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ABSTRACT The large-conductance Ca®"-activated K" (BK) channels play an important role in the regulation of cellular ex-
citability in response to changes in intracellular metabolic state and Ca®* homeostasis. In vascular smooth muscle, BK channels
are key determinants of vasoreactivity and vital-organ perfusion. Vascular BK channel functions are impaired in diabetes mellitus,
but the mechanisms underlying such changes have not been examined in detail. We examined and compared the activities and
kinetics of BK channels in coronary arterial smooth muscle cells from Lean control and Zucker Diabetic Fatty (ZDF) rats, using
single-channel recording techniques. We found that BK channels in ZDF rats have impaired Ca®* sensitivity, including an in-
creased free Ca®* concentration at half-maximal effect on channel activation, a reduced steepness of Ca®" dose-dependent
curve, altered Ca®*-dependent gating properties with decreased maximal open probability, and a shortened mean open-time and
prolonged mean closed-time durations. In addition, the BK channel B-subunit-mediated activation by dehydrosoyasaponin-1
(DHS-1) was lost in cells from ZDF rats. Immunoblotting analysis confirmed a 2.1-fold decrease in BK channel B+-subunit
expression in ZDF rats, compared with that of Lean rats. These abnormalities in BK channel gating lead to an increase in the energy
barrier for channel activation, and may contribute to the development of vascular dysfunction and complications in type 2 diabetes

mellitus.

INTRODUCTION

The large-conductance Ca’"-activated K (BK) channels are
allosterically regulated by intracellular free Ca®>" and mem-
brane potentials (1,2). The large conductance and high den-
sity in vascular smooth muscles make these channels a key
determinant in the regulation of vascular tone (3). Functional
vascular BK channels are composed of pore-forming c-subunits
(encoded by the Slo gene) and accessory 3;-subunits in a
4:4 stoichiometry (4,5). The «-subunit has seven trans-
membrane domains (S0-S6), including the highly conserved
K™ channel selectivity filter between S5-S6, and a voltage
sensor at S4. The C-terminus has four hydrophobic segments
(S7-S10) that contain a number of important regulatory sites,
including two regulators of conductance for potassium
(RCK1 and RCK2) (6,7) and two high-affinity Ca>*-sensing
regions, with Ca®" concentration at half-maximal effect
(ECsp) in the 10°°M range (8,9). One is the important high-
affinity Ca>" sensor, Ca>* bowl (892-DQDDDDDPD-900)
in the RCK?2 domain; the other (D362/D367) is located in the
RCK1 domain (10). A recent study proposed the presence of
intersubunit interfaces that connect RCK1 and RCK2 be-
tween adjacent hSlo subunits through hydrophobic interac-
tions, and four RCK1/RCK2 dimers may form an octameric
ring in a homotetrameric hSlo channel (11). There is a third
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Ca”* sensor in the RCK/Rossman folding domain (E374 and
E399) that binds Mg2+ and Ca>" at low affinity with ECsq in
the 107> M range (12,13). The extracellular N-terminus of
the a-subunit is thought to be important for functional cou-
pling with the B-subunit (14). Recent reports also suggested
that intracellular regions of the a-subunit, including S1, S2,
and S3, are required for functional and physical interaction
between the BK channel a-subunits and B-subunits (15,16).
Coexpression of the [3;-subunit significantly enhances
the sensitivity of BK channel a-subunit to voltage-dependent
and Ca2+-dependent activation, and modulates channel ac-
tivation, channel deactivation (17-22), and single-channel
kinetics (23). The physiological importance of the 3;-subunit
is demonstrated by studies with 8;-gene knockout mice, which
have increased vascular tone and hypertension with un-
coupling of Ca*" sparks to BK channels in vascular smooth
muscle cells (24,25). Despite the important physiological
functions rendered by the B-subunit, the role it plays in disease
states such as diabetes mellitus has not been studied in detail.

Mortality associated with cardiovascular complications in
diabetes mellitus has increased by 75% in the past decade
(26), contributing to more than 200,000 deaths annually in
the United States (http://www.diabetes.org). The cause of
vascular dysfunction in diabetes is multifactorial and in-
cludes impaired endothelial function, reduced bioavailability
of endothelium-derived relaxation factors (such as nitric
oxide, prostaglandin I, and endothelium-derived hyper-
polarizing factors), and enhanced sensitivity to endothelium-
derived constricting factors (27) and angiotensin II (28).
In vitro vasoreactivity studies showed that diabetic vascular
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dysfunction is associated with impaired K™ channel activities
in smooth muscle cells, including those of the voltage-gated
K™ (Kv) channels (29), ATP-sensitive K™ (Krp) channels
(30-32), small-conductance Ca’"-activated K" (SK) chan-
nels (33), and BK channels (33—37). Coronary artery smooth
muscle cells cultured with high glucose showed suppressed
Kv channel activation by enhanced production of hydrogen
peroxide (H,O,) and peroxynitrite, which directly inhibit
channel activity (38) and impair cAMP-dependent signaling
regulation (29,39). The mechanisms that underlie BK channel
dysfunction in diabetic vessels are dependent on the animal
model, vessel bed, and stage of diabetes. In high-fructose diet-
induced insulin-resistant rats, BK current density in mesen-
teric artery smooth muscle cells was reduced, but the channel
Ca®" sensitivity and voltage sensitivity were unchanged (37).
In streptozotocin (STZ)-induced type [ diabetic rats, the down-
regulation of BK channel activity and decreased sensitivity to
voltage-dependent activation were associated with impaired
31-subunit function (35). During the early stages of diabetes in
Zucker Diabetic Fatty (ZDF) rats, a genetically determined
type 2 diabetic animal model, reduced BK channel partici-
pation in arachidonic acid-mediated coronary vasodilatation
was mostly attributable to impaired biosynthesis of prosta-
glandin I, (36). In ZDF rats with more advanced diabetes, the
BK channel response to Ca** and NS1619 (a BK channel
a-subunit activator) activation was reduced, suggesting that
the function of the a-subunit was impaired (33). Tang et al.
found that the cysteine residue at 911 (C911) of hSlo, which
is close to the Ca®" bowl, is the major functional target of
redox modulation by H,O, (40). We also reported that high
glucose-induced accumulation of reactive oxygen species
suppressed the current density, and slowed the activation and
deactivation of hSlo expressed in HEK293 cells (41). How-
ever, most of these previous studies focused on physiological
regulation and on the role of BK channels in diabetic patho-
physiology. The changes in biophysical properties of BK
channels, such as channel kinetics and gating behaviors in
diabetic vascular smooth muscle cells, have not been char-
acterized in detail. In this study, we hypothesized that the in-
trinsic gating properties of vascular BK channels were altered
in diabetes. Using single-channel recording techniques, we
compared BK channel activities and channel protein ex-
pression in vascular smooth muscle cells from ZDF rats and
age-matched Lean control rats. Our results showed profound
abnormalities in the regulation of BK channels of ZDF rats.
In particular, Ca®"-dependent gating behaviors are substan-
tially altered with the loss of ;-subunit-mediated channel
activation, and such changes can be explained by a significant
reduction of BK channel (;-subunit expression in ZDF
rats. Finally, we employed a simple model to describe and
better understand the differences in BK channel kinetics be-
tween Lean and ZDF rats. Our results may provide important
insights into the fundamental mechanisms that underlie the
development of vascular dysfunction and complications in
diabetes.

