-
gram (ECG) recordings were performed in conscious,
freely mobile adult mice (12–16 weeks). Implantable
radio transmitters (TA11EA-F20; Data Sciences Inter-
national) were implanted in the subcutaneous tissues of
the back while mice were sedated with isoflurane. ECG
leads were tunneled subcutaneously to the ventral tho-
rax (ECG lead II configuration). Continuous recordings
were obtained through the first 3 postoperative days.

Coronary artery Microfil perfusion. Coronary microvas-
culature perfusion was performed as described (20).
After mice inhaled Metofane (Shering-Plough, Kenil-
worth, New Jersey, USA), a sternotomy exposed the
heart. Microfil (1–1.5 ml; FlowTech, Carver, Massa-
chusetts, USA) was injected in the left ventricular apex;
heart contractions perfused the coronary microvascu-
lature. The heart was then rapidly excised, cured on ice
for 10 minutes, fixed in 10% formalin for 24 hours, and
cleared by sequential 24-hour immersions in 25%, 50%,
75%, 95%, and 100% ethyl alcohol. On day 6, specimens
were placed in methyl salicylate for 12–24 hours.

Subcutaneous drug infusions. Mice were given continuous
subcutaneous infusions of either a sham infusate (saline
or DMSO) or 3 mg/kg/d nifedipine (Sigma-Aldrich) 

(21) solubilized in DMSO, using a modified Lynch Coil
pump (22). Alzet mini-osmotic pumps (Alza Corp.,
Mountain View, California, USA) were fitted with a seg-
ment of PE-60 polypropylene tube (Becton Dickinson
and Co., Sparks, Maryland, USA). The pump and tube
were surgically implanted into the subcutaneous tissues
of the back. Mice were given a minimum of 8 hours to
achieve serum steady state.

Results
Hypertension and sudden death in Sur2–/– mice. In the course
of our previous studies on the insulin responsiveness of
Sur2–/– mice, we noted sudden, unanticipated death,
despite a normal outward appearance and normal basal
glucose and serum electrolyte concentrations. By 30
weeks of age, 65% of the male Sur2–/– mice died, as did 
35% of Sur2–/– females (Figure 1a). Because potassium
channel openers have a role in lowering blood pressure,
we evaluated vascular tone in Sur2–/– mice with continu-
ous, telemetrically recorded blood pressure monitoring
of conscious 12- to 18-week-old Sur2+/+ and Sur2–/– mice
(Figure 1, b and c). Sur2–/– mice exhibited significantly ele-
vated systolic and diastolic blood pressures of 161/122
mmHg when compared with normal control littermates,
which had blood pressures of 135/100 mmHg (n = 4 and
6, respectively; P < 0.04). Mean arterial blood pressure
(MAP) was similarly elevated, 140 ± 6.4 mmHg for Sur2–/–

compared with 115 ± 5.2 mmHg for normal Sur2+/+ mice.
Anesthetized blood pressure recordings were taken dur-
ing intravenous application of KATP-activating and -
inhibiting compounds (Figure 1d, n = 3). Pinacidil elicit-
ed a significant blood pressure drop in normal littermate
control mice, while the coadministration of the sulfonyl-
urea glyburide inhibited the pinacidil response to restore
baseline blood pressures. Sur2–/– mutant mice did not
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Figure 2
Absence of KATP current in aortic smooth
muscle cells isolated from Sur2–/– mice. (a)
Examples of original whole cell current
traces recorded in a Sur2+/+ and a Sur2–/–

aortic smooth muscle cell 2 minutes after
cell rupture (maximal potassium channel
current [IK], left), after 20 µM of gliben-
clamide (GLB, middle), and the GLB-sen-
sitive IKATP obtained by subtraction (right).
The glibenclamide-sensitive current was
interpreted as KATP current and was nor-
malized by cell capacitance to obtain the
whole cell current density. The GLB-sensi-
tive current was absent from the Sur2–/–

cell. (b) Whole cell current protocol. The
cell was held at –70 mV, and 235 ms test
pulses from –90 to 10 mV were delivered
to induce a whole cell current. (c) Mean
summary data of the current voltage plot
for the GLB-sensitive IKATP density at all
voltages tested (n = 13 cells from five
Sur2+/+ mice vs. n = 14 cells from four
Sur2–/– mice, *P < 0.05).



experience a drop in blood pressure with the application
of pinacidil, nor did they demonstrate any response to
glyburide, consistent with the loss of smooth muscle
SUR2 KATP channel activity. Despite elevated systemic
blood pressures, histologic analysis of Sur2–/– hearts (age
12–16 weeks) showed no obvious differences from nor-
mal mice (data not shown).