Biophysical Journal 95(11) 5165-5177

Lu et al.

MATERIALS AND METHODS
Animals

Male ZDF rats (Gmi-fa/fa) and age-matched Lean control rats (Gmi-fa/+ or
+/+) were obtained from Charles River Laboratories (Wilmington, MA) at
6-8 weeks of age. All rats were housed in the Animal Care Facility of Mayo
Clinic, and received a Purina 3008 modified mouse/rat diet, according to a
protocol approved by the Animal Care and Use Committee of the Mayo
Foundation. Blood was drawn from the tail vein, and blood glucose was
monitored using an Accu-Chek glucose meter (Roche Diagnostics Co., In-
dianapolis, IN). Rats with blood glucose levels consistently higher than 300
mg/dL were considered diabetic. The ZDF rats 4-6 months after the devel-
opment of hyperglycemia and age-matched Lean control rats were sacrificed
for the experiments.

Isolation of coronary arterial smooth
muscle cells

Coronary artery smooth muscle cells were dissociated enzymatically, as
previously reported (42). Briefly, rat hearts were rapidly excised and placed
in cold (4°C) physiological saline solution that contained 145.0 mM NaCl,
4.0 mM KCl, 0.05 mM CaCl,, 1.0 mM MgCl,, 10.0 mM HEPES, and 10.0
mM glucose (pH 7.2). The septal, right, and left anterior descending coronary
arteries were carefully dissected free of surrounding myocardium and con-
nective tissue, and placed in 1 mL physiological saline solution containing
bovine serum albumin (0.1%, w/v) for a 10-min incubation at 37°C in a
shaking water bath. The vessels were treated with 1.75 mg papain and 1.25
mg dithiothreitol in 1.0 mL saline solution for 10 min, and further digested
with 1.25 mg collagenase and 1.25 mg trypsin inhibitor in 1.0 mL saline
solution at 37°C for 10 min. The vessels were then washed three times with
1.0-mL aliquots of saline solution, and gently triturated with a fire-polished
glass pipette until cells were completely dissociated.

Inside-out single-channel recordings

Single BK currents from coronary artery smooth muscle cells were recorded
in the inside-out configuration, using an Axopatch 200B integrating amplifier
and pCLAMP 8.2 software (Axon Instruments, Foster City, CA). The output
signals were filtered with an eight-pole Bessel filter (902 LPF, Frequency
Devices, Inc., Haverhill, MA) at 5 kHz, and digitized at 20 kHz. Patch pi-
pettes had a typical tip resistance of 5—10 M{) when filled with the pipette
solution, which contained 140.0 mM KCl, 1.0 mM CaCl,, 1.0 mM MgCl,,
10.0 mM HEPES, and 1.0 mM EGTA (pH 7.4 with KOH). The bath solution
contained 140.0 mM KCI, 1.0 mM MgCl,, 1.0 mM EGTA, and 10.0 mM
HEPES (pH 7.35 with KOH). Various amounts of Ca>" were added in the
bath solution to obtain the desired free Ca>* concentrations (from 10~° to
10~* M), calculated using Chelator software, as previously described (43).
The number of channels in the excised patch was determined at +60 mV in
the presence of 100 uM free Ca>*, a condition that was shown to activate BK
channel openings maximally in rat coronary artery smooth muscle cells (43).
The BK channels were identified by their unitary conductance, voltage-
sensitivity, and Ca®*-sensitivity. Open probability (po) in patches with
multiple channels was determined using Fetchan in pClamp 8.2, based on the
equation:

n

Y.4j | /TN,

i=1

Po =

where T is the duration of recording, ¢ is the time spent with j = 1,2,3, ... n
channel openings, and N is the maximal number of channel openings
observed when po was high.

Because FETCHAN, the single-channel analysis program in pCLAMP
8.2, only allows a maximum presence of five channels for analysis, excised
patches containing five or fewer channels were used for all po measurements.
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Single-channel kinetic analysis

Excised patches containing only a single channel were used for kinetics
analysis. The digital current signals were filtered at a bandwidth of 2.0 kHz
with a digital Gaussian filter, and events were detected by the half-am-
plitude threshold criterion, using TAC software (Bruxton, Inc., Seattle,
WA) with a dead time of 90 us. The effects of the Gaussian filter on
channel dwell-time durations at 50% threshold were corrected by cubic
spline interpolation of the digital signal, as previously described (44). The
events of subconductance opening were excluded for kinetics analysis.
Dwell-time histograms were fitted with the sums of exponential probability
density functions, using the TACFit program. The number of exponential
components was determined by the maximal likelihood ratio test, and
additional exponential components were included only when the p > 0.95.
In the TACFit program, burst resolution was given by the burst opening
that is defined by intraburst gaps shorter than the critical closed time (Z.),
calculated as 1.0 ms in our recording system, using the following equation
(44):

(ap/T) X exp(—teui/Tr) = (/7)) X exp(—teit/7s),

where 7¢ and oy represent the fast time constant and its relative weight,
respectively, and 75 and a4 represent the slow time constant and its relative
weight, respectively.

Single-channel kinetics analysis was performed on results obtained over a
range of intracellular Ca>* concentrations, using MIL software (QuB Suite,
State University of New York at Buffalo, Buffalo, NY) that employs loga-
rithm likelihood ratio tests, corrects the missed events, and gives error esti-
mates of the fitted parameters (45,46).

The Ca®"-dependent channel activation was fitted using the Hill equation
(43):

Pomax = l/{l + ([Caz+]/EC50)nH}>

where po may is the maximal channel open probability, [Ca** ] represents the
intracellular free Ca>" concentration, ECs, is the concentration at half-
maximal effect, and nH is the Hill coefficient.

The po — voltage (V) relationships were characterized by the Boltzmann
equation (43):

Po = Poma/{1 +explze (Vi — V) F/RT]},

where V,, is the voltage at which pg is half of pgmax, V is the membrane
potential, z is the number of equivalent charge movements, e is the elementary
charge, F is the Faraday constant, R is the universal gas constant, and T is the
absolute temperature.

The change in free energy of Ca*-binding contributions to channel ac-
tivation was calculated using the equation AACa = —A(zeV»), based on the
Po — V curve shift in response to changes of the free Ca>* concentrations
(13). Curve fittings were performed using Igor 6.01 software (WaveMetrics,
Inc., Lake Oswego, OR).

Western-blot analysis

Western blots were performed as previously described (36). Isolated aortas
from three pairs of Lean and ZDF rats were homogenized, electrophoresed,
transferred to nitrocellulose membrane, and immunoblotted against rabbit
anti-human BK channel antibodies (1:200, custom-made) and rat anti-
slofB antibodies (1:200, Alomona Labs, Jerusalem, Israel). Blots were also
probed with anti-B-actin antibodies (1:500, Santa Cruz, CA) as loading
controls. After extensive washing, horseradish peroxidase-conjugated
secondary antibodies were added. Signals were developed using an Im-
mun-Star HRP Chemiluminescent Kit (Bio-Rad, Hercules, CA). Optical
density of the bands was analyzed using Scion Image software (Scion,
Frederick, MD). Protein expression was expressed as relative abundance
normalized to B-actin.
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Chemicals

Dehydrosoyasaponin-1 (DHS-1) was a gift from Merck Research Labora-
tories (Merck & Co., Inc., Rahway, NJ). All other chemicals were purchased
from Sigma-Aldrich Co. (St. Louis, MO).

Statistical analysis

Data are presented as mean = SE. Student’s r-test was used to compare data
between two groups. A paired #-test was used to compare data before and
after treatment. A statistically significant difference was defined as p < 0.05.

RESULTS
Development of hyperglycemia in ZDF rats

Blood glucose in ZDF rats started to increase after 8 weeks
of age. At the time of the experiment, the Lean and ZDF
rats were 27.3 £ 5.7 weeks of age (n = 14) and 29.8 = 1.8
weeks of age (n = 14, vs. Lean rats, p = NS), respectively.
The ZDF rats had markedly elevated blood glucose (544.8 =
19.1 mg/dL vs. 179.2 = 10.1 mg/dL in Leanrats, n = 14, p <
0.05), but body weights were not significantly different from
Lean rats (429.6 = 5.7 g in Lean rats vs. 395.8 = 21.2 gin
ZDF rats, n = 14 for both, p = NS), similar to previous re-
ports (33).

Impaired Ca®*-dependent BK channel activation
in coronary artery smooth muscle cells in
ZDF rats

We examined the Ca®"-sensitivity of BK channels in Lean
and ZDF rats. Fig. 1 A shows Ca®"-dependent BK channel
activities elicited at +60 mV from coronary artery smooth
muscle cells of Lean and ZDF rats in the presence of various
free Ca>* concentrations. There was no spontaneous channel
opening when the membrane was excised into a bath solution
that contained 0.01 uM free Ca®". The BK channel activities
in both Lean and ZDF rats became more robust with an in-
crease of free Ca>* in a dose-dependent manner. The BK
channel pg between Lean and ZDF rats became significantly
different at Ca>* concentrations higher than 0.5 wM. In Lean
rats, po was 0.54 = 0.08 at 1 uM (n =9), 0.76 = 0.07 at 10
puM (n=9),and 0.78 = 0.05 at 100 uM Ca>" (n=9),and po
was significantly reduced in ZDF rats to 0.27 * 0.07 at 1 uM
(n=11,p <0.05 vs. Lean), 0.58 = 0.06 at 10 uM (n = 11,
p <0.05vs. Lean), and 0.63 = 0.04 at 100 uM Ca%t (n=11,
p < 0.05 vs. Lean). The Ca®>" dose-dependent curve was
fitted with an ECsq of 1.03 = 0.16 uM in Lean control rats
(n=9) and 2.44 = 0.48 uM in ZDF rats (n = 11 vs. Lean,
p < 0.05). Hence, the BK channel po — Ca®" relationship
shifted rightward and downward in ZDF rats (Fig. 1 B). Most
importantly, nH was reduced from 4.1 in Lean rats to 1.1 in
ZDF rats, indicating that cooperativity of Ca®"-dependent
channel activation was absent in ZDF rats.