Absent smooth muscle KATP channels. Electrophysiologic
patch clamp recordings on isolated aortic smooth
muscle cells from Sur2–/– and Sur2+/+ mice (Figure 2)
demonstrated the absence of SUR2 KATP channels. The
average cell capacitance was 8.03 ± 0.73 pF for Sur2+/+

mice and 7.74 ± 0.76 pF for Sur2–/– mice (P < 0.05).
Immediately after membrane rupture, an increase of
whole cell current was seen in Sur2+/+ cells, but was
absent in Sur2–/– cells (Figure 2a). Extracellular appli-
cation of 20 µM glibenclamide partially blocked this
increase of whole cell current in Sur2+/+ smooth mus-
cle cells, demonstrating that this current reflects SUR2
function (Figure 2a). At all voltages tested, typical 
voltage-dependent and glibenclamide-sensitive KATP

current was seen in Sur2+/+ cells, but was absent in
Sur2–/– cells. The current was outward under physio-
logical potassium concentration (4out/140in) and
reversed at –87 mV, near the theoretical value of –89
mV for K+ (Figure 2, b and c). The current density at a
test pulse of –10 mV was 1.72 ± 0.64 pA/pF in Sur2+/+

cells and only 0.04 ± 0.04 pA/pF in Sur2–/– cells 
(P < 0.01). From these studies, we conclude that the
glibenclamide-sensitive KATP current was indeed
absent in the Sur2–/– vascular smooth muscle.

Coronary artery vasospasm. Early sudden death in
Sur2–/– mice suggested cardiac arrhythmias. We investi-
gated this possibility in Sur2–/– animals using continu-
ous telemetric ECG recording. Baseline resting heart
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Figure 3
In vivo evidence of coronary artery vasospasm in Sur2–/– mice. (a–f) Representative telemetric ECG recording of a 12-week-old male Sur2–/–

mouse. Each of the serial tracings reflects 1.5 seconds of the entire 160-second episode. The timing of each 1.5-second segment with respect
to the duration of the entire episode is indicated in seconds below the tracing. (a) A baseline tracing at the beginning of the event. (b and c)
Marked ST segment elevation that occurs within 30 seconds. ST segment elevation leads to atrioventricular heart block seen in d. Following
the acute injury pattern of ST segment elevation, ST segment depression was present during recovery (e). (f) A return to baseline ECG read-
ings. (g) Continuous ECG recording capturing sudden death. Upper tracing depicts heart rate and bradycardia events (downward spikes)
over a 17-hour period. Individually, numbered regions are magnified in the lower three sets of ECG waveform tracings indicating: 1, normal
rate and rhythm; 2, post-ST elevation atrioventricular heart block with bradycardia; 3, agonal rhythm with a widened QRS.

Figure 4
Coronary artery vasospasm. The coronary vasculature was perfused
with Microfil, a liquid latex medium, as described previously (20).
Microvascular perfusion was visualized by transillumination under
low-power magnification. (upper left panel) Normal microvascula-
ture of a littermate control male mouse. (upper right panel and lower
panels) Examples of focal artery stenoses in three Sur2–/– mice.
Arrows indicate significant coronary artery stenoses.



rates, PR intervals, and QRS morphology were similar
between Sur2–/– mice and normal littermate controls
(Figure 3a.) However, both male and female Sur2–/– mice
exhibited repeated episodes of spontaneous ST segment
elevation (Figure 3, b and c). Frequently, ST segment
episodes were followed by slow heart rates, typically the
consequence of atrioventricular heart block (Figure 3d).
ST segment depression, a marker of global myocardial
ischemia, was noted during the recovery phase of these
transient ischemic events (Figure 3e). A number of
recordings captured Sur2–/– moribund events, and an
example is shown in Figure 3g. Death occurred from a
rapid sequence of ST segment elevation followed by pro-
longed atrioventricular heart block and asystole (Figure
3g). Only normal baseline ECG tracings were seen in lit-
termate control mice, and no littermate control mice
died during monitoring. The pattern of ST segment ele-
vation ECG changes observed in the Sur2–/– mice is iden-
tical to that seen in Prinzmetal or variant angina, a
human disorder associated with chest pain and sudden
death stemming from coronary artery vasospasm (23).
While arrhythmias are commonly noted in Prinzmetal
patients, in humans arrhythmias may be due to tachy-
arrhythmias or bradyarrhythmias.

To demonstrate spontaneous vasospasm as an under-
lying cause of the episodic ECG changes and sudden
death, we perfused the coronary arteries of mice with

latex Microfil as described (20). The coronary arteries
of littermate control male mice were normally distrib-
uted and smoothly tapered, with an occasional focal
tapering (Figure 4, upper left). In contrast, every Sur2–/–

mouse studied showed evidence of arterial stenoses
(Figure 4). Coronary vasculature constrictions seen in
Sur2–/– mice represent the anatomic correlate of ST
segment changes and spontaneous vasospasm.