Biophysical Journal 95(11) 5165-5177
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FIGURE 1 BK channels of coronary artery
smooth muscle cells in ZDF rats have reduced
ca’t sensitivity. (A) Representative inside-out
single BK channel currents were recorded at
+60 mV from Lean rats (left column) and ZDF
rats (right column) in the presence of various
free Ca®>" concentrations (0.01 uM to 100 uM).
BK currents were activated by an increase in
free Ca>* concentration in both Lean and ZDF
rats. (B) po — [Ca®*] relationships in Lean (n =

<
g
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1.0 M 9) and ZDF (n = 11) rats were fitted using the
B O Lean Hill equation. There was a significant reduction
in po in ZDF rats at Ca>" concentrations
0.8 - ® ZDF ﬂj:) =] uM. Data are presented as mean * SE.
*p < 0.05 vs. Lean. Here and in subsequent
figures, C and O represent closed and open
0.6 — states of the BK channel, respectively.
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Decreased free energy of Ca®*-dependent
channel activation in coronary smooth muscle
cells in ZDF rats

Fig. 2 A shows representative BK channel tracings of Lean
and ZDF rats recorded at different membrane potentials in the
presence of 1 uM free Ca®>*. The BK channel activity in-
creased with membrane potential depolarization in Lean and
ZDF rats, both of which had the same unitary current am-
plitudes at the same given voltage. No spontaneous BK
channel opening was discernible at —60 mV in either Lean or
ZDF rats. Occasional channel openings began to appear at
—20 mV in Lean rats and at +20 mV in ZDF rats (Fig. 2 A,
left column), suggesting a rightward shift in the threshold of
channel voltage-dependent activation in ZDF rats. Indeed, at
all tested voltages above 0 mV, channel openings were more
robust in Lean rats, and there was a significant reduction in
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channel po in ZDF rats over the full range of voltages, from
+20mV (0.06 £ 0.03 in ZDFrats, n = 13, vs. 0.31 = 0.09 in
Lean rats, n = 15, p < 0.05) to +120 mV (0.59 = 0.06 in
ZDF rats, n = 15, vs. 0.71 = 0.06 in Lean rats, n = 13, p <
0.05). Fig. 2 B shows the BK channel pg — V relationships of
Lean and ZDF rats in the absence of free Ca”, and there was
a reduced maximal po in ZDF rats, measured at voltages
higher than 150 mV (0.48 = 0.06 in Lean rats vs. 0.20 = 0.07
in ZDF rats, p < 0.05, n = 5 for both). There was no sig-
nificant difference between Lean and ZDF rats in the voltage
at half-maximal activation (V) (144.9 = 8.8 mV in Lean
rats, n =5, and 132.6 £10.8 mV in ZDF rats, n = 5, p = NS)
or in the equivalent charge movement z (0.8 e in Lean rats and
0.7 e in ZDF rats). In the presence of 1 uM Cca’", Vi, was
41.3 £4.5mV (n = 13) in Lean rats, and V, shifted to the
right in ZDF rats, at 89.6 = 6.5 mV (n = 15, p < 0.05 vs.
Lean rats), whereas z was unchanged, at 1.0 e in Lean rats and
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1.1 e in ZDF rats (Fig. 2 C). Thus, the change in the intrinsic
free energy of Ca>*-binding that contributes to channel ac-
tivation can be estimated, based on the shift of po — V rela-
tionships between Lean and ZDF rats: AAc,= —A(zeVy)2)
(13). The AAc, was —41.4 = 6.7 (n = 5) kJ/mol in Lean rats,
but was reduced by 62.3% to —25.8 £ 8.7 (n=5,p <0.05)in
ZDF rats, when free Ca®" was increased from 0 uM to 1 uM,
suggesting that Ca”—dependent activation of BK channels is
less favorable in ZDF rats compared with Lean controls.

*p < 0.05 vs. Lean.

Voltage (mV)

Altered BK channel kinetics in ZDF rats

For a better understanding of altered Ca”*-dependent BK
channel activation in ZDF rats, we further examined the
Ca”"-dependent gating properties in both Lean and ZDF rats.
Because BK channels of ZDF rats were almost inactive at
Ca*" concentrations <0.1 uM, we compared single-channel
gating between Lean and ZDF rats at Ca®" concentrations
from 1 uM to 100 uM, with a testing potential of +60 mV.
Fig. 3 A illustrates typical tracings of inside-out single-

FIGURE 3 BK channels in ZDF rats have
shortened mean burst durations and prolonged
mean closed durations. Representative tracings
of single BK currents were elicited at +60 mV in
the presence of 1 uM free Ca®* (A) and 100 uM
free Ca>* (B), in Lean (upper tracings) and ZDF
(lower tracings) rats. Selected tracing segments
with expanded details show longer channel-
opening durations and higher po in Lean rats,
and more frequent and stabilized subconduc-
tance levels in ZDF rats. Note that four levels

3
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channel BK currents in Lean and ZDF rats with expanded
details. In the presence of 1 uM Ca®", BK channel po, was
much higher in Lean rats than in ZDF rats. Few very brief
subconductance openings were evident in both Lean and
ZDF rats. An increase of Ca>* to 100 uM markedly in-
creased the channel pg (>>0.8) in both Lean and ZDF rats, but
more frequent and prolonged subconductance openings were
observed in ZDF rats (Fig. 3 B). The effects of Ca®" on mean
open times and on mean closed durations of BK channels in
Lean and ZDF rats are illustrated in Fig. 3, C and D, respec-
tively. Compared with Lean controls, ZDF rats had mean open
times that were markedly shortened at Ca®" concentrations
=1 uM, and mean closed durations that were significantly
prolonged at Ca®" concentrations =1 uwM. Because normal
intracellular Ca®" concentration can reach >10 uM concen-
trations, especially in microdomains where calcium sparks are
elicited (47,48), these fundamental changes in BK channel
properties are physiologically relevant. These results indicate
that there is a reduction in BK channel sensitivity to activation
by Ca?* in ZDF rats.

Lu et al.

Representative histograms of the BK channel probability
density function in the presence of 1 uM, 10 uM, and 100
uM Ca®" in Lean and ZDF rats are given in Fig. 4, A and B,
respectively. For the best fit, the open dwell-time distribution
histograms required at least three components: fast (7o;),
intermediate (7o;), and slow (7o3) open-time constants. The
closed dwell-time histograms had four components: fast
(Tc1), intermediate (7c;), slow (7¢3), and very slow (7c4)
closed-time constants. In Lean rats, an increase in Ca’t
concentration prolonged the open dwell times and abbrevi-
ated the closed dwell times. However, such Ca? +—dependent
relationships were not closely followed in ZDF rats (Table 1).
For example, an increase in Ca>* markedly prolonged all
three open-time constants, 7oy, Toz, and To3, in Lean rats. In
ZDF rats, an increase in Ca>" prolonged 7o and 7g,, but 703
was shortened. An increase in Ca®>" shortened the BK-
channel closed-time constants in Lean and ZDF rats, but at
any given Ca’" concentration, Tcl, Tca, Tes, and Ty were
significantly lengthened in ZDF rats compared with Lean rats.
A comparison of BK channel open-time and closed-time

1M ca*’ A Lean B ZDF
V T01:0-34 ms (0.29) T 1,045ms (0.72) 40 =] Tor'0-45ms (0.20) 4 1.1:0.51 ms (0.70)
40 = 2195 ms (0.14) 60 — 1,,:3.55 ms (0.21) To24-30 ms (0.23) 60 = 1,,6.09 ms (0.17)
s L 15:355ms (0.05) 30 o 0554 Ms (0.57) J 1,5:192.5 ms (0.09)
2 30+ 40 = 1441072 ms (0.02) 1,,:4309 ms (0.04)
-
c 20
0 20=- b
@ 20 -
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- Sk o2 oo = x
0 0 r r 1 1 1711 0 T T T T 1
10" 10° 107 10" 10° 10° 10° 10" 10 10" 10° 107 10" 10° 10°  10° 10" 10
2+
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FIGURE 4 Single BK channel kinetics in Lean and ZDF rats. Representative histograms of single BK channel open and closed dwell-time durations (from
one patch) in the presence of 1 uM, 10 uM, and 100 uM free Ca®" in Lean rats (A) and ZDF rats (B). Data were obtained from an excised patch in inside-out
configuration. Dwell-time distributions were best described by three open dwell-time components and four closed dwell-time components. An increase in
cytoplasmic free Ca>* from 1 uM to 100 uM prolonged all open dwell-time constants (7o), and shortened all closed dwell time constants (rc). Dashed lines
represent distribution of exponential components, determined by the logarithm likelihood ratio test. The values of each time constant component and its relative

weight (in parentheses) are given above each histogram.
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TABLE 1 BK channel open and closed dwell-time constants and their relative weights in Lean and ZDF rats
Time constant 1 uM, 1 uM, 10 uM, 10 uM, 100 uM, 100 uM,
(weight) Lean ZDF Lean ZDF Lean ZDF
To1 (ms) 0.55 * 0.06 0.48 = 0.06 0.85 * 0.25 0.63 * 0.03 0.74 * 0.07 0.31 £ 0.19
(Ao1) (0.40 = 0.07) (0.26 = 0.03) (0.35 £ 0.08) (0.47 = 0.08) (0.54 = 0.05) (0.36 = 0.06)*
Toz (Is) 9.63 = 1.95 4.77 = 1.06* 10.81 + 3.55 6.08 = 1.28 13.92 = 4.04 10.74 = 4.15
(Ao2) (0.23 = 0.04) 0.41 = 0.06)* 0.21 = 0.04) (0.39 = 0.07)* (0.26 = 0.06) (0.34 = 0.01)*
Tos (Is) 43.23 + 933 39.73 = 8.40 61.35 = 10.70 2247 * 4.05% 61.97 = 8.60 20.07 = 3.30%*
(Ao3) (0.38 = 0.09) (0.33 £ 0.07) (0.332 £ 0.11) (0.26 = 0.07) (0.22 = 0.08) (0.30 = 0.09)
Tcy (ms) 0.39 = 0.06 0.61 = 0.10 0.49 = 0.06 0.58 = 0.13 0.46 = 0.06 0.54 £ 0.13
(Acy) 0.61 = 0.03) (0.58 = 0.09) 0.62 = 0.05) 0.61 = 0.09) 0.61 = 0.03) (0.69 = 0.09)
Tco (MS) 2.51 * 0472 426 = 0.75 226 * 042 4.48 * 1.40 2.33 + 0.61 474 £ 0.51*
(Ac2) (0.24 = 0.03) (0.20 = 0.02) 0.26 = 0.02) 0.27 = 0.05) 0.29 = 0.01) (0.19 = 0.03)*
Tc3 (ms) 29.27 = 10.41 198.59 *+ 48.26% 29.62 = 10.46 9243 *+ 26.17* 20.73 + 9.78 74.02 = 22.01
(Acs) 0.03 =+ 0.02) 0.19 * 0.07) 0.07 * 0.02) 0.14 * 0.07) 0.11 * 0.03) (0.12 + 0.08)
Tca (MS) 165.2 = 37.74 3447.2 * 910.9* 93.67 = 17.38 1706.2 = 701.6* 75.84 = 11.88 852.18 * 59.29%*
(Aca) (0.03 = 0.02) (0.04 = 0.01) (0.06 = 0.02) 0.05 = 0.04 (0.05 = 0.02) (0.09 = 0.05)

Tol, Toz, and 7oz represent fast, intermediate, and slow components of channel open dwell-time durations. 7.y, T¢, Tc3, and 7.4 represent fast, intermediate,
slow, and very slow components of channel closed dwell-time durations, respectively. Ag;_3 and Ac;_4 represent the relative weight of each open and closed

dwell-time constant, where Ag; + Agx + Aoz = 1, and Ac; + Acy + Acz + Acy = 1. Data are represented as mean = SE, n = 6.

*p < 0.05 vs. Lean.

constants between Lean and ZDF rats at Ca®" concentrations
of 1 uM, 10 uM, and 100 uM is summarized in Table 1.