Inhibition of coronary artery vasospasm with calcium channel
antagonists. Resting membrane potential modulated by
KATP channel activity directly alters calcium channel func-
tion. Because calcium channel antagonists suppress spon-
taneous vasospasm and subsequent myocardial ischemia,
they are used to treat Prinzmetal variant angina (24). Tele-
metric ECG monitoring was repeated in Sur2–/– male mice
after a continuous infusion of the calcium channel antag-
onist nifedipine. Sur2–/– mice receiving a 3 mg/kg/d
nifedipine infusion had a marked reduction in the num-
ber of ST segment elevations in the first 48 hours of ECG
recording (210 ± 11 events/d in sham-infused vs. 66 ± 12
events/d in nifedipine-infused mice; P < 0.0001) (Figure
5b). Furthermore, the nifedipine-treated group experi-
enced a significant reduction in the number of heart
block/bradycardia events over 48 hours compared with
the sham-infused group (41.0 ± 9 vs. 2.6 ± 0.9; P < 0.002).
These findings emphasize the downstream role of calci-
um channels with respect to KATP activity (23).

Discussion
The presence of hypertension and vasospasm in Sur2–/–

mice reveals a pivotal role for smooth muscle KATP chan-
nels in the overall regulation of vascular tone. SUR2 KATP

channel-deficient mice develop increased vascular tone
consistent with essential hypertension. In addition to
this tonic increase in vasomotor tone, the absence of
KATP channels promotes episodic vasospasm. Episodic
alterations in vascular tone result from a shift in the bal-
ance of vasodilatory and vasoconstrictive cues. A num-
ber of metabolic and humoral vasoactivators have been
suggested to modulate KATP channels. Examples of
vasodilating agents that act through KATP channels
include nitric oxide, adenosine, calcitonin gene-related
peptide, neuropeptide Y, prostacyclin, adrenergic stim-
uli, and metabolic changes associated with hypoxia (14,
15, 25–28). KATP-associated vasoconstrictors include
thromboxane A2 and endothelin (29). Because of the
absence of vascular KATP channels, factors that usually do
not elicit vasoconstriction in the presence of normal KATP

channel activity may now be unopposed in Sur2–/– mice.
We showed previously an absence of myocardial

SUR2 KATP channels in Sur2–/– mice (16), and here we
show that ST segment elevation occurs in the absence
of SUR2. KATP channels have been implicated previous-
ly in the generation of ST segment elevation (30). Kir6.2
null mice have attenuated ST segment elevation after 5
minutes of ischemia. In Sur2–/– mice, episodes of ST
segment elevation are brief, 30–60 seconds. Thus, early
ST segment elevation may be mediated by alternative
channel activity or, in Sur2–/– cardiomyocytes, Kir6.2

The Journal of Clinical Investigation | July 2002 | Volume 110 | Number 2 207

Figure 5
Successful treatment of coronary artery vasospasm in Sur2–/– mice
with nifedipine. (a) Representative continuous ECG recordings
obtained during subcutaneous infusion of a sham-infusate (saline or
DMSO) versus nifedipine at 3 mg/kg/d. Tracings depict heart rate,
with sharp downward deflections representing deceleration in the
heart rate or episodic bradycardia. Graphic summary of quantitative
decrease of (b) ST segment elevation events per 24-hour period, and
(c) heart block episodes per 24-hour period (n = 5 each). White bars
represent sham-infusate group. Black bars represent nifedipine
group. *,**P < 0.0001 by two-tailed, unpaired Student t test.



may couple with an alternative regulatory subunit
capable of mediating ST segment elevation.

KATP channels have been identified as important medi-
ators of ischemic preconditioning where intermittent
exposure to hypoxic conditions limits ischemic damage
(31). Potassium channel–opening agents stimulate
ischemic preconditioning via their action on KATP chan-
nels. The precise mechanism by which ischemic precon-
ditioning occurs is unknown, although it has been sug-
gested to involve mitochondrial KATP channels. It may be
expected that the repeated instances of vasospasm cou-
pled with the loss of KATP channels in the myocardium
would render Sur2–/– mice more susceptible to ischemic
damage. We did not observe histological evidence of
myocardial ischemia or infarction in hearts from Sur2–/–

mice (not shown). The brevity of the coronary artery
vasospastic episodes may be insufficient to generate a
prolonged interval of ischemic damage necessary to cause
histologic changes. Alternatively, the arrhythmic episodes
that result from coronary artery vasospasm may lead to
death before the development of myocardial infarction.

Our results demonstrate that SUR2-KATP channels
serve as key modulators of vascular smooth muscle activ-
ity regulating blood pressure and episodic coronary
artery tone. This work identifies an important pharma-
cologic target for the treatment of hypertension and
vasospasm. Our findings suggest that SUR2 plays a crit-
ical role in clinically defined human illnesses, namely
essential hypertension and Prinzmetal angina, as well as
the vasospasm frequently associated with atherosclerot-
ic coronary artery disease. Finally, because antihyper-
glycemic sulfonylurea agents close SUR2 KATP channels
with low affinity, these data raise the possibility that their
use may increase susceptibility to vasospasm. Some epi-
demiologic studies of sulfonylurea agents in diabetics
have found an increase in cardiovascular events, while
others have not (32). In light of the data now presented,
further studies are warranted.

Note added in proof: T. Miki et al. recently reported
similar findings in mice lacking Kir6.1, the partner
protein of SUR2 (2002. Mouse model of Prinzmetal
angina by disruption of the inward rectifier Kir6.1.
Nat. Med. 8:466–472).
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