It was shown that each BK channel a-subunit has three
Ca*" binding sites. We demonstrate that there is a reduced
nH for Ca**-dependent BK channel activation in ZDF rats,
suggesting either a reduction in the number of Ca>* binding
sites or in the cooperativity of Ca®>" binding (Fig. 1 B). To
describe completely all the features of BK channel Ca"-
dependent and voltage-dependent activation requires a 50-
state, two-tiered model (2,49). Here, we tried to use the
simplest model that could describe our experimental results.
Because BK channel kinetics analysis suggests the presence
of at least three open states and four closed states in the range
of Ca®>" concentrations tested, a minimal kinetic scheme
could be represented by Scheme I in Fig. 5 A (50), where the
transitions between states Cy <> Cy, C; <> C,, and C, <> C;z are
Ca®"-dependent. Using single-channel kinetic-analysis
software, we estimated the rate constants between each state
transition of the BK channel in Lean and ZDF rats, and the
group results from three experiments are listed in Table 2.
The energy barrier for channel activation could be calculated
using the equation G = RT InK,, (51), where G is the energy
barrier, K., represents the equilibrium constant of the tran-
sition state, R is the universal gas constant, and T is the ab-
solute temperature. Hence, the total energy barriers (Gt) can
be determined by the sum of each energy barrier of the
transition state. The relationships between Gt and the loga-
rithm of Ca®" concentrations are plotted in Fig. 5 B (n = 3 for
Lean and ZDF rats, respectively). The G — log[Ca®"] re-
lationships can be fitted by a linear equation with a slope of
16.6 for both Lean and ZDF rats. However, the Gt for BK
channel activation was increased by 8.6-fold at all given

Ca®" concentrations. The upward shift of the Gp —
log[Ca®*] relationship in ZDF rats indicates less thermody-
namically favorable conditions of Ca®’-dependent BK
channel activation in ZDF rats, and that at any given Ca’™t
concentration, there is a greater energy barrier to overcome
for BK channel activation. We did not include the transitions
between O; <> O, and O, <> O in the model, because the loop
transition model would not change the values of the total
energy barrier obtained from Scheme I (Fig. 5 A), and would
not change our conclusions.

Impaired BK channel activity with loss of
B1-subunit-mediated channel activation and
reduced B;-subunit expression in smooth
muscle cells of ZDF rats

Because the BK channel B-subunit is known to regulate
channel sensitivity to Ca>*, we examined the function of the
B1-subunit using a specific BK channel B-subunit activator,
DHS-1 (52), to determine whether ,-subunit function con-
tributes to the mechanism underlying impaired BK channel
function in ZDF rats. Fig. 6 A shows representative tracings
of inside-out BK currents elicited at +60 mV in the presence
of 0.5 uM free Ca>", before and after exposure to 0.1 uM
DHS-1, followed by a washing out of DHS-1. In Lean rats,
DHS-1 significantly enhanced channel pg from 0.21 = 0.09
at baseline to 0.54 * 0.08 with DHS-1 (n =7, p < 0.05 vs.
baseline), and this effect was reversible upon washing out. In
contrast, DHS-1 had no significant effects on BK channel
activities in ZDF rats (0.17 = 0.06 at baseline and 0.28 = 0.08
with DHS-1, n = 7, p = NS), suggesting that 3;-subunit-
mediated BK channel activation was significantly reduced in
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FIGURE 5 Increased energy barriers of Ca”>"-dependent BK channel
activation in ZDF rats. (A) BK channel-gating can be described by a simple
kinetics model, as shown in Scheme I. O and C represent the channel open
states and closed states, where transitions between Cy+>C;, C; <> C,, and
C, > Cjare Ca2+—dependent (B) Total energy barriers (G) for BK channel
activation, calculated from Scheme I (Fig. 5 A) in Lean and ZDF rats, are
plotted against the logarithm of Ca?* concentrations. The G — log[Ca®*]
relationship is fitted with a linear equation, with G = 2.5 + 16.6 log[Ca®*]
in Lean rats, and Gy = 21.4 + 16.6 log[Ca2+] in ZDF rats. Hence, an 8.6-
fold increase in energy barrier for BK-channel activation is present in ZDF
rats at all given Ca>" concentrations.

ZDF rats. A comparison of the DHS-1 effects between Lean
and ZDF rats is summarized in the bar graphs of Fig. 6 A.
We then determined the protein expression of BK channel
a-subunits and B;-subunits in the aortas of Lean and ZDF rats.
The immunoblots of BK channel a-subunits and 3;-subunits
from three pairs of Lean and ZDF rat aortas are illustrated in
Fig. 6 B. The group results of densitometric analysis are
summarized in the bar graphs. There was no significant dif-
ference in BK channel a-subunit expression between Lean
and ZDF rats (0.39 = 0.02 in Lean rats vs. 0.37 = 0.01 in ZDF
rats, n = 3, p = NS). These results are similar to those reported
by other laboratories (34). However, BK channel 8;-subunit
expression was reduced by 2.1-fold in ZDF rats, from 0.132 =
0.03 in Lean rats to 0.062 = 0.01 in ZDF rats (n = 3, p <
0.05). These important results indicate that 3;-subunit ex-
pression is reduced, and that B;-subunit-mediated regulation
of BK channel function is impaired, in ZDF rats.

Lu et al.

Increased BK channel subconductance
openings in ZDF rats

It is known that BK channels exhibit multiple levels of
subconductance, in which some but not all four channel
subunits are in the open state and BK channel subcon-
ductance activity is thought to be regulated by the ;-subunit
(53-56). We found that BK channel subconductance open-
ings appeared to be more frequent and stable in ZDF rats,
especially in the presence of high free Ca>* (=10 uM). Fig.
7 A illustrates a typical tracing recorded at +60 mV, with ex-
panded details showing multiple subconductance levels. The
amplitude histograms were fitted with a Gaussian function,
and showed four levels of conductance (three levels of sub-
conductance), i.e., Subl, Sub2, Sub3, and Sub4 (fully open),
with unitary current amplitudes of 4 pA, 8 pA, 12 pA, and 16
PA, respectively (Fig. 7 B). The cooperative conformational
changes of channel subunits can be estimated from the rela-
tionship between the number of subconductance states and
their relative frequencies. Relative frequencies were plotted
against each subconductance state in Lean and ZDF rats in
Fig. 7 C. These relationships can be fitted by a single expo-
nential function: y = o - exp(y - x), where w is the fitting
constant, and i is the coefficient of subunit conformational
change. The coefficient of BK channel subunit conforma-
tional change was estimated to be 3.3 in Lean rats, and 1.4 in
ZDF rats. These findings match our results, i.e., that the nH of
Ca”*-dependent channel activation was reduced from 4.1 in
Lean rats to 1.1 in ZDF rats (Fig. 1 B). Hence, nH in the
Ca”*-dependent channel activation curve is in agreement
with the cooperativity of subunit conformational change in
tetrameric BK channels. These observations suggest that
Ca** cooperativity and subunit conformational changes may
be coupled, but such coupling appeared to be impaired in the
BK channels of ZDF rats.

DISCUSSION

We compared the single-channel kinetics of vascular BK
channels between genetically determined type II diabetic
ZDF rats and aged-matched Lean control rats. We made
several novel observations. First, BK channels in ZDF rats
have reduced Ca®* sensitivity. Second, BK channels in ZDF
rats have altered Ca®"-dependent gating, showing shortened
open dwell times, prolonged closed dwell times, and more
frequent subconductance openings. Third, BK channels in ZDF
rats have a significant impairment in 3;-subunit-mediated

TABLE 2 State transition rate constants of BK channels in Lean and ZDF rats
(S Co—Ci* C;—>Cy C—oCy¥

Cz—’Cl C2_>C3* C3_>C2 Cl_’OO 01—>C1 Cz—’OQ

Lean 45.1 =235 58 5.0 296 =239 1.0+ 0.7 7.0 £ 6.6 218 = 66 4.7 =29 167 £ 53655 = 170 202 *= 129 327
ZDF 09 =05 70.1 = 69.723.2 = 17.0560 = 21009 = 0.9 6.9 = 6.8 2864 = 526 128 = 79251 = 21 2117 = 613 17.8

02—>C2 C3—>03 03_>C3

138 202 = 37.1
172 148 £ 94

+ x
* *

Data are presented as mean = SE (n = 3 for both groups).
*#Transition is Ca?*-dependent (in uM s ).
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application of 0.1 uM DHS-1, followed by washing out.
Application of DHS-1 significantly increased BK channel
Po in Lean rats, but not in ZDF rats. Comparison of DHS-1
effects on BK channel activity between Lean and ZDF rats
is summarized in bar graphs. (B) Immunoblot analysis of
BK channel a-subunit and 3;-subunit expression in aortas
from three pairs of Lean and ZDF rats. Protein expression
was expressed as relative abundance, normalized to 3-action.
There was a 2.1-fold decrease in [3;-subunit expression
in aortas of ZDF rats, whereas a-subunit expression was

0.20 — unchanged compared with Lean rats.
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crease of energy barriers for channel activation, and may
contribute to diabetic vascular dysfunction.

It is well-known that the BK channel $;-subunit is an
important regulator of BK channel function. It modulates the
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FIGURE 7 Increased BK channel subconductance open-
ings in ZDF rats. (A) Representative single BK current
recordings were obtained at +60 mV in the presence of
1 uM free Ca®*, with selected segments that showed
expanded details, demonstrating presence of four sublevels
of openings. (B) Amplitude histogram was fitted using a
Gaussian function, and showed four peaks with unitary
amplitudes of 4 pA (Subl), 8 pA (Sub2), 12 pA (Sub3), and
16 pS (Sub4 or fully open). Relative frequencies of each
subconductance state were calculated by the area under
each component of the Gaussian function. (C) Relative
frequencies were plotted against subconductance states, and
relationships were fitted using a single exponential func-
tion. Coefficient of subconductance conformational
changes was estimated to be 3.3 in Lean rats (n = 3), and
1.4 in ZDF rats (n = 3), for a reduction of 2.3-fold in the
latter.
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Ca”"-dependent activation and deactivation gating of whole-
cell Slo currents (17-21), reduces the steepness of the Ca**
response curve (21), increases the maximal po, prolongs the
open dwell times, and abbreviates the closed dwell times in
single-channel kinetics (23). However, all these experiments
were performed on expressed Slo channels, and the physio-
logical relevance of the 8;-subunit modulation of native BK
channels is not clear. In this study, we provide compelling
evidence that BK channels in native vascular smooth muscle
cells from type II diabetic rats show altered gating behaviors
that can be attributed to the deficiency of (;-subunit func-
tions. We found that the cooperativity of Ca>*-dependent BK
channel activation was lost in diabetes, as indicated by a
reduction in the coefficient of subunit conformation and in
the Hill coefficient. Moreover, kinetic analysis showed that
BK channels in ZDF rats had a prolongation of closed dwell-
time durations and a shortening of open dwell-time durations,
with an increase in energy barriers for Ca”*-dependent BK
channel activation. However, we do not know whether re-
duced Ca®" cooperativity occurs among Ca** sensors of the
same channel a-subunit or among those of different a-sub-
units of the tetrameric channel. Qian et al. (57) reported that
intrasubunit cooperation is more effective in mediating
channel Ca®" sensitivity. Impairment of intrasubunit coop-
erativity reduces not only the efficiency but also the efficacy
of Ca2+—dependent activation of hSlo, whereas impairment
of intersubunit cooperativity affects only the efficiency of
Ca”—dependent activation (57). Because both the efficiency
and efficacy of Ca®"-dependent activation were reduced in
ZDF rats, it is likely that impaired intrasubunit Ca** coop-
erative binding is the culprit. The ZDF rats showed a right-
ward and downward shift in the po — V curve, suggesting
impaired voltage-dependent BK channel activation. Because
the free energy of Ca”*-binding for channel activation was
reduced but not the equivalent charge movement z, the
voltage-dependent changes in ZDF rats are likely secondary
to Ca*>*-dependent changes in channel-gating properties.

A key finding in this study is that the function of BK
channel B;-subunits is impaired in ZDF rats. Recently, in
STZ-induced type I diabetic animals, BK channel 8;-subunit
mRNA transcripts were found to be reduced by 60% (35).
However, using immunohistochemistry techniques, Burnham
et al. reported that the expression of BK channel a-subunits
and 31-subunits in the mesenteric arteries was not significantly
different between Lean and ZDF rats (33). In our experiments,
we found a 2.1-fold reduction of BK channel 8;-subunit ex-
pression in the aortas of ZDF rats. The discrepancy between
these studies may be attributable to the use of vessels from
different tissue beds and a difference in methodologies. Al-
though we did not directly determine 3-subunit expression in
coronary arteries, the loss of DHS-1-mediated BK channel
activation in the coronary artery smooth muscle cells of ZDF
rats could be directly explained by a substantial reduction in
[B1-subunit expression, similar to that in the aorta. We also
found that the expression of the BK channel a-subunit in Lean
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and ZDF rats was the same, and similar to that reported by
Burham et al. (33). However, we cannot exclude the possi-
bility that the BK channel a-subunit may be functionally im-
paired in ZDF rats. The a-subunit is known to be a target of
high glucose-mediated oxidative modulation (41), and oxi-
dation of SloC911 was shown to have effects comparable to
those of a functional 3;-subunit knockout (40).

It requires more than a 50-state model to account com-
pletely for all the features of BK channel Ca®"-dependent and
voltage-dependent activation (2,49). However, we found that
a simplified model (Scheme I, Fig. 5 A) could adequately
describe the difference in Ca®"-dependent gating between
Lean and ZDF rats, similar to a previous report (50). Here, O,
03, and Oj represent the longest, intermediate, and shortest
open states of the BK channel in Lean rats, whereas O3, O,,
and O, are the longest, intermediate, and shortest open states
for ZDF rats. The transition rates from C, to O, and from Cj
to O3 are faster than those from C; to O, in Lean rats. In
contrast, the transition from C; to O; is fastest in ZDF rats.
These channel gating properties suggest that BK channels
dwell in longer open states in Lean rats, but have more fre-
quent flickering openings in ZDF rats. According to Scheme I
(Fig. 5 A), the total energy barrier for channel activation at
any given Ca®" concentration was 8.6-fold higher in ZDF
rats, suggesting that activations of BK channels in ZDF rats
are thermodynamically less favorable. In the simplified
model, we did not include the transitions between open states,
although it was shown that a Ca®*-dependent transition be-
tween O « O, and O, <> O3 may exist. However, adding two
more transitions between O; <> O, and O, <> O3 would not
change the total energy barrier, and we can easily calculate
the apparent Ca®" dissociation constants of O, <« O, and
0,03 by applying the principle of microscopic revers-
ibility (58) to the resulting closed cycles: O—C;—C,—0, and
0,—C,—C3-05. Under equilibrium conditions, the loop
equilibrium constants must obey the relationship: Kci_o1 X
K61-02 =K&1-c2 X Koo and Ko 00 X Kép-03 =Koz X
Ké3_03, where KC]—OI’ KC2—02» and Kc3_o3 are the opening
equilibrium constants, and K&i.0p> K&i_co, K&p_03, and
K& 3 are apparent Ca®" dissociation constants between
the respective resting states (or closed states) and open states.
With the values of Kcio1, Kei_cos Kceooa Kéocs,
and K¢3_o3 from Scheme I (Fig. 5 A; Table 2), K&1_o, and
K& 03 can be calculated and shown to be 0.39 uM and
15.52 uM, respectively, in Lean rats, and 0.13 uM and 52.32
uM, respectively, in ZDF rats. The greater values of Ca**
dissociation constants in ZDF rats indicate that the Ca?"
binding of BK channel open states was less stable in these
animals, leading to a shortening of the longer open dwell-time
durations, and increasing the frequency of flickering open-
ings. It is worth emphasizing that adding two more transitions
among open states in the loop transition model could
only increase the probability of a logarithm likelihood ratio
test, but it would not change our conclusions in Scheme I (Fig.
5A).
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Subconductance openings were observed in many chan-
nels, including BK channels (23,53,56), Shaker channels
(59,60), and cystic fibrosis transmembrane conductance
regulator channels (61,62). Two mechanisms for subcon-
ductance openings have been proposed. The first involves a
blockage of channel subunit conduction. It was shown that
dendrotoxin I inhibited BK channels and produced subcon-
ductance states by a direct interaction with the channel cy-
toplasmic pore (63). Coexpression of wild-type Slo channels
and the tetracthylammonium (TEA)-insensitive Slo mutant
channels (mSloY294V) resulted in four levels of subcon-
ductance, according to the composition (the wild-type/
mSloY294V ratio) of the tetrameric channel, in recordings
with TEA in the pipette solution (54,57). The second mech-
anism involves the individual activation of each tetrameric
K™ channel subunit. Using a chimeric Kv2.1 channel con-
struct containing tandem dimers that linked two K channel
subunits with different voltage-activation thresholds, Chapman
et al. found two levels of subconductance when the mem-
brane was depolarized to potentials between the activation
thresholds of the subunits (64). The authors concluded that
each subunit must change its conformation from a closed
state to an open state as the pore undergoes heteromeric
conformations in which some subunits are in the open state,
but other subunits remain closed, resulting in subcon-
ductance openings (64). Under normal conditions, transi-
tions of heteromeric conformational states are too transient
to be observed, and the sojourns could only be detected when
transitions were slowed (53). The reason that ZDF BK
channels undergo more subconductance openings is not
understood. Like Kv channels, however, BK channels are
tetrameric and allosterically activated by voltage and by
intracellular free Ca>". Hence, BK channel subconductance
states may also arise from subunit heteromeric pore con-
formational changes. Subconductance states would be more
frequently discernible as transitions between subunit con-
formations become slower. This is in agreement with our
results, i.e., that there is a higher energy barrier for Ca**-
dependent channel activation in diabetic BK channels. It was
suggested that the functional coupling between a-subunits
and B;-subunits is a key determinant of BK channel sub-
conductance openings (23). Loss of B;-subunit function
would cause impaired channel sensitivity to voltage and
intracellular Ca>* (17-22). Hence, reduced BK channel
B1-subunit expression in ZDF rats would favor BK channel
subconductance openings. In addition, impaired allosteric
transitions between the fully open and fully closed states of
BK channels in ZDF rats may contribute to the increase in
subconductance openings (55).

To the best of our knowledge, we have presented the first
compelling evidence of a physical and functional loss of
Bi-subunits in native vascular BK channels in ZDF rats.
These changes may account for the profound abnormalities in
channel gating properties, including Ca’*-dependent acti-
vation. Results from this study have important physiological
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and clinical implications, and may help us better understand
the mechanisms that underlie diabetic vascular BK channel
dysfunction, and moreover may provide novel insights into
the development of approaches for the management of dia-
betic vasculopathy.
